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ABSTRACT

This study describes the impacts of river development projects on land use and

vegetation in a floodplain that includes old-growth forest and an important primate

habitat located in eastern Kenya. River basin development activities include the

construction of hydro-electric dams in the upper river basin, and an irrigation scheme, the

Bura Irrigation and Settlement Project, in the lower basin. Through flood frequency

analysis for both the pre- and post-dam period, I demonstrate that there has been a

significant (p < 0.01) reduction in floods with a recurrence interval of 5 years or greater.

A hydrological simulation model is used to estimate the frequency and duration of

flooding of 73 vegetation sample plots for the pre- and post-dam period. Four of the plots,

lying less than 1.25 m above dry season river level, show a slight increase in days

flooded, whereas the rest show a significant decline in days flooded from the pre- to the

post-dam period.

Detailed descriptions of the structure and dynamics of the Tana riverine forest,

and exploration into the influence of abiotic variables to species composition, are made

using ordination and classification techniques. The three canopy levels examined, and the

regeneration layer, had different species compositions. Many of the upper canopy species

are not regenerating.

Results of detailed land cover and change detection mapping using remotely

sensed data reveal significant change. Forest cover declined slightly (about 2%) between

1975 and 1984. However, between 1989 and 1996, there was a 27% decline in riverine
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forest, while cultivated area within the forest increased by 45%. Over the same period,

area of exposed soil increased by 112%. Several landscape measures are given and all

indicate significant fragmentation of riverine forest. The extent of riverine forest along

the active river channel declined by about 200 m between 1989 and 1996. Human

disturbance now represents the greatest threat to continued survival of the forest.

Results of a dendrochronologie investigation reveal that a number of species

produce growth rings. Four species identified as offering the best chance for developing

a ring-width chronology are; Acacia elatior, Acacia robusta, Tamarindus indica, and

Newtonia hildebrandtii.
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CHAPTER I

1.0 INTRODUCTION

During the last few decades, tropical floodplains have been destroyed or

considerably altered through human intervention. Dams now prevent water from

spreading into the floodplains of many rivers. In the developing world, extensive river

floodplain ecosystems remain, but they are diminishing at increasing rates as land use

intensifies and as many countries attempt to follow the western model of economic

development through the use of massive water resource projects (Sparks, 1992). With the

gradual increase in population, there is a corresponding need to provide more food, fiber,

energy and raw materials. Also, as cities and industry develop, so have the demands for

more water for domestic, agricultural and industrial purposes. Creation of dams on rivers

has become a widespread method of developing water resources of river basins. There

now are dams on virtually all major rivers in Africa, and many of these rivers have been

the targets of other development activities, particularly irrigation schemes (Obeng, 1981).

Dams have two main functions. The first is to create storage reservoirs to

compensate for fluctuations in river flow or demand for water and energy. The second is

to raise the level of water upstream to enable water to be diverted into a canal or to

increase hydraulic head (McCully, 1996). The creation of storage and head allows dams

to generate electricity, to supply water for agriculture, industries and households, to

control flooding, and to assist river navigation by providing regular flows and drowning

rapids. Other reasons for building dams include reservoir fisheries and leisure activities
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such as boating (McCully, 1996).

The social and environmental consequences of water development are many, and

the resulting effects often extend much further than the planning area itself. The

interaction of diverse forces are often so complex that ecologists and environmentalists

are hard-pressed to predict overall effects with any degree of certainty (Biswas, 1978).

Thus, unless planning precedes construction by 5-10 years, several unpredictable and

unforseen situations develop, some beneficial and others adverse (Biswas, 1978).

Water development projects have traditionally been the domain of engineers, and

consequently social and environmental considerations have often been sadly neglected

during the planning process. In certain cases, social and environmental scientists have

been brought in only after the damage has become apparent (Biswas and Dune, 1971).

There are two main categories of environmental impacts of dams; those which are

inherent to dam construction and those which are due to the specific mode of operation of

each dam (McCully, 1996). Impacts due to the existence of dam and reservoir include: (a)

upstream change from river valley to reservoir, (b) changes in the morphology of riverbed

and banks, delta, estuary and coastline due to altered sediment load, (c) changes in

downstream water quality which has effects on river temperature, nutrient load, turbidity,

dissolved gases, concentration of heavy metals and minerals, and (d) reduction of

biodiversity due to the blocking of the movement of the organisms and because of

changes in (a), (b) and (c) above. Impacts due to the pattern of dam operation include: (a)

changes in downstream hydrology which may include changes in total flows and/or in
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seasonal timing of flows, short-term fluctuations in flows, and changes in extreme high

and low flows, (b) changes in downstream morphology caused by altered flow pattern, (c)

changes in downstream water quality caused by altered flow pattern, and (d) reduction in

riverine/riparian/floodplain habitat diversity, especially because of the elimination of

floods.

The most significant consequence of this myriad of complex and interconnected

environmental disruptions is that they tend to fragment the riverine ecosystem, isolating

populations of species living upstream and downstream of the dam and cutting off

migrations and other species' movements. Because almost all dams reduce normal

flooding, they also fragment ecosystems by isolating the river from its floodplain. The

elimination of the benefits provided by natural flooding may be the single most

ecologically damaging impact of a dam. This fragmentation of river ecosystems has

undoubtably resulted in massive reduction in the number of species in the world's

watersheds (McCully, 1996).

In Africa, elimination of downstream flooding has devastated many local

production systems. Riverine habitats for flood-water farming (flood recession

agriculture) and livestock management have been adversely affected, and fisheries'

productivity and hence fish landings for consumption and commercial purposes have

been greatly reduced (Adams, 1985; Scudder, 1989).

Throughout Africa, the resettlement of human communities to lands outside of the

future reservoir basins has been the least satisfactory component associated with dam
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construction. These resettlements have always been involuntary because the majority of

the people do not wish to move (Scudder, 1989) and partly because of poor planning

which fails to ensure that construction and resettlement proceed at a similar pace. Dams

and irrigation systems spread disease because they create habitats in which insects, snails

and other organisms that serve as vectors for water-borne disease parasites can thrive.

Schistosomiasis almost always increases in the vicinity of impoundments in the tropics,

partly because of the enlarged habitat made available for the snails that are its

intermediate hosts. Malaria may also increase because of the enlarged breeding areas

made available to the mosquitoes that transmit various forms of this disease.

The focus of this study is on the ecology of a riverine forest found along the lower

floodplain of Kenya's largest river, the Tana, and the downstream changes that may have

occurred as a result of dam construction in the upper river basin. Terms such as

'floodplain', 'riparian', 'gallery', 'fringing' and 'alluvial' have been used to describe

forests found along river floodplains. These terms are synonymous with the term

`riverine' but may be used in reference to a particular section along a river as it flows

from the highlands to the delta (Medley, 1996).

The study area is located in a semi-arid region on the lower floodplain of the Tana

River in eastern Kenya. Land cover changes over a 21-year period, are assessed by

making use of both historical and current satellite images in conjunction with aerial

photographs. The changes are examined in the light of both a changing hydrologic regime

of the river as a result of the construction of a series of dams in the upper river basin, and
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the establishment of a large irrigation scheme in the vicinity of riverine forests. The study

also describes the structure and regeneration patterns of the riverine forest, and how these

are related to various environmental variables, which include soil properties, and

hydrology.

Detailed ground-based surveys of large, relatively inaccessible and ecologically

complex tropical areas are uncommon. Remote sensing offers an ideal tool for the

mapping and monitoring of such areas, particularly as a means to complement or update

conventional data gathering techniques (Nellis, 1986; Weaver, 1984, Baker et al., 1991).

In these regions, satellite remote sensing may be the only feasible technique to monitor

forest clearing, shifting cultivation, and land use conversion trends. Access to remote

tropical wetlands by surface roads is usually limited, and aerial photography is either

non-existent or out-dated. Given these conditions, high-resolution satellite imagery can

be a valuable source of information about current and changing land use (Sader, 1995).

Monitoring land use change is basic to almost any resource management,

planning or regional policy program. Consequently, local planning institutions require

timely and accurate information on existing land cover and land use. Conventional survey

and mapping methods cannot deliver the necessary information in a timely and

cost-effective fashion. Several developments have made it possible to design new

techniques for spatial data processing and integration of remotely sensed information

with other data sources. These developments include improved methods of data

acquisition, better software solutions, and declining costs of computer hardware. These
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can potentially improve quality, efficiency, timeliness and cost-effectiveness of the land

use monitoring process (Lindgren, 1985; De Bruijn, 1987; Barnsley et al., 1988;

Michalak, 1993).

1.1.0 Problem Statement

Construction of dams on the Tana River for generation of hydro-electric power

began in 1968. The first three dams completed by 1978 represented rather small

inundations that left the Tana essentially unregulated. However, the Masinga Dam

completed in 1981, represented a much larger inundation and was predicted to result in

significant reductions in downstream river discharge, and a virtual elimination of 10-20

year floods in the lower Tana Basin (Hughes, 1985). Since then, another dam, the

Kiambere, was completed in 1988, and was expected to cause a further reduction in the

frequency and magnitude of peak flows in the downstream areas. At the time of writing,

plans additional dams, the Mutonga and the Grand Falls, were at an advanced stage.

Ecological effects of impoundments on river systems are many and varied. Most

research has focused on the reservoirs themselves (Baxter, 1977). Only in the last decade

or so has much attention been directed toward the possible downstream effects of dams

and water diversions on native riparian ecosystems (e.g., Fenner et al., 1985; Bradley and

Smith, 1986; Ohmart et al., 1988; Knopf and Scott, 1990; Stromberg and Patten, 1990).

The reason for this lack of attention is probably because the biotic changes have not been

as striking as those associated with the filling and operation of reservoirs, and because of
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slow, time-lagged responses by forest ecosystems (Petts, 1984).

The lower floodplain of the Tana River basin is covered by a riparian forest that is

dependent on groundwater. The lateral extent of the forest is determined by a decline in

water-table depth from the river. Consequently, the composition, structure and dynamics

of the forests are influenced by the hydrological characteristics of the river system

(Marsh, 1978; Hughes, 1988). Upstream regulation of the Tana River is likely to have an

impact on the riverine forest, especially if it results in the minimization or elimination of

annual floods and/or ground-water recharge downstream. The exact nature of these

impacts on the regeneration and continued health of the riverine forest need to be

assessed.

Dams constructed along the Tana River have been known to have a significant

silt-trapping effect (Ongweny, 1980). This coupled with the expected reduction in floods

is likely to negatively impact flood recession agriculture by the Pokomo people living

downstream. Under unregulated flow, silt-laden waters would regularly replenish the

soils of the lower floodplain. However, with most of the silt now remaining trapped

behind the dams, there is less opportunity for retaining the high productivity of the soils.

This reduction in soil productivity would translate in reduced crop yields for the

floodplain farmers. Reduction of flood magnitudes and frequency will limit areas that can

be cultivated, and also the number of crops per year that can be grown. Dam construction

may also be causing a reduction in fish population. Such a reduction would further

deprive the Pokomo of a valuable and reliable source of protein and income. It is a
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combination of these factors that may be predisposing the Pokomo people to food

insecurity.

People who live in conditions that put their main source of income at recurrent

risk will develop self-insurance options to minimize risk to their food security and

livelihood (Longhurst, 1986; Corbett, 1988). Coping options toward food insecurity by

rural people frequently rely heavily on natural resources outside the usual production

system or, alternatively, intensifying exploitation of resources used habitually. Although

coping options often originate as temporary measures in bad years, they can become an

essential and permanent part of food acquisition over time as food entitlements derived

from traditional production decline (Corbett, 1988).

Ensminger (1991) has described the Pokomo as people whose fortune declined

considerably throughout the 1980's because of a decline in productivity of flood recession

agriculture resulting from the damming of the Tana. No socio-economic study has been

carried out among the Pokomo in recent years, and therefore, the extent to which their

primary means of subsistence has been affected by upper river basin development is yet

to be quantified. However, it is known that exploitation of forest resources by the

Pokomo has intensified in recent years. There is now widespread felling of trees for

charcoal production to supply tenants and workers at Bura Irrigation Scheme. There is

therefore a great need to quantify the extent of forest clearing within this area.

The establishment of the both the Bura and Hola irrigation schemes brought a

large settler population of tenant farmers, government workers and traders within this
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area. Since no provisions for fuelwood and other wood material were made at the time of

establishment of the schemes/settlement projects, all the demand is now being met from

the riverine forests. Another effect of the establishment of irrigation schemes has been to

encourage the pastoral Orma people into a more sedentary lifestyle around the schemes.

Part of the attraction has been the readily available water for their livestock from the

irrigation canals and the easy assess to stores for provision. In addition, the security

provided by police stations in the scheme has proved to be an additional attraction as the

Orma felt they were less prone to cattle rustling by other ethnic groups. The more

sedentary lifestyle has caused local overgrazing around the irrigation schemes.

The broad riverine forests occurring in the lower reaches of the Tana river are

unique because of the great diversity and occurrence in an otherwise arid environment

dominated by thorn scrub especially in areas away from the river. A large number of tree

species have been documented, with some reaching canopy heights of over 38 m. The

riverine forests are home to the endemic and endangered Tana River red colobus monkey

(Colobus badius rufomitratus) and the crestested mangabey (Cercocebus galeritus

galeritus).

The Tana riverine forests exist as a mosaic of deciduous woodlands, and are rich

in endemic species. Over-exploitation of the forests through clearing, may be one of the

factors leading to increased patchiness in a formerly continuous forest. It is widely

perceived that habitat loss or fragmentation is the leading cause of species extinctions

today (Norton, 1986). Wilcox (1980) more precisely divided fragmentation into two
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components; habitat loss and insularization, both are able to contribute to a reduction in

the number of species. Habitat loss can exclude some species, particularly if rare or with

patchy distributions, and increase the likelihood of extinction of remaining species

because of reduced population sizes. Insularization can decrease or eliminate colonization

of a reserve from outside areas, and remove resources outside reserve boundaries that

species in the reserve depend on for survival (Shafer, 1990).

The only protected area of the riverine forest is the 170 km' Tana River Primate

Reserve (TRNPR) established in 1976. However, even this protected forest already exist

in patches. Medley (1992) suggests that the absence of certain tree species (such as

Acacia elatior) from TRNPR but which are present in the upstream riverine forests of

Bura, indicate inadequate protection of regional gamma or large scale landscape diversity

(Whittaker, 1972). It is therefore important to ensure that the protected forests at the Tana

River Primate Reserve do not become isolated from the rest of the forests which occur

both upstream and downstream of the reserve.

Most ecological studies on the Tana riverine forests have focused on fauna,

especially primates, and have been carried out almost exclusively within the TRNPR (e.g

Allaway, 1979; Groves et al., 1974; Homewood, 1978; Marsh, 1978; Marsh, 1986 and

Medley, 1990). The only study to focus on the ecology of the Tana riverine forests

outside the TRNPR was that by Hughes (1985). In the study, Hughes (1985)

characterized the forest types within the riverine forest by linking them to

geomorphological units. Forest communities were differentiated on the basis of their
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elevation above the river, flooding frequency and duration of inundation. Hughes (1985)

did not reconstruct the age-structures or regeneration patterns of any of the constituent

species due in part to difficulties in coring the trees. Hughes' (1985) study was primarily a

pre-dam study, as most of the fieldwork was completed prior to the closure of the

Masinga Dam. In addition, the Bura Irrigation and Settlement Scheme was yet to became

fully operational, and the tenant farmers who were on-site at the time had only recently

been settled. There was therefore a great need to carry out a follow-up study to Hughes'

(1985) in order to determine what some of the effects of construction of Masinga Dam on

the riverine forests have been. Another large dam, the Kiambere, was completed in 1988.

This dam was expected to result in further reductions of annual peak flows on

downstream areas. It may now be possible to detect and quantify changes in forest growth

if an absolutely dated tree-ring chronology can be constructed. Cross-dating of ring-width

patterns between trees is used to identify rings that were produced simultaneously by

many trees over a wide area. An absolutely dated chronology of ring-width variation has

exact calender dates assigned to each ring in a series. Fritts and Swetnam (1989) give the

following reasons why an absolutely dated chronology is important in ecological studies:

(1) specific ecological events can be dated by their association with dated structures or

injuries; (2) past forest disturbances can be dated and their importance evaluated by

distinctive changes in ring- widths or other ring features; (3) climatic or hydrologic

conditions can be calibrated and reconstructed by using variations in ring structure; and

(4) climatically related variations in animal populations and behavior can be identified
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and reconstructed.

Most studies carried out on the Tana riverine forests have indicated a lack of

regeneration. This lack of regeneration has been attributed to various factors, among

them, decreased peak flows (Marsh, 1976; Hughes, 1985; Medley, 1990). However, a

more recent study by Njue (1992) at the Tana River National Primate Reserve suggests a

new vegetation successional pattern may have begun in 1988. This trend toward

increased regeneration was attributed to a decrease in the effectiveness of river regulation,

as a result of heavy silting in upstream dams. It is therefore important to see if such a

trend toward forest recovery can be corroborated in this study.

More information on the structure, dynamics and regeneration patterns of the

Tana riverine forests is needed so that inferences can be made about their future in the

face of current and future planned river development projects and the greatly increasing

human pressure on them. Other than Hughes' 1985 study, no other ecological study has

been carried out for the riverine forests outside the TRNPR. Riverine forests are greatly

influenced by natural and human disturbances. The role of disturbances in determining

the structure, composition, and spatial variation of the forest communities is not yet well

known.

No mapping exercise has been carried out within the riverine forests, and there are

conflicting reports as to the extent and distribution of forests along the river. Therefore,

there is a need to produce a vegetation map for the area. This would establish a baseline

from which future changes in the extent and distribution of both the riverine forest and
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surrounding bushland/scrubland can be assessed. As a consequence of the current

information gap, our ability to develop an appropriate management scheme for the forests

has been hampered. Management schemes for preserving maximum biological diversity

must be founded on an understanding of the interactions among the component species

(Janzen, 1974). It is critical to provide baseline data against which to measure future

change, and, it might be hoped, influence decision-making process responsible for the

change.

Finally, none of the previous studies has investigated the transition forests and the

dry savanna scrubland. These vegetation types have not only provided the bulk of the

fuelwood consumed within the irrigation scheme, but also harbor considerable wildlife

populations. It is important to map the extent of the scrubland and determine what

changes may have occurred over the past two decades or so. This can be achieved

through the use of historical and current satellite data, in conjunction with aerial

photography where available.

1.2.0 Goals and Objectives

The research described in this dissertation was carried out in the lower basin of

Kenya's largest river, the Tana (Fig. 1). Detailed maps of the boxed areas in Fig. 1 are

shown on Fig. 2 and Fig. 4. Based on the proceeding problem statement, we can outline

two goals:
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A. To assess the relationships between river basin development (dams and

irrigation schemes), and observed changes in land use, and vegetation patterns.

B. To develop a better understanding of riverine forest ecology.

To achieve these goals, we have six major objectives:

1. To map the current (1996) extent of riverine forest, transition zone, and dry

savanna scrubland in the area between Nanighi and Makere (Fig. 6), and to

document changes in the extent of vegetation that have occurred between 1975

and 1996.

2. To map the distribution of areas of active cultivation and disturbed areas within

riverine forests, and to map the extent of vegetation clearing around settlement

areas in other vegetation zones.

3. To assess the magnitude of land use and vegetation change, both temporally

and spatially, between 1975 and 1996.

4. To investigate regeneration patterns, stand structure, and dynamics within

riverine forests.

5. To evaluate the dendrochronologie potential of some selected tree species

growing in the riverine forests. Inferences on growth rates and age estimates of

various trees could be made through such an exercise, especially if cross-dating

within and between trees proves successful.

6. To perform a flood frequency analysis on river discharge data obtained for the

Garissa gauging station for the period of record. This data is used to determine, if
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and to what extent the hydrological regime of the Tana River may have been

altered, and how this may affect the ecology of the riverine forest.

1.3.0 Dissertation Organization

Background information for this dissertation is presented in Chapter II. I begin the

chapter by describing the climate, vegetation, and history of river basin development

activities both in the upstream and downstream areas of the Tana River. In addition I

provide some background on the indigenous people living within the riverine forest and a

general description of population growth in Tana River District.

In Chapter III, I describe the hydrology of the Tana River and how it may have

been affected by river basin development activities in the upper river basin. I describe

sources and types of hydrologic data collected, and the results of a flood frequency

analysis using discharge data for the Tana River for both a pre-dam and post-dam period.

In addition, I describe a hydraulic model used to estimate the discharge necessary to

inundate each of my vegetation plots. The method followed to estimate both frequencies

and periods of inundation for each of my vegetation plots is described, followed by a

discussion of the results.

Chapter IV focuses on vegetation analysis. I start with a review of the literature on

the ecology of riverine forests and summarize the results of various studies that have been

carried out on the ecology of the Tana riverine forests. I give a detailed description of the

experimental design, procedures for data collection and analytic methods used in the
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current study. I conclude the chapter with a discussion of the results of vegetation

analysis. A detailed description of species' associations and factors determining species'

distributions is also given.

In Chapter V, I provide some background on the use of remote sensing for

vegetation mapping and change detection studies. This is followed by a description of

remote sensing data pre-processing operations carried out for this study. Included in this

description are radiometric and geometric techniques applied to each type of satellite

data. In addition, I describe image classifications, classification accuracy assessments,

and multi-temporal change detection techniques performed. I end the chapter with a

discussion of the results.

I begin Chapter VI with a review of dendrochronologie studies that have been

carried out in the tropics and a discussion of mechanisms that may result in the formation

of annual rings in tropical areas. I then discuss wood sample collection and preparation

techniques used for the dendrochronological part of my study. This part of my study is a

qualitative evaluation of dendrochronologie potential of 19 tree species found within the

Tana riverine forests. I also discuss the results of an attempt to cross-date samples from

several trees in the one species found to hold most promise for dendrochronology. I

conclude with a discussion of some of the mechanisms that may be responsible for the

formation of annual rings for some of the species from the study area. In addition, some

inferences on the growth of a few of the species is made from the wood material

examined in this study.



In the seventh and final chapter, I integrate the results from the preceding four

chapters, and give a summary and conclusions from this material. I conclude the

dissertation with recommendations for future research.

40
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CHAPTER II

2.0 BACKGROUND

2.1.0 Tana River Basin

The Tana River is the lifeline of the semi-arid Tana River District of eastern

Kenya (Figure 1). The Tana is the largest river in the country, rising from the south-

western flanks of the central massif of Mount Kenya and flowing for 1,012 km, first east

to Garissa and then south until it meets the Indian Ocean near Kipini (Saha, 1982). The

Tana River drainage basin covers an area of 120,000 km' (Ongwenyi et al., 1993).

In its upper catchment the Tana is joined by a dense network of fast flowing

perennial rivers draining the eastern and southeastern flanks of the Mount Kenya massif,

Nyandarua (Aberdare) Range and Nyambene Hills (Figure 1). The lower basin, stretches

from Mbalambala to the delta at Kipini. The lower basin includes a stretch of the river

approximately 625 km long, while the delta occupies an area of about 3,000 km' ( Beck

et aL,1986).

From Mbalambala onwards, the Tana flows through a vast semi-arid expanse that

is drained by a few right-bank seasonal rivers such as Tula, Hirimani, Gable and Tiva

(Figure 2). These rivers (lagas), traverse distances of up to 800 km but are dry most of the

year. Thus, the river gains no new water in this part of the basin, but loses water

continuously through channel losses and evaporation. Rainfall increases from about 350

mm per annum at Garissa to about 470 mm per annum at Hola, and over 1,000 mm per

annum at the delta.
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In its lower reaches the Tana flows through a broad floodplain. The floodplain is

covered by recent alluvial sediments brought down and deposited during the annual

floods of the river. The flow regime of the Tana River shows two seasonal peaks which

reflect the rainfall regime of its catchment. The discharge peak occurs in May with a

secondary peak in November. During these peaks the Tana may flood in many places for

several miles in its lower floodplain. These semi-annual floods inundate the land on

either side of the river and deposit layers of silt that keeps the land fertile. Flood recession

agriculture is the livelihood for about 32,500 Pokomo who cultivate the banks of the Tana

River between Garissa and Garsen (Figure 2).

2.2.0 Climate

2.2.0.1 General Rainfall Patterns in East Africa

Griffiths (1972) described the spatial distribution of rainfall in East Africa as very

variable, in both quantity as well as in timing. Topography, location of large inland lakes,

and seasonal migration of the Inter-Tropical Convergence Zone (ITCZ) were cited as the

primary reasons for the large space-time variability. The convergence zone is determined

by the convergence of the inter-hemispherical monsoonal wind systems (Ogallo, 1988).

The characteristics of these winds are generally controlled by the intensity, location and

orientation of the major semi-permanent anticyclones of Africa.

Griffiths (1972) described four main rainfall regions in East Africa: (1) northern

and eastern Kenya characterized by very low amounts of rainfall and a large interannual
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variability, (2) Kenyan, Ugandan, and Tanzanian highlands receiving abundant rainfall of

between 1,000 and 1,500 mm in a double annual maximum in March-May and

September-November, due to the seasonal migration of the ITCZ. This region has a large

spatial variability, mainly owing to topography. Lake Victoria exerts a great influence

over the surrounding area, and there is really no dry month, (3) the coastal belt of both

Kenya and Tanzania receiving abundant rainfall in a double maximum (April-May and

October-December) in relation to migration of ITCZ, (4) Inland and southern Tanzania

characterized by a wet season from December to February followed by a long dry season.

The monsoonal wind systems are the major sources of moisture flux into the East

African region. The flow of these winds is significantly modified inland at the low and

middle levels by the complex topographical patterns, existence of many large inland lakes

and mesoscale circulations of thermal origin (Ogallo, 1988). These regional factors give

high spatial and temporal variations in precipitation over the region. Rainfall peaks

centered around March-May, October-November and January-February reflect the

influence of the ITCZ. The first two peaks are common in many locations close to the

equator, while the last peak is dominant further south of the equator where most of the

rainfall is confined to the southern hemisphere summer season (Ogallo, 1988). The

western part of East Africa also experiences a July-August peak associated with a

westerly influx of moisture from the Atlantic Ocean and moist Congo basin.

Barring (1988) analyzed daily rainfall in Kenya using 73 stations for the period

1971-1985. He showed a principal division into four regions: (1) the coast, (2) the
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highlands, (3) the Lake Victoria area, and (4) dry northern and eastern areas.

Rodhe and Virji (1976) analyzed annual rainfall trends and periodicities for 35

stations mainly in Kenya, northern Tanzania and southern Uganda. Their area-averaged

time series showed no definite long-term trends, except for some stations in northern

Kenya which showed a positive trend.

Several researchers have shown that there exists a strong coupling between the

short rainy season in East Africa and both the El Nino/Southern Oscillation (ENSO) and

the east-west circulation over the Indian Ocean. The ENSO system involves variations in

sea surface temperature and barometric pressure across the central Pacific (Rasmussen,

1985). The term "El Nino" derives from the timing of an occasional warm current that

typically appears off the coast of Ecuador and Peru during the Christmas season. During

an El Nino episode, a normalized sea surface temperature (SST) anomaly exceeding one

standard deviation occurs for at least four consecutive months at three or more of five

coastal stations (Rasmussen, 1984). The term "southern oscillation" refers to fluctuations

in barometric pressure across the Pacific and Indian Oceans. The Southern Oscillation

(SO) index is a normalization of sea-level pressure difference between Darwin and Tahiti

to a series with a mean of zero and a variance of one (Ropelewski and Jones, 1987). The

SO index is used to measure the occurrence, duration, and strength of ENSO conditions

in the central equatorial Pacific Ocean. Negative values of the pressure difference indicate

ENSO conditions.

During the mature phase of El Nino, the eastern tropical Pacific is characterized
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by elevated sea surface temperatures and reduced barometric pressure. Such conditions

are ideal for storm generation in regions of the Ocean which affect many tropical and sub-

tropical areas. Under opposite conditions (La Nina), reduced sea surface temperatures and

elevated barometric pressure result in the inhibition of storms (Quin and Neal, 1983).

Nicholson and Entekhabi (1986), and Ogallo (1988) observed significant

teleconnections between the Southern Oscillation and seasonal rainfall over part of East

Africa, especially in the months of October-December. Beltrado (1990) showed that in

case of above normal rainfall in the short rainy season in East Africa, the east-west

circulation was characterized by intensification of the ITCZ over the western Indian

Ocean and East Africa and by the weakening of the ITCZ over the eastern Indian Ocean.

Hutchinson (1990) has shown that the interannual variations of the short rainy season

(October-November) in Somalia (and eastern Kenya) are significantly correlated to the

Southern Oscillation. Above normal short rains are experienced in ENSO years, while

anti-ENSO years correspond to below normal rains.

2.2.0.2 Climate in Study Area

The study area (Figure 1) located between Garissa and Hola is semi-arid. Rainfall

is bimodal, with the "long" rains occurring in April-May, and the "short" rains in

November-December (Pratt and Gwynne, 1977). Mean annual rainfall around Bura

Irrigation Scheme for the period 1969-1992 was 372 mm, while that for Garissa for the

period 1969-1985 was 312 mm. Hola had a mean annual rainfall of 447 mm for the
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period 1966-1986. Rainfall at Bura is also bimodal with the "short rains" occurring

between October and December accounting for 42.1% of the annual rainfall, and the

"long rains" occurring between March and May accounting for 39.3% of the annual

rainfall. Rainfall is highly variable with a coefficient of variation of 35%. A plot of mean

monthly distribution of rainfall and the upper and lower 95% confidence limits, for Bura

station for the period 1969-1992 is shown on Figure 3. It is apparent from this figure that

rainfall in this area can be quite variable. Figure 4 shows a plot of annual rainfall totals

for the period 1969-1992.

2.2.0.3 Temperature

The mean annual temperature at Bura between 1983 and 1989 was 28.0 °C. The

mean monthly maximum and the mean monthly minimum temperatures for the same

period were 33.4 °C and 22.5 °C. The maximum and minimum absolute temperatures

recorded at Bura for this period were 39.5 °C and 17.0 °C, respectively (Otsamo et al.,

1993). The hottest month is February while the coolest is July. Temperatures at Bura are

very similar to those recorded at Hola. The average temperature recorded at Hola for the

period between 1966 and 1982 is 27.9 °C. The mean maximum and the mean minimum

temperature for the same period were 33.7 °C and 22.0 °C, respectively (NIB, 1985).
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2.2.0.4 Winds, Humidity, and Evapotranspiration

During the months of March to December, southern winds prevail, while the

Northeasterlies dominate in January and February. The mean annual relative humidity in

Bura for the period 1983-1992 was 72% at 9 a.m. and 47% at 3 p.m. For Hola, mean

relative humidity at 9 a.m. and 3 p.m. was 74% and 48%, respectively for the period

1966-1982 (NIB, 1985). The mean potential evaporation at Hola as measured using a

standard US Weather Bureau A Pan was 6.8 mm per day which is equivalent to 2490 per

annum. The mean potential evaporation measured at Bura is 2335 mm per annum

(Otsamo et al., 1993).

2.3.0 Soils

Detailed soil surveys have been carried out in the lower Tana River basin in order

to document the irrigation potential (ILACO-ACRES, 1967, ILACO, 1975). Soils of the

study area fall into two categories; (a) young alluvial soils occurring on the lower

floodplain and terrace bordering the Tana River, and (b) old alluvial soils found on higher

terraces further west from the river (ILACO, 1977). The old alluvial terrace slopes gently

(1-3%) in an easterly direction towards the river. The slope in the north-south direction

(parallel to the river) is about 0.6% (ILACO, 1977).

Many of the soils away from the river's edge show saline and alkaline features at

some depth in the profile. Most soils are shallow with depths of 40-130 mm (ILACO,

1967, Hughes, 1985), and not all are suitable for irrigation. Along the river's edge are
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sandy levees deposited during floods. It is on these soils that riverine forests are found.

These soils are neither saline nor alkaline and have a high water retaining capacity and

good permeability (Hughes, 1985).

2.4.0 Vegetation

The most prominent vegetation in the study area is the riverine forest found

adjacent to the river and extending anywhere between 0.5 km and 3.0 km on either side of

the river. The extent of the riverine forest is apparently determined by the depth of the

water table which drops off rapidly from the river's edge (Hughes, 1985). Rainfall

received in this area is inadequate to support the forests, which must depend on annual

floods and seepage from the river (Marsh, 1978). A drought-deciduous bushland

dominated by thorny shrubs with scattered annual grasses covers extensive areas away

from the floodplain. This vegetation type has been described as an Acacia-Commiphora

bushland and thicket (Pratt et al., 1966). Characteristic species include; Acacia reficiens,

A. bussei, A. mellifera, Cadaba glandulosa, Commiphora candidula, C. campestris, and

the salt resistant shrub, Salsola dendroides (Gachathi, 1993). Some trees will be found

occurring along the Lagas and in some locations form patches of forest. The main lagas

within the study area are; Hirimani, Walesa, Bilbil, Gilmati and Tula (Figure 3). Trees

found dominating the lagas include; Acacia tortilis, A. senegal, Berchemia discolor,

Hyphaene compressa, Salvadora persica and Dobera glabra (Gachathi, 1993).
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As one moves from the dry bushland towards the riverine forest, the vegetation

gets denser and taller. This vegetation lying between the riverine forest and the dry

bushland has been described as a transition zone or transition woodlands (Gachathi et al.,

1987). This zone is unique in that it contains some species found in both the riverine

forest and the dry bushland. Some of the characteristic species in the transition zone

include; Acacia tortilis, Dobera loranthifolia, Lawsonia inermis, Grewia plagiophylla,

and Terminalia brevipes (Gachathi, 1993).

2.5.0 River Development Activities

A major constraint to development in Kenya is the scarcity of water relative to the

expanding population. Over 75% of the country is classified as semi-arid. Most of the

population is concentrated in the wetter areas, but with the current annual growth rate of 4

%, severe land pressure is forcing expansion into semi-arid areas (Rowntree, 1990). In

order to meet the needs for water for her growing population, Kenya is faced with the

challenge of developing the existing water resources. The development of multipurpose

reservoirs across the main rivers is considered in part as a means of meeting these

challenges.

The Tana River basin has about 20 % of the national population, a major portion

of the agricultural potential and the highest hydro-electric power generation potential in

the country. Five dams have been constructed along the Tana River in the upper basin.

The first three dams constructed between 1968 and 1974 were Kindaruma, Kamburu and
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Gitaru. These first three dams produced rather small reservoirs that left the Tana River

essentially unregulated (Hughes, 1985).

Construction of the largest dam so far, the Masinga Dam, commenced in 1977 and

was completed in 1981. The reservoir had a storage capacity of 1,560 million in 3 and an

installed generation capacity of 40 MW. Masinga Dam was sited upstream of all potential

hydro-electric power generating sites (Figure 5) as a regulating reservoir. The objectives

for this dam were to: improve electric-power generation during the dry season; increase

irrigation potential in the lower Tana; and allow increased utilization of dry season flows

in the upper Tana. Construction of the fifth dam on the Tana, the Kiambere Dam, started

in 1984 and was completed in 1988. The Kiambere has a reservoir capacity of 535

million m 3 and an installed generation capacity of 140 MW (MoE, 1987).

The five dams have an installed hydro-electric power generation capacity of 453

MW out of a total system potential of 875 MW (Ottichilo et al., 1993). A feasibility study

for the construction of Mutonga and Grand Falls Dams has recently been completed with

funding from the Japanese Government, through the Japanese International Cooperation

Agreement (JICA) (Weekly Review, 1998). According to the feasibility study, Mutonga

hydro-electric Dam would cost US$ 188 million and produce 60 MW of electricity, while

the Grand Falls hydro-electric dam would produce 140 MW of electricity and cost US$

363 million. If constructed in combination, the two power projects would cost US$550

million and produce 200 MW. The feasibility study also looked at an alternative project

in which a high dam would be constructed at Grand Falls, while abandoning the
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construction of Mutonga Dam. This alternative project would cost US$673 million and

would produce the same power output as the Mutonga/Grand Falls (low dam)

combination. However, this second alternative project would create a large reservoir that

could be used to regulate the flow of water to future power stations downstream along the

Tana River (Weekly Review, 1998). Current plans favor the adoption of the first

alternative project (two low dams at Grand Falls and Mutonga). According to Ministry of

Energy officials, the implementation of the Grand Falls Project would begin in 2008,

while the smaller Mutonga project would be commissioned in 2012. Future Power

stations include the Usueni Dam, Adamson's Falls Dam and the Kora Dam (Figure 5).

Currently, Kenya has an installed electric power generation capacity of 854 MW while

the peak demand is 710 MW (Weekly Review, 1998). Table 1 gives a summary of dam

construction activities in the upper Tana River basin.

Table 1. Completed hydro-electric power dams on the Tana River.

Dam Construction
Period

Reservoir Size
(millions of m 3)

Installed Capacity (MW)

Kindaruma 1964 - 1968 18.3 44
Kamburu 1970- 1974 146 94
Gitaru 1974- 1978 20 145
Masinga 1977- 1981 1,560 40
Kiambere 1984 - 1988 535 144
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Irrigation developed on the lower Tana is designed to overcome part of Kenya's

"land hunger" problem. The Hola Pilot Irrigation Scheme was started in the 1950's using

labor from the Mau Mau freedom fighter detainees (Figure 2). During its peak operation,

846 ha were irrigated and 606 tenant families settled. Construction of the Bura Irrigation

and Settlement Scheme began in 1979 and was completed in 1986. By 1983, 740 ha were

being cropped (Republic of Kenya, 1984) and by 1985, 2,900 ha (Okumu, 1985).

Initial plans for phase I were the development of 6,700 ha on the west bank of the

Tana River and was expected to settle 5,150 landless families. If phase I proved

successful, a further 5,500 ha (on poorer quality soils), also on the west bank would be

irrigated under phase II. On completion of both phase I and II it was estimated that the

total settlement population (including spontaneous migrants) would reach 65,000 (Ledec,

1987). There were plans to also irrigate a similar but an even larger "Bura East Project"

intended to cultivate 25,000 ha on the east bank of the Tana River (Figure 2).

The Bura Irrigation and Settlement Scheme (BISP) was originally estimated to

cost $18,000 per settler family, a figure higher than the average of $14,000 for World

Bank land settlement projects with irrigation components (World Bank, 1977). However,

these costs had escalated to the point that the total investment per settler family is

between $40,000 and $50,000 (Kenya, 1985). BISP failed to satisfactorily achieve its

objectives of settling the landless, creating employment, earning foreign exchange and

developing Kenya's capacity to manage future major irrigation projects. By 1987, the

project had only managed to irrigate 3,500 ha and settled only about 2,000 families. Its
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economic rate of return was negative (Ottichilo et al., 1993) while at appraisal a figure of

plus 13% was calculated.

The major problem at Bura has been inadequate and intermittent water supply for

the irrigation scheme. A temporary station established at Nanighi (Figure 6) was to pump

water from the Tana and convey it for 46-km through a earth supply canal, into the

irrigation scheme. Frequent break-downs of the pumps and poor maintenance of the earth

supply canal was the major problem. Pumps at Nanighi had been installed as a temporary

measure to allow settled farmers to earn an income and grow crops, while awaiting the

construction of a weir which would ensure adequate and more reliable water supply to the

irrigation scheme. Because of the escalating project costs, construction of a weir was

abandoned and the "temporary" pumps have been the only source of water for the

scheme.

At the time of my research in Bura, no cultivation of either maize or cotton was

taking place because of unreliable water supply. As a result of these conditions, a large

number of tenant farmers had deserted the irrigation scheme by 1995. In addition, most of

the infrastructure and housing had fallen apart with many of the developed farms

abandoned and now reverting to bush or overgrown with Prosopis juliflora. After 1991,

the main crop (cotton) has not been grown and three-quarters of the tenants live on food-

for-work programs (they are given donated food in exchange for providing labor for

community-based projects). Horta (1994) describes BISP area as reminiscent of a ghost

town, with huge water towers that stand abandoned in a scrubby landscape. He makes
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note of irrigation canals now overgrown with thorny vegetation, dilapidated housing

units, and fenced-in vehicle parking lot containing dozens of rusting land Rovers and

large farm machinery.

Likewise, the Hola Pilot Irrigation Project has also collapsed and no farming

activities are taking place. Many farmers are destitute and rely entirely on food-for-work

programs. The reason for the collapse of Hola is the same as that for Bura - inadequate

and erratic water supply. Hola had also been using pumps to supply water for irrigation

but these broke down frequently. At one point the pumps were left high and dry after the

river changed its course. An attempt to relocate the pumps to the new river channel by the

National Youth Service failed as yet another shift in river course occurred. In the last

three years, there have been plans to rehabilitate the BISP (and possibly the Hola

Irrigation Scheme). A feasibility study for implementing this is being conducted with

funding from the Government of Kuwait. Kuwait is also expected to fund a major part of

the costs for the rehabilitation of the irrigation project once the feasibility study and

consultations with the Kenyan Government are complete. One of the current

recommendations is to ensure a reliable supply of water for both Bura and Hola irrigation

schemes through the construction of a weir, possibly upstream of Nanighi (Figure 3).

Another irrigation project planned on the lower Tana is the Tana Delta Irrigation

Project near Garsen (located 100 km from Malindi on the road to Hola). The Tana and

Athi Rivers Development Authority (TARDA) has had plans to develop a mechanized

rice growing scheme since the early 1980's (Kenya Engineer, 1997). Two feasibility
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studies on the viability of the project have been carried out by two engineering

consultancies (Royal Haskoning BV of Holland in 1981 and Consulting Engineers

Nippon Koei Co. Ltd. in the period 1987-88). Again this is an example of a river

development project in which feasibility studies seem to concentrate only on the

engineering and agricultural production aspects of the project with little regard to

environmental consequences.

The consulting engineers have recommended the development of 12,000 ha on the

east bank of the Tana River stretching for a length of about 40 km from an area 14 km

north of Garsen and running in a southerly direction towards the coast (Kenya Engineer,

1997). Funding for the project has been provided by the Japanese Government.

This latest irrigation scheme is expected to produce 70,000 tons of rice per year

when fully operational, reducing the current national deficit of rice (46,000 tons) and

exporting the surplus (Ottichilo et al., 1993).

2.6.0 Population

The indigenous residents of Tana River basin are the pastoral Orma and the

Pokomo and Malakote agriculturalists. In addition to these two main groups, there are

Somali people from the neighboring Garissa district lying east of the Tana River, that

have crossed to the west of the Tana River looking for pasture for their animals.

The Orma are an Islamic, Eastern Cushitic speaking people. They are pastoralists

occupying the semi-arid savanna scrubland, but frequently take their livestock to the Tana
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River to drink water. They are largely dependent on cattle, with lesser numbers of other

stock and virtually no camels (Ensminger, 1989). According to the 1979 population

census, there were 32,500 Orma. In the 1989 census, the Orma were estimated to number

45,562.

The Pokomo people are mainly farmers and fishermen inhabiting the Tana River

floodplain in the entire area between Mbalambala in the north and Kipini in the Tana

River delta (Figure 2). The Pokomo belong to the Northeast Coastal Bantu Language

grouping and were estimated to number 40,000 in 1979 and 58,645 in 1989. The Pokomo

are divided into four major groups with distinct identities, territories and languages

(Bunger, 1979). These four groups are: the Lower Pokomo, the Upper Pokomo, the

Walwana and the Wanyoyaya or the Northern Pokomo.

The Lower Pokomo live in an area that extends from just south of the Tana River

Primate Reserve to the Tana River Delta at Kipini. The Upper Pokomo live in the area

between Rhoka (just north of Hola) and the Tana River Primate Reserve. The Walwana

(more commonly known as the Malakote) live in the area between Rhoka and Garissa.

The Wanyoyaya live in the area between Garissa and Mbalambala.

The Pokomo developed a method of crop distribution which fully exploited the

different portions of their environment and thus ensured a sufficient supply of food. On

the river banks they planted bananas and sugarcane while on the lowlands behind the

banks they planted rice. On higher ground behind the rice, they planted maize, beans and

other crops. At many times in the past they were able to harvest three crops a year from
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their silt-rich irrigated fields. They also hunt, and fish to supplement their subsistence

diet.

The group of Pokomo people within the study are the Malakote and they are

mainly Muslim. The Malakote grow fruit including bananas and Mangoes. Behind the

fruit trees, they grow rice in the low-lying areas. Behind the rice growing areas, maize is

grown in an area extending up to 2 km or more from the river, depending on flood

magnitudes. Other crops grown by the Malakote include, pawpaws, beans, peas, water

melons, pumpkins and sugar cane. Rice is the most highly valued crop, but it can be

grown only in the low-lying areas such as point-bars or ox-bow lakes when the river

floods to the required amount. Rice is shelled with a mortar and pestle, boiled and eaten

with boiled fish or a meat sauce. Maize is easier to grow than rice and generally is the

most important crop. Bananas are the second most important food crop after maize. The

Malakote are skillful fishermen and their major catch is cat-fish which serves as a main

source of protein.

In addition to the indigenous population, there is a recent settler population

resulting from the irrigation schemes. The settlers in Bura Project were mainly landless

people from different parts of Kenya that were re-located here. The total population

around Bura Irrigation and Settlement Project is estimated at about 30,000.

Tana River district is made up of four major divisions; Gable, Garsen, Bura and

Madogo. The northernmost division is Madogo, with headquarters at Madogo on the west

bank of the Tana across Garissa. Bura Division is immediately south of Madogo and
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includes the BISP. Gable Division is immediately south of Bura and its headquarters are

at Hola, which is also the headquarters for the Tana River District. Hola Pilot Irrigation

Project falls within this division. Garsen Division lies on the southernmost part of Tana

River District and borders Gable Division in the north. The headquarters for this division

is Garsen. The Tana River Primate Reserve and a large number of village irrigation

schemes, including the Tana Delta Irrigation Scheme are in Garsen Division. Population

estimates (CBS, 1994) by division are shown in Table 2.

Table 2. Population by Division for the Tana River District

Division Population, 1979 Population, 1989 Population, 1994
Madogo 17,551 16,473 22,700
Bura 10,096 25,035 28,595
Gable 32,863 39,712 54,934
Garsen 31,891 47,206 55,724

The most dramatic population increase is that for Bura Division for the period

1979-1989. This period corresponds to the establishment and peak operation of the BISP.

The population increase over that period is about 148%. Between 1989 and 1994, the

population increase was about 14.2%. The comparatively lower increase in population

can in part be explained by the collapse of the irrigation scheme, and the subsequent

emigration of some of the tenant farmers. However, if the expected rehabilitation of the

Bura project takes place as planned, we might expect a more dramatic increase in

population. It is expected that if conditions at Bura were to improve, most of the tenant

farmers who deserted would return, in addition to another large group of landless people
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hoping to be resettled. In addition to tenant farmers, there would also be new immigrant

workers at the expanded irrigation scheme and business people. The population decline

for Madogo Division between 1979 and 1989 (6.1%) is rather puzzling, but could be the

result of the movement of Somali speaking people in the northern part of Tana River

District. This is supported by records at the District Commissioner's office at Hola that

suggested that the population of Madogo had increased to about 30,000 by the end of

1995. Except for Madogo Division, all other divisions showed an annual population

growth rate greater than the average national annual average (of about 3.6%) over the 15-

year period. The average annual population growth rates were 12.2%, 4.5%, 5.0%, and

2% for Bura, Gable, Garsen, and Madogo, respectively.
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CHAPTER III

3.0 HYDROLOGY

3.1.0 Introduction

Regulation of the Tana River through the construction of Masinga Dam in 1981

and the Kiambere Dam in 1988, may have altered the hydrologic regime of the river. This

chapter has two goals: (a) to assess the magnitude and pattern of changes in the

hydrologic regime of the river for the stretch below Garissa gauging station, and (b) to

estimate the duration and frequency of flooding for 71 vegetation plots sampled along the

river floodplain in my study area. The first goal is approached by performing flood

frequency analysis on the discharge data obtained for the Garissa gauging station.

Statistical frequency analysis using probability distributions is an established procedure

for estimating the relationship between the magnitude and frequency of occurrence of

various hydrological events. Flood frequency analysis will be performed for two time

periods; a "pre-Masinga Dam" period (before 1981), and a "post-Masinga Dam" period

(after 1981).

The second goal is achieved by running a hydrologic water profile simulation

program on data generated using surveyed vegetation plot heights, recorded channel

cross-section data, and recorded stream flow data from Garissa gauging station. In

addition, I will evaluate whether there have been any significant differences between

frequencies and duration of flooding for each plot for the pre- and post-Masinga Dam

periods.
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3.1.0.1 Background

River regulation through dams may change the seasonal distribution of flow,

reduce the incidence and severity of flooding and decrease long-term average flows

downstream (Cadwallader, 1986). Regulation can also have a marked influence on low-

flow behavior by increasing the duration and frequency of low-flow extremes (Gordon, et

al., 1992). In addition, reservoirs can influence sediment movement, stream temperatures

and water quality. Changes in flow regime and sediment supply can, in turn, lead to

changes in downstream channel dimensions (Cadwallader, 1986).

Given that the structure, composition and dynamics of riparian vegetation

communities are directly related to the long-term flooding regime (Bren et al., 1988), it is

not surprising that the consequences of flow regulation for these communities can be

significant. Flow regulation almost always leads to changes in the hydro-period. In many

cases, the depth, duration and frequency of flooding may be altered by regulation.

Kondolf et al. (1987) give the following as the possible consequences of reduced

flow occurring as the result of river regulation: (1) lowering of stream surface water

below levels that the littoral vegetation require for direct contact, (2) lowering of the

underlying water table below the rooting depths of some species, and (3) reductions in

annual high flows that otherwise would recharge bank sediments as well as soils in the

wider floodplain. The effects of reductions in water availability on riparian vegetation

include changes in area, density, composition and species diversity (Johnson et a/.,1976;

Jolly, 1996).
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River regulation can reduce the frequency and duration of flooding, and in some

cases can substantially change the season of flooding, reduce growth and lead to long-

term changes in the ecology of riverine forests (Bren, 1992). Concern about the impact of

dam construction and flow regulation on the ecology of regulated rivers has prompted

efforts to quantify and preserve the flow patterns required for survival of riverine

ecosystems.

3.1.0.2 Flood Frequency Analysis

The primary objective of a flood frequency analysis is to estimate a flood

magnitude corresponding to any required return period of occurrence (Cunane, 1989).

Flood prediction is an assignment of occurrence probabilities to magnitude of floods

which might occur. A reasonable assignment of probabilities requires fitting a probability

distribution to observed magnitudes. Owing to the limited duration of quantitative

hydrological observations and the infrequent occurrences of flood events, there are in

most cases too few floods on record to which a good fit can be made. This difficulty is

overcome by fitting the distribution to a series composed of a sufficient number of

recorded events.

Flood events can be analyzed using either an annual series or a partial-duration

series. An annual flood series will consist of only the maximum annual flood peak for

each year, irrespective of its magnitude. The partial-duration series consists of all

independent flood peaks equal to or greater than a predefined magnitude or threshold
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(Kite, 1977; Hoggan, 1997).

There are two basic methods of flood frequency analysis: graphic and statistical

analysis (Hoggan, 1997). Graphical analysis is based on ordinal statistics in which the

data are arranged in ascending or descending order according to magnitude. The data are

assigned probabilities based on rank and sample size of the data series and then plotted

on probability graph paper to obtain a discharge-frequency curve. Three of the most

widely used formulas for calculating plotting positions are, the median, the Weibull, and

the Hazen formulas (Hoggan, 1997).

Although ordinary graph paper could be used, it is customary to try to use paper

scaled such that the theoretical fit is a straight line. Among other advantages, this permits

a graphical fit of the distribution to the data by simply drawing a straight line through the

plotted data points (Bedient, 1992). Annual flood peaks are usually plotted on log-

probability paper, while annual river stages are plotted on arithmetic probability paper

(Hoggan, 1997).

Graphic analysis generally is quick and easy to use. It can be used to analyze

nonlinear variables such as river stage and regulated flow that do not fit theoretical

probability distributions. Outliers can be arbitrarily weighed in a graphic procedure. A

disadvantage of the graphic procedure is the lack of precision and consistency in

"eyeballing" the curve. This technique is therefore less objective and the reliability of the

hand-drawn curves is difficult, if not impossible to evaluate (Hoggan, 1997).
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In a statistical analysis of hydrologic data, it is very important to examine the

homogeneity, representativeness, reliability and independence of random variables of the

sampling series (Cunane, 1989). This is necessary because these factors form the primary

assumption of a hydrological frequency analysis. In order to ensure homogeneity of the

hydrologic data, examination is made to verify that the data used pertain to natural

conditions of the basin and are not affected by human activities such as regulation by

reservoirs.

The statistical analysis (analytic) method includes the following steps: (a)

selection of the theoretical probability distribution for the population to be analyzed, (b)

estimation of the parameters of the selected distribution from the observed data, (c)

computation of points to be used in plotting the curve, and, (d) a comparison between the

analytically derived curve and observed data plotted with the graphical method.

Several theoretical distributions are commonly used for fitting the observed

sample distributions of annual maximum floods. These include: (a) the log-normal

distribution, (b) the Gumbel Type I extreme-value distribution, (c) the Gumbel Type III

extreme-value distribution (a logarithmic transformation of Gumbel Type I), and (d) the

Log-Pearson Type III distribution.

The reason for replacing an empirical probability distribution by a theoretical

distribution is to allow extrapolation of values of extreme probabilities. Using a

theoretical probability distribution avoids subjective extrapolation of empirical

probability distribution outside the range of observations (UNESCO, 1987).
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The partial-duration series method would initially seem advantageous in that more

data, and hence information, are incorporated. However, these additional data increase the

definition of the event magnitudes only in the central part of the frequency curve which is

the area of least interest (Kite, 1977). Use of partial duration series always involves

arbitrary establishment of the base flow and sometimes requires subjective decisions

regarding the independence of adjacent events. For these reasons and because the annual

series is simpler to abstract and analyze, it is to be preferred in frequency studies (Kite,

1977).

In general, a probability distribution will fit the data best and provide the most

accurate estimates near the middle values; less so near the tails (Gordon et al., 1992).

Although no one distribution will fit all flood data, specifying the distribution and method

of fit will allow other researchers to obtain the same results from the same set of data.

The procedure is thus much more objective than graphical methods using eye-fitted

curves (Gordon et al., 1992). The analytic method is more desirable than the graphic

method as more uniform and consistent estimates of population parameters are possible,

statistical measures of reliability can be computed, and because there is a theoretical basis

for analyzing rare events (Hoggan, 1997). The disadvantages of the analytic method

include the necessity of selecting a theoretical probability distribution that may not fit the

data exactly and the greater potential for a false sense of accuracy, particularly in the

estimation of rare events (Hoggan, 1997).
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A large variety of distributions have been investigated for application to flood

data (Kirby and Moss, 1987; UNESCO, 1987; Cunane, 1989; Bobee et al., 1993;

Harktanir and Horlacher, 1993; Ashkar, 1996). Some distributions will be more

appropriate for some rivers than for others. In many countries, the selection of an annual

maximum distribution fit is not made objectively. Cunane (1989) gives the following

examples of the justifications that have been used in various countries for choosing one

distribution over another: the distribution is: (1) widely, or most generally accepted, (2)

simple, easy, quick or convenient to apply, (3) consistent, flexible or robust (low

sensitivity to outliers), (4) theoretically well-based, and (5) documented in World

Meteorological Organization (WMO) Guide or elsewhere.

The Log-Pearson Type III distribution has been selected as the standard for flood

frequency analysis by federal agencies in the United States (Benson, 1968) and Australia

(IEA, 1977), while the generalized extreme value (GEV) distribution is the standard in

the United Kingdom (NERC, 1975). Pearson Type III distribution has been recommended

for determination of design floods in China (Shi-Qian, 1987). The two parameter Log-

Normal Distribution has been found best in Italy (Cicioni et al., 1973) and Canada

(Spence, 1973).

In general, the more parameters a distribution has, the better it will fit a set of data

and the more flexibility it has for fitting many different sets of data. However, for the

amount of data normally available, the reliability in estimating more than two parameters

may be very low and therefore, a compromise must be made between flexibility of the
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distribution and reliability of the parameters (Gordon et al., 1992).

The four most commonly used distributions in flood frequency analysis are: (a)

the Log-Normal distribution, (b) the Gamma (Pearson Type III) distribution, (c) Log-

Pearson Type III distribution and (d) the Gumbel (Extreme Value Type I) distribution.

3.1.0.3 Log-Normal Distribution

Many hydrologic variables have a positive skewness as a result of their having

values greater than zero or some other lower limit and are theoretically unconstrained in

the upper range (Hoggan, 1997). The frequencies of these variables do not follow the

normal distribution, but the frequencies of their logarithms do. A Log-Normal

distribution is obtained by replacing a variable X with its logarithm (log X or lnX).

Like the Normal distribution, the 2-parameter Log-Normal distribution is defined

by its mean and variance. The two parameter Log-Normal distribution is a special case of

the Log-Normal distribution where the lower bound value is X0 = 0 (UNESCO, 1987).

This distribution is often used to model data that are positively skewed, this being the

case with most annual maximum series data. Flood peak data and low flow data often

follow the log-normal distribution (Chow et al. 1988).

The 3-parameter Log-Normal Distribution has an additional parameter that is a

nonzero lower bound on the value of X. Three moments are required to estimate the three

parameters (Bedient and Huber, 1992).
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3.1.0.4 Pearson Type III Distribution

The Pearson Type III distribution is also referred to as the three parameter gamma

distribution (UNESCO, 1987). This three-parameter distribution has been used

extensively in hydrology due to its shape and well-known mathematical properties

(Bedient and Huber, 1992). It has the pleasing properties of being bounded on the left and

of positive skewness (although the distribution can also be used with negative skewness).

The three-parameter distribution is defined by the mean, variance and skewness (Kite,

1977). In many hydrology applications however, the cumulative density function (CDF)

of this distribution is evaluated with frequency factors for which the probability density

function (PDF) parameters (mean, variance, skewness) are unnecessary (Bedient and

Huber, 1992). The frequency factors K are a function of the skewness and return period

(or CDF).

3.1.0.5 Log-Pearson Type III Distribution

The log-Pearson Type III is a three-parameter distribution. The parameters of the

Log Pearson Type III distribution are the mean, the standard deviation, and the skew

coefficient. It is best used for flood data which tend to have a lower limit but no upper

limit. When the skew is zero, this distribution becomes a two-parameter distribution

identical to the log-normal distribution (Gordon et al., 1992). Estimates of the moments

are computed for the logarithms of the data series similar to the procedure for the Log-

Normal distribution. Unfortunately, small sample sizes tend to give unreliable estimates
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of the skew, in which case the use of a regionalized estimate is recommended (TEA,

1987).The Log Pearson Type III distribution is particularly useful because of the

skewness parameter which enables it to fit samples that do not fit the normal distribution.

The mean represents the average ordinate, the standard deviation represents the slope of

the curve, and the skew coefficient represents the degree of curvature (Hoggan, 1997).

3.1.0.6 The Gumbel (Extreme Value Type I) Distribution

The extreme value distributions have been widely explored in applied hydrology.

The extreme value type I distribution belongs to a family of distributions in which each

member is characterized by the value of a shape parameter. The extreme value

distribution is based on the idea that extreme values are taken from ends of some "parent"

distribution. The distribution of these extreme values is dependent on the sample size as

well as the "parent" distribution. The Extreme Value Type I distribution is also known as

the Gumbel distribution or the Fisher-Tippett Type I distribution, and has two parameters

estimated from the sample mean and sample standard deviation (UNESCO, 1987). The

Extreme Value Type I distribution has no upper nor a lower limit (Bedient and Huber,

1992).

The Extreme Value Type I distribution has a skewness of 1.1396 and only two

statistical parameters are available for curve fitting. Thus, this distribution may be found

to be less flexible than others having three parameters. Extreme Value Type I distribution

is described by a scale parameter and a location parameter, where the latter is the mode of
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the distribution (Gordon et al., 1992). The log-normal distribution is a special case of the

Extreme Value Type I distribution when the coefficient of variation is 0.364. The average

recurrence interval for the mean value is a constant at 2.33 years. The Extreme Value

distribution Type I has been found satisfactory for describing the distribution of yearly

maximum daily discharges (Haan, 1977).

3.1.0.7 Choosing Between Distributions

There is a lack of agreement on the best way to evaluate the suitability of a

probability distribution used in flood frequency analysis. For the purposes of my analysis,

I use the traditional method: inspection of a plot of annual maximum series data on a

probability plot. On such a plot the sample values of a hydrological record appear as a

series of plotted points while the estimated distribution of a particular form, whose

suitability is being examined, is plotted as a line or curve. The form of a distribution

whose line or curve show the best agreement with the plotted points will be chosen

(Cunane, 1989). Bedient and Huber (1992) state that a visual inspection of fit of the

frequency distribution is probably the best aid in determining how well an individual

distribution fits a set of data or which distribution fits "best".

The question of which distribution gives the best fit may be addressed

quantitatively using measures such as chi-squared statistic and the Kolmogorov-Smirnov

test (Benjamin and Cornell, 1970; Haan, 1977), but these tests are seldom helpful in

discriminating among different distributions because their confidence limits are so large
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that both tend to lead to acceptance of the hypothesis that the distribution fits the data

(Bedient and Huber, 1992).

Many goodness of fit tests applied to records of annual maximum floods and

conventional tests of hypothesis are not conclusive when seeking a flood distribution.

Such tests are not powerful enough or are extrapolations and may not be discriminatory

for choosing between one distribution over another (Cunane, 1989). In the end, a decision

on the distribution to be used is often subjective and based on preference for the

underlying mechanism of one distribution versus another (Bedient and Huber, 1992).

The disadvantage of using the wrong form of a distribution for a flood series is

that of over- and under-design of hydraulic structures. This was of little concern in this

study as the objective was not the design of hydraulic structures but to generate data that

would be used in an ecological analysis. The primary objective is to determine if indeed

the hydrologic regime of the Tana River has changed since the completion of the largest

dam in the headwaters of the Tana.

3.2.0 Data Sources And Analysis

River discharge data used in this study was from the Garissa gauging station,

located about 60 km upstream of the northern-most part of the study area. The data was

obtained from the Ministry of Land Reclamation, Regional and Water Development

Headquarters in Nairobi. Although the southern-most part of the study area is only about

30 km north of the Hola gauging station, data from this station was not used as the record
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is not considered as reliable as that from Garissa. Review of the Hola record revealed that

it is not as long as at Garissa and has many more gaps. The Garissa record, begins in 1933

and ends in 1996. Daily data values for stage height are available from 1933 to 1993,

whereas daily discharge data begins from 1941 and ends in 1996.

Figure 7 shows mean monthly discharges at Garissa for the entire discharge

record (1941-1996). It is clear from the chart that the Tana River experiences biannual

floods, with peaks in May and in November. May flows are generally higher and less

variable than November flows. Table 3 gives a summary of river discharge statistics for

the 1941-1996 period. The highest discharge ever recorded at Garissa was 3568.3 m 3s-1 ,

the flood of November 21st 1961. The biannual floods are in response to the short and

long rainy seasons occurring in the catchment area of the upper river basin. The long

rainy season occurs in the months of April-May while the short rains occur in the

October-November period. The months of low flow correspond to the end of the dry

season for the upper river catchment, and the lower Tana River floodplain. The lowest

flows occur in September just before the short rains while the next lowest flows are

observed in the month of March just before the long rainy season.

Since the river discharge record does not begin until April le of 1941, it was

necessary to extrapolate discharges from stage heights for the period prior to 18th April

1941. There have been at least ten discharge-stage height rating curves for the Garissa

gauging station. The first rating curve for the Tana River was used without change for

the period between 18th April 1941 and 27th November 1945.
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Table 3. A summary of some discharge statistics for the months of May and November
for the Tana River at Garissa gauging station for the period 1941-1996.

Statistic Period of Discharge Data (1941-1996)

May November

Mean (m3 s-1 ) 362.8 295.0

Lower 95% Confidence Limit for 351.1 276.3

Upper 95% Confidence Limit for 374.5 313.8

Standard Error of Mean 6.0 9.6

Standard Deviation 246.0 384.8

Median (m3 s-1 ) 308.3 172.5

Minimum (m3 s-1 ) 26.8 19.9

Maximum (m3s-1 ) 1598.2 3568.3

In performing the current extrapolation of discharge data, it was assumed that

river stage conditions corresponding to the first rating period (1941-1945) were not

drastically different from those prevailing in the 1933-1941 period when only stage

heights were acquired.

A relationship between stage height and discharge was sought through non-linear

regression techniques using stage height and discharge data corresponding to the first

curve rating period. A 5'h order polynomial curve was found to best extrapolate river

discharges from stage heights. Figure 8 shows this polynomial curve fitted through

corresponding stage heights and discharges for the period 1941-1945.
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A plot of maximum monthly discharge data over the period 1933-1996 is shown

on Figure 9. The most prominent features in this plot are the high river flows observed

throughout the 1960's. The increased discharges were attributed to higher than average

rainfall observed throughout East Africa (Lamb, 1966; Dunne and Leopold, 1978). There

is a discontinuity in the discharge record in September and October 1979 and in 1980 for

the months of January-April, August-September and November-December.

3.3.0 Tana River Discharge Data and El Nino / Southern
Oscillation (ENSO)

As was discussed earlier in chapter II, the short rains of October-December for

East Africa are strongly coupled with both El Nino / Southern Oscillation, and the east-

west circulation over the Indian Ocean (Nicholson and Entekhabi, 1986; Ogallo, 1988).

Since discharge for the Tana River is influenced by rainfall in the catchment area, I

expected to find a correlation between monthly river discharges and monthly Southern

Oscillation index. Sea surface pressure differences between Tahiti and Darwin were used

to qualify the monthly intensities of SO.

Both parametric (Pearson's correlation) and non-parametric correlations

(Kendall's tau_b and Spearman 's rho) tests were carried out between monthly SO index

and monthly discharges for the Tana River. Non-parametric correlation tests indicated

that there were significant correlations between discharges and SO index for the months

of November and December. The only significant parametric correlations were for the



83

month of December. Since discharge data showed a significant departure from normality,

the non-parametric correlations were more appropriate. The strongest correlation was for

the month of December (Table 4).

The results indicate that only the November and December discharges are

correlated with ENSO. During ENSO years, one can expect above normal rainfall, while

below normal rainfall can be expected during anti-ENSO (La Nina) years during the

October-December period in East Africa. ENSO events are identified by Ropelewski and

Jones (1987) as "low index" years. Therefore some of the peak floods occurring in either

Table 4. Correlation coefficients between monthly discharges for the Tana River at
Garissa gauging station and monthly Southern Oscillation Index.

November December

Pearson's Correlation -0.078 -0.288*

Kendall's tau _b -0.230* -0.332**

Spearman's rho -0.333* -0.457**

N 54 54

** correlation significant at the 0.01 level (2-tailed)
* correlation significant at the 0.05 level (2-tailed)

November or December on Figure 9 correspond to ENSO years. Quin et al. (1987) and

Rasmusson (1984) list periods identified as El Nino years or ENSO years in addition to

providing an indication of the El Nino strength or ENSO intensity. The following are
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known ENSO Years between 1940 and 1987:

1940-1941, 1943-1944, 1946, 1948, 1951, 1953, 1957-1958, 1963, 1965, 1969, 1972-

1973, 1975, 1976, 1982-1983 and 1986-1987.

Table 5. Correlation coefficients between discharges for the months of November-
December for the Tana River at Garissa gauging station and November-
December Southern Oscillation Index for El Nino Years.

Pearson's Correlation -0.326*

KendalPs tau_b -0.313**

Spearman's rho -0.427**

N 46

** correlation significant at the 0.01 level (2-tailed)
* correlation significant at the 0.05 level (2-tailed)

3.4.0 Rainfall Distribution in The Upper Tana River Basin

It was necessary to evaluate whether rainfall patterns in the catchment area of the

Tana River remained unchanged throughout the period of flood-frequency analysis

(1941-1996). If for example, the amount of rainfall received in the catchment area had

decreased between the pre- and post-dam period, and results from flood frequency

analysis between the same periods indicated a decrease in discharge, it would be wrong to

attribute the decrease solely to either dam construction or decreased precipitation.
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Rainfall data was available for only three stations in the catchment area. These

stations were Meru, Embu, and Murang'a. Meru data is for the period 1914-1985, Embu

for 1908-1990, and Murang'a for 1901-1985. Nairobi rainfall station (Jomo Kenyatta

International Airport), though not within the catchment of the Tana is close, and has

rainfall distribution similar to that of areas within the Tana River catchment. The record

from Nairobi is for the period 1951-1990. Each rainfall record was divided into two

periods corresponding to the pre- and post-Masinga dam period.

Both parametric and non-parametric tests were carried out to determine whether

there was a statistically significant difference in means, medians, and distribution of

rainfall between the two periods. Statistical tests carried out included t-tests (to compare

the means), F-tests (to compare variances), Maim-Whitney (Wilcoxon) W tests (to

compare the medians, and Kolmogorov-Smirnov test (to compare the distributions of the

two samples).

Results for both parametric and non-parametric tests revealed that there were no

significant differences in the means, medians, and distributions of rainfall for Meru,

Murang'a and Nairobi rainfall stations. Non-parametric tests for the Embu station also

indicated no significant differences in rainfall between the pre- and post-dam rainfall.

However, the parametric test indicated a significant increase (P <0.05) in precipitation

from the pre- to the post-dam period. But an examination of the rainfall data indicated

significant departures from normality, which would tend to invalidate this test. However,

even if this test were valid, an increase in precipitation in the catchment area would tend
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to mitigate reduction in river discharge as a result of dam construction. Results from these

tests imply that any reductions observed in river discharge between the pre- and post-dam

period can now be attributed to dam construction as we have ruled out a corresponding

decrease in precipitation from the pre- to the post-Masinga Dam period.

3.5.0 Flood Frequency Analysis Results

An annual maximum discharge data series was extracted from the mean daily

flow discharge data for the Garissa gauging station. Since this annual series was to be

used in flood frequency analysis, it was felt best to exclude the extrapolated discharge

data as the exact discharge-stage height rating curve for that period is not known. In

extrapolating the data, the rating curve was assumed not to have changed from that for the

period 1941-1945. This assumption may not be correct as there were large floods in 1941

and this may have changed the rating curve.

The maximum annual series for the period 1941-1979 was used in flood

frequency computations covering the pre-Masinga Dam period. Although Masinga Dam

was not completed until November 1981, the data gap in 1980 made it necessary to omit

this year from the analysis. A second maximum annual series corresponding to the post-

Masinga Dam period was also extracted from mean daily discharge values and covered

the period 1982-1996. A flood frequency analysis on the two annual maximum series

would allow a comparison of flow magnitudes corresponding to selected recurrence

intervals.
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Each of these two annual maximum series were input into the computer program

HYDROTECH (STA, 1997) whereby several probability distributions were fitted to each

data set. The four distributions fitted to the annual series in HYDROTECH program are:

(a) Log-Pearson Type III, (b) 2-parameter Log-Normal, (c) Pearson Type III and (d)

Gumbel (Extreme Value Type I). The subsequent outputs from this program were used to

generate charts in the statistical program, STATISTICA (Statsoft, 1997). The fitted

distributions were compared in order to select the probability distribution that best fit the

data. In addition to estimating the magnitude of each discharge for selected recurrence

intervals, the program HYDROTECH also estimated the upper and lower confidence

limits around each predicted discharge at the 95% confidence level. Unfortunately at the

time of analysis, the algorithm for estimating confidence limits around Gumbel

distribution estimates had not yet been implemented in HYDROTECH.

A fifth distribution, the 3-parameter Log-Normal distribution, was fitted to the

annual maximum series. This distribution is not available in HYDROTECH and

therefore, the program DISTRIB 2.13 (part of the SMADA suite of programs that

accompany the hydrology text by Wanielista et al., 1996) was used to generate the results

for this distribution. No confidence intervals around the estimated discharges were

included in the results. Tables 6 and 7 summarize flood frequency analysis results for

each of the fitted distributions for the pre- and the post-Masinga Dam period.

In all plots of fitted probability distributions, observed values from the maximum

annual series have been plotted using the Weibull formula (the most commonly used
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Table 6. A summary of the results of a flood frequency analysis for the pre-Masinga Dam
period (1941-1979).

Probability
Distribution

Probability of
Exceedance

Recurrence
Interval

(years)

Estimated
Discharge
(m3s-I)

Lower CL
(5%), (m3s-I )

Upper CL
(95%), (m 3 s-1 )

Pearson III 0.50 2 670 493 830

0.20 5 1207 1043 1393

0.10 10 1652 1458 1901

0.05 20 2113 1868 2449

0.02 50 2740 2410 3205

0.01 100 3221 2822 3793

Log-Pearson III 0.50 2 719 614 839

0.20 5 1197 1017 1460

0.10 10 1597 1324 2037

0.05 20 2050 1654 2737

0.02 50 2748 2138 3887

0.01 100 3365 2549 4965

3-Parameter
Log-Normal

0.50 2 734

0.20 5 1241

0.10 10 1629

0.04 25 2172

0.02 50 2615

0.01 100 3088

2-Parameter
Log-Normal

0.50 2 745 638 870

0.20 5 1214 1030 1483

0.10 10 1567 1302 1992

0.05 20 1934 1571 2553

0.02 50 2451 1936 3388

0.01 100 2870 2221 4097

Extreme Value
Type I
(Gumbel)

0.5 2 780

0.20 5 1398

0.10 10 1812

0.05 20 2185

0.02 50 2653

0.01 100 3027
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Table 7. A summary of the results of a flood frequency analysis for the post-Masinga
Dam period (1982-1996).

Probability
Distribution

Probability of
Exceedance

Recurrence
Interval

(years)

Estimated
Discharge
(m3s-1)

Lower CL
(5%), (m 3 s-1 )

Upper CL
(95%), (m 3 s-I )

Pearson III 0.50 2 813 647 975

0.20 5 1132 970 1359

0.10 10 1307 1125 1591

0.05 20 1457 1252 1795

0.02 50 1630 1395 2036

0.01 100 1748 1470 2203

Log-Pearson III 0.50 2 782 628 983

0.20 5 1143 916 1566

0.10 10 1361 1070 1969

0.05 20 1551 1197 2350

0.02 50 1773 1340 2825

0.01 100 1925 1434 3165

3-Parameter
Log-Normal

0.50 2 816

0.20 5 1133

0.10 10 1305

0.04 25 1495

0.02 50 1621

0.01 100 1737

2-Parameter
Log-Normal

0.50 2 745 596 932

0.20 5 1135 910 1550

0.10 10 1415 1107 2075

0.05 20 1697 1292 2692

0.02 50 2082 1530 3532

0.01 100 2387 1709 4277

Extreme Value
Type!
(Gumbel)

0.5 2 764

0.20 5 1156

0.10 10 1427

0.05 20 1646

0.02 50 1955

0.01 100 2198
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plotting formula in the United States). The formula is:

P = m / (n+1) or T = (n+1) / m

where n is the number of years of record and m is the rank of the event in order of

magnitude, the largest event having m = 1. P is the probability of being equaled or

exceeded in any year whereas T (the reciprocal) is the return period. Return interval and

recurrence interval are used interchangeably to mean the average interval in years within

which a given event will be equaled or exceeded (Wilson, 1990).

Figure 10 shows four of the probability distributions fitted to the annual

maximum series for the pre-Masinga Dam period (1941-1979). All probability

distributions with the exception of Gumbel distribution fit the observed data very well.

Log-Pearson Type III distribution is the only distribution used in this analysis that has all

observed values falling within the 95% confidence limits. However, the Log-Pearson III

distribution and the 2-parameter Log-Normal distribution, have 95% confidence limits

around predicted discharges that become very wide for floods with a recurrence interval

of 5 years and above. The greater uncertainty in estimated floods (indicated by the

widening confidence limits) is probably an indication of the sensitivity of the two

distributions to the unusually high flood that occurred in 1961.

In addition to showing a good fit to observed data values, Pearson III distribution

has narrower 95% confidence limits compared to the Log-Pearson III and the 2-Parameter

Log-Normal distribution. This observation suggests a lower sensitivity of this distribution

to the large flood of 1961 compared to Log-Pearson III and the 2-parameter Log-Normal
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distribution.

Although no confidence limits were fitted for discharges predicted using the

Gumbel distribution, it can be seen from Figure 10 that this distribution does not fit as

closely to the annual maximum series data as the other probability distributions. In fact,

Gumbel estimates with recurrence interval of between 5 and 20 years appear to be

exaggerated.

Results from all the fitted distributions do not indicate drastic differences in

predicted floods for the various return intervals. The best agreement appears to be that

between Log-Pearson III and the 2-parameter Log-Normal distribution for floods with

recurrence intervals of up to 20 years.

For the post-Masinga Dam period, only 15 years of annual peak discharge data

were available for this flood frequency analysis. As a result, estimated discharges from

the various distributions have wider 95% confidence intervals, compared to the pre-

Masinga Dam results. The 95% confidence intervals for the Log-Pearson Type III and the

2-parameter Log-Normal estimates are fairly narrow for floods up to two years but

quickly become broad for floods with greater recurrence intervals (Figure 11). Of the

three distributions fitted with confidence intervals, Pearson III distribution estimates have

the narrower 95% confidence limits over the various recurrence intervals (Figure 11).

Gumbel distribution estimates appear to fit very well on observed discharges from

the post-dam annual maximum series, but since no confidence intervals were fitted, it is

not possible to evaluate the certainty of the estimates. Flood estimates from the
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2-parameter Log-Normal and Gumbel distributions are the most comparable for

recurrence intervals of between 2 and 50 years.

Pearson III and Log-Pearson estimates with recurrence intervals of up to 10 years

appear to agree very closely (Figure 11). Pearson Type III and Log-Pearson Type III

distributions require the estimation of the coefficient of skewness from the sample data. It

is well known that the variability of sample estimates of the coefficient of skew is quite

large (Cruff and Rantz, 1965), and this may be a sufficient reason to prefer some other

distribution. On the other hand use of a 2-parameter distribution such as the Gumbel or

the 2-parameter Log-Normal distribution implies a fixed value of the coefficient of skew

which may not be valid either (Kite, 1977).

I would expect estimates from the 3-parameter distributions (Log-Pearson III and

Pearson III to be more prone to error due to the high variance associated with estimating

the skewness coefficient from a small sample size (15 years) as is the case with the post-

dam annual maximum series. On this basis, the 2-parameter distributions (2-parameter

Log-Normal and Gumbel) may be more reliable since no estimate of skewness is required

as is the case with the 3-parameter distributions.

3.5.1 Impact of Masinga Dam on River Flows

All 2-year floods show an increase from the pre- to the post-Masinga Dam period,

with the exception of those predicted by Gumbel distribution (which show a slight

decrease) and those predicted by 2-parameter Log-Normal distribution indicate no
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difference. Daily discharge values corresponding to the 2-year recurrence interval as

predicted by Pearson Type III and Log-Pearson Type III, were extracted from each period

(1941-1979 and 1982-1996) in order to determine if the increases predicted by the

distributions for 2-year floods were statistically significant. The upper and lower 95%

confidence interval for each estimate were used to select a common range of discharge

values that fell within the 95% confidence interval. Various statistical tests (parametric

and non-parametric) were run to compare the samples from the pre- and post-dam daily

discharge values. These tests included comparison of means (t-test), standard deviations

(F-test), medians (Mann-Whitney W test) and distribution (Kolmogorov-Smimov test)

(Zar, 1996). Results from these tests all indicated that daily discharge data samples from

the two periods were not significantly different at the 95% confidence Level. We can

therefore conclude that floods with a recurrence interval of two years have not been

significantly influenced by the construction of Masinga Dam.

All probability distributions indicate a reduction in floods with a recurrence

interval of 5 years and greater, from the pre- to the post-Masinga Dam period.

Two samples of discharges were extracted from the daily discharge record at Garissa

using a common interval from the 95% confidence limit estimate of 5 year flood events

from both the pre- and post-dam period.

Both parametric and non-parametric statistics were used to compare the two

samples. It was necessary to include non-parametric statistical tests since most river

discharge data is often not normally distributed. Statistical tests carried out included t-
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tests (to compare the means), F-tests (to compare variances), Mann-Whitney (Wilcoxon)

W tests (to compare the medians, and Kolmogorov-Smirnov test (to compare the

distributions of the two samples). Results from these tests revealed that the differences in

estimated 5-year floods between the pre- and post-dam period were statistically

significant (p < 0.01). I therefore conclude, based on these tests that the construction of

Masinga Dam has significantly reduced floods with a recurrence interval of 5 years or

greater. Figure 12 shows four charts, each of which has a probability distribution for the

pre- and post-dam period on the same plot. It is clear from these plots that there has been

a reduction in floods with a recurrence interval of greater than 5 years.

A comparison of various statistics from daily discharge records at Garissa for the

pre- and post-Masinga dam period is given in Table 8. These values confirm the results of

flood frequency analysis described earlier. There has been a significant (p < 0.01)

decrease in mean and median discharges for both the months of May and November from

the pre- to the post-Masinga dam period.

Flows for the low flood months of March and September were extracted from

both the pre- and post-Masinga Dam period, and both parametric and no-parametric tests

were run to compare the samples. There was a significant (p < 0.01) increase in mean and

median flows for March. Mean flows for September also showed a significant increase (p

< 0.01) from the pre- to the post-Masinga Dam period. Table 9 provides summary

statistics for these low flow months.
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Table 8. A summary of some discharge statistics for the months of May and November
for the Tana River at Garissa gauging station for both the Pre-dam and Post-dam
periods. Asterisks refer to significantly different discharges between monthly
comparisons for the two periods (1941-1979 and 1982-1996).

Pre-dam (1941-79) Post-dam (1982-96)

May November May November

Mean (m 3 s -1 ) 385.0** 300.0** 302.1** 291.8**

Lower 95% Confidence Limit for the 370.1 375.5 285.3 268.0

Upper 95% Confidence Limit for the 399.9 324.5 319.0 315.6

Standard Error of Mean 7.6 12.5 8.6 12.1

Median (m 3 s-l ) 324.5** 169.3* 258.9** 195.7*

Minimum (m 3 s-l ) 26.8 19.9 32.6 20.9

Maximum (m 3 s- ') 1598.2 3568.3 1235.8 1234.0

**significant differences at the 0.01 level
*significant differences at the 0.05 level
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Table 9. A summary of some discharge statistics for the months of March and September
for the Tana River at Garissa gauging station for both the Pre-dam and Post-dam

periods. Asterisks refer to significantly different discharges between the same
monthly comparisons for the two periods (1941-1979 and 1982-1996).

Pre-dam (1941-79) Post-dam (1982-96)

March September March September

Mean (m3s-I ) 83.2** 74.1** 108.4** 79.4**

Lower 95% Confidence Limit for the
mean (m 3 s-I )

78.1 72.4 100.9 77.5

Upper 95% Confidence Limit for the
mean (m 3 s-I )

88.4 75.8 116.0 81.4

Standard Error of Mean 2.6 0.9 3.8 1.0

Median (m 3 s-I ) 55.8** 70.3** 94.1** 85.2**

Minimum (m 3 s -1 ) 7.9 17.4 37.0 26.6

Maximum (m 3 s - ') 922.3 198.8 1008.8 113.4

**significant differences at the 0.01 level
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3.7 FREQUENCY AND DURATION OF FLOODING OF
VEGETATION PLOTS

3.7.1 The Hydrologic Engineering Center's River Analysis System (HEC-RAS)
Program

Water surface profiles associated with peak discharges on the Tana River needed

to be calculated to determine the frequency and duration of inundation of the vegetation

plots. Water profiles were computed using the recently released HEC-RAS computer

program (Hydrologic Engineering Center, 1995). The main objective of the HEC-RAS

program is to compute water surface elevations at all locations of interest for given flow

values.

The HEC-RAS computer simulation program uses a "standard step method"

numerical method to compute changes in water surface elevation between adjacent cross-

sections on the basis of energy losses. The computations begin at the upstream end of a

study reach and proceed cross section by cross section, to the lower end of the reach

(Hoggan, 1997). The measured distances between cross sections are referred to as the

reach. Data needed for these computations include, geometric channel profile and steady

flow data.

One main assumption made in all water profile calculations is that the flow of the

Tana River through the various reaches was steady. That is, the depth, velocity, and

discharge remained constant with time at a particular location on the river. HEC-RAS is a

steady-flow model but can be used for unsteady flow represented by a flood hydrograph

because flood waves rise and fall gradually. An observer standing on the bank of a river
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watching a flood wave pass would not see a distinct curvature of the wave, but would

merely see evidence of the rise and fall of the water surface. Except in extreme cases, the

change in flow occurs gradually, and adequate water surface profiles can be obtained with

steady-flow analytic methods (Hoggan, 1997).

HEC-RAS computes profiles for gradually varied flow. In varied flow, depth and

velocity change with distance along the river. The flow is considered "gradually varied" if

the depth changes over a relatively long distance but "rapidly varied" if the depth changes

abruptly.

HEC-RAS performs one dimensional water surface profile calculations for steady

gradually varied flow in natural or constructed channels. Water surface profiles are

computed from one cross-section to the next by solving the energy loss equation with an

iterative procedure called the standard step method. The energy head loss between cross-

sections is comprised of friction losses (computed using Manning's roughness

coefficient, n) and contraction or expansion losses (Hydrologic Engineering Center,

1995). The value of Maiming's n depends on a number of factors including: surface

roughness; vegetation; channel irregularities; channel alignment; scour and deposition;

obstructions; size and shape of channel; stage and discharge; seasonal change;

temperature; and suspended material and bedload (Hydrologic Engineering Center,

1995). Contraction or expansion of flow due to changes in the cross-section is a common

cause of energy loss within a reach. Whenever this occurs, the loss is computed from the

contraction and expansion coefficients specified in the program.
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The required information for a cross-section consists of : the reach of the river; a

description of the X and Y coordinates (station and elevation points); downstream reach

lengths; roughness coefficients; main channel bank stations; contraction and expansion

coefficients (Hydrologic Engineering Center, 1995).

Main channel bank stations are used to define what portion of the cross-section is

considered the main channel and what is considered left and right over-bank area.

Downstream reach lengths describe the distance between the current cross-section and the

next cross-section downstream. Reach lengths are defined for the left over-bank, main

channel, and the right over-bank. Manning's n values need to be specified for the left

over-bank, main channel, and the right over-bank. Contraction and expansion coefficients

are used to evaluate the amount of energy loss that occurs because of flow expansion. The

coefficients are multiplied by the change in velocity head from the current cross-section

and the previous cross-section (Hydrologic Engineering Center, 1995).

Once the geometric data are entered, steady flow data can then be entered. Steady

flow data consists of: the number of profiles to be computed; the flow data; and river

system boundary conditions. Flow data are entered from the upstream to downstream

reach in the river system. Once a flow value is entered in the upstream end of a reach, it is

assumed that the flow remains constant until another flow value is encountered within the

reach (Hydrologic Engineering Center, 1995).

Flow in open channels may be classified as sub-critical, super-critical, or critical.

The determination of the flow regime according to these classifications is important
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because of the way the flow behaves under each and differences in the approach used to

compute the water surface profile (Hoggan, 1997). Critical depth is a very significant

flow characteristic because it represents a criterion for determining flow regime. Flows at

depths above critical depth are sub-critical, and flows below critical depth are super-

critical. Flows at or near critical depth are termed critical flows and are unstable because

a minor change in specific energy will cause a major change in depth (Hoggan, 1997).

A decision has to be made at the outset whether to analyze the flow as sub-critical

or super-critical. The flow regime is sub-critical in most natural channels (Hoggan, 1997).

If a sub-critical analysis is going to be performed, then only the downstream boundary

conditions are required. For a super-critical flow, only the upstream boundary conditions

need to be entered. For mixed flow regime calculation, both the upstream and

downstream boundary conditions are required (Hydrologic Engineering Center, 1995).

Boundary conditions are necessary to establish the starting water surface at the ends of

the river system (both upstream and downstream). A starting water surface is necessary

for the program to begin the calculations (Hydrologic Engineering Center, 1995). The

starting water surface is frequently the most difficult starting condition to determine.

There are at least three sources for this information: (1) a known water surface elevation,

as from a rating curve, (2) normal depth based slope-area computations, and (3) a

condition of critical depth. A known water surface elevation, if available is to be

preferred (Hoggan, 1997).
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3.7.2 Data Sources and Analysis

Between the 19th and 28th of September 1995, the heights of 71 vegetation plots

(out of a total of 73) above the dry season river level were measured. A David White

Level (tilting dumpy level) and an accompanying leveling rod were used in this survey.

Each plot surveyed had to be leveled to the nearest river section. Within each 25 m x 25

m plot, six measurements were taken to determine an average plot height. The lowest and

highest lying plots were at a mean height of 0.50 m and 5.02 m, respectively above the

dry season river level. Two plots (labeled 32 and 53, and belonging to a vegetation type

described as transitional woodlands) were to far away from the river to be leveled and

were therefore omitted from this analysis.

By comparing discharge records between Garissa gauging station and a temporary

gauging station at Bura in 1981-1982 period, Hughes (1985) established that a flood

observed at the Garissa gauging station would take approximately 24 hours to reach Bura.

Therefore, flows observed at Bura lag Garissa flows by a day. I leveled all my vegetation

sampling plots between September 18 and September 28, 1995. The corresponding flows

at Garissa for these days would be those for the period 17th to 27th of September 1995.

The maximum discharge during this period was 99 m's' , the minimum 89 in's -I and the

mean 93.3 m3 s-1 . I therefore assumed the discharge equivalent to "dry season" river level

to be 93 m3 s-1 .

Cross-section data for the river were obtained from a published report on the

results of river survey investigations carried out in May-June 1978 by Sir McDonald and
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Partners Limited for the Republic of Kenya (NIB, 1979). In addition to the channel cross-

section data, there were several corresponding surveys across the floodplain. Four of the

10 channel cross-sections surveyed were within a stretch of the river where the vegetation

plots were located. Each individual river channel section plot was scanned and

coordinates defining it obtained in an image processing software (ERDAS, 1996). Each

channel cross-section had two separate scales, one for the X (horizontal) and the other for

Y (elevation) axes, these were used to convert the measurements to ground distances in

meters. The horizontal measurements were the station points whereas the vertical were

the elevation points. Station and elevation points defining each of the four cross-sections,

downstream reach lengths, and main channel bank stations were then entered into the

HEC-RAS program.

Along with channel cross-section data, the river survey report (NIB, 1979) also

included water surface elevations corresponding to two flows: the floods of April 1978

(which had an discharge of 1025 m's') and a flow of 150 in's'. These marks were also

converted to actual elevations that would provide useful reference points in calibrating

the HEC-RAS simulation model.

Manning's n of between 0.020 and 0.027 were used for the various reaches of the

river. The default contraction and expansion coefficient values (0.1 and 0.3 respectively)

were used as they are typical of gradual transition conditions (Hydrologic Engineering

Center, 1995).
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In all analyses, flow was considered to be sub-critical and therefore only boundary

conditions for the downstream end of the river needed to be entered. An energy slope of

0.00033 was entered for calculating normal depth (Manning's equation) at that location.

In general, the energy slope can be approximated by using the average slope of the

channel or the average slope of the water surface in the vicinity of the cross-section

(Hydrologic Engineering Center, 1995). The average slope of the water surface in the

downstream reach of the river was calculated as approximately 33 cm per kilometer

(NIB, 1979).

Once boundary conditions had been entered, the steady flow data was entered.

Flow values for which water elevation profiles were required were entered for the reach

most upstream. I started with the two reference discharges; 150 m3 s-1 and 1025 m 3s-1 .

Water surface elevations corresponding to each of the flows were known for each cross-

section. Using this information, some minor adjustments in Manning's n were made in

order for the computed water surface elevations across each cross-section to best match

the observed flows. The largest difference between observed and calculated water surface

elevation was for the most downstream cross-section and corresponded to a discharge of

150 m3s-I . The observed water surface elevation at this cross-section for a discharge of

150 m3 s-1 was 103.8 m above sea level whereas the calculated water surface was 103.27

m above sea level. The observed water surface elevation for a discharge of 1025 m3 s-1

was 107.0 m while the calculated one was 107.41 m. Thus, the HEC-RAS simulation

model was successfully calibrated, and ready for calculation of water profiles.
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Since all plot heights had been measured from the river surface during the low

flows of September (taken for this analysis to correspond to a discharge of 93 m1/4-1 ), the

water surface elevation corresponding to this discharge needed to be computed. The

calculated water surface at the most downstream cross-section corresponding to this flow

was 102.76 m above sea level. Therefore, the height of each plot above dry season river

level was added to this value (102.56 m) in order to convert each to a height above sea

level at the most downstream river cross-section. The lowest plot which was only 0.5 m

above dry season river level was at an elevation of 103.26 m above sea level while the

highest plot which was 5.02 m above the river was at an elevation of 107.78 m above sea

level.

The next task was to find the discharge necessary to raise the water surface

elevation to the height of each plot (as measured from the most downstream river cross-

section). Various discharge values ranging from 75 m's' to 1200 m3 s-1 were entered at the

most upstream cross-section and the computed water surface elevations corresponding to

each discharge read at the most downstream cross-section. By comparing the computed

water surface elevations with the elevation of each plot (above sea level), it was possible

to determine the discharge necessary to raise the water surface to the elevation of the plot.

Any discharge greater than that value would result in the plot being inundated.

Once the minimum discharge necessary to inundate each plot had been

determined, the number of days the plot had been inundated for any period between 1941

and 1996 could be extracted from the daily discharge record at Garissa. One main
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assumption made here is that there is minimal loss of water through evaporation,

transpiration, and through the river bed between Garissa and the first river cross-section

used in this analysis.

In order to determine whether there has been a significant change in the number of

days each plot was inundated since construction of Masinga Dam, the Garissa daily

discharge record was divided into a pre- and a post-Masinga Dam period (as described in

earlier sections). The number of days the flow at Garissa exceeded the minimum

discharge required to inundate each plot was extracted from each period.

3.7.3 Results and Discussion

The lowest lying plots are 19, 46 and 66 and required a minimum flow of 150

m3 s- ' to be inundated. Total number of days these plots were inundated (i.e., flows were

greater than 150 m3 s-1 ) constituted 31.86% and 33.74% of all days in the pre- and post-

Masinga Dam period, respectively. Other plots that showed an increase in the number of

days flooded were numbers 55 and 31, with the former requiring a discharge greater than

255 m3s-1 to be inundated while the latter required 350 m 3 s-1 to be inundated. The rest of

the plots all showed a decrease in number of days flooded.

Since the number of days flooded for plots requiring a discharge less than 350

m3 s -1 increased from the pre- to post-Masinga Dam period, it became necessary to test if

this represented a significant increase in floods with a magnitude of less than 350 m3 s- '

between the two periods. Daily discharge values less than or equal to 350 m3 s-1 were
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extracted from both the pre- and post-dam period and the various statistical tests of

sample comparison described earlier applied. Results of these tests revealed that there had

been a significant (p<0.01) increase in the mean and median of these samples from the

pre- to the post dam period.

Figure 13 shows the percentage number of days each plot was flooded in the pre-

and post-Masinga Dam periods. All plots show a decrease in number of days flooded

except for plots 19, 46, 66, 55 and 31 which show an increase. The decreases and

increases in days flooded were significant (p< 0.01) for all 71 plots. Figure 14 also shows

the percentage number of days each plot was flooded for the two periods of comparison,

plotted against the average height of the plot above dry season river level. From this plot,

it is clear that any plot less than 1.75 m above dry season river level has experienced

more flooding since the construction of Masinga Dam, whereas any plot higher than 1.75

m above dry season river level has experienced a reduction in days flooded. The average

increase in percent days flooded for plots below 1.75 m above dry season river was 1.4%,

while the range from minimum to maximum number of days flooded was 0.2 to 1.9 %.

For plots lying higher than 1.75 m above dry season river level, the average decrease in

number of days flooded from the pre- to post-dam period was 0.8% and ranged from a

minimum of 0.1% to a maximum of 1.5%.

Peak discharges for the Tana River occur in the months of May and November.

Flows from these two months were affected rather differently by the construction of

Masinga Dam as can be seen on Figures 15 and 16. Reduction in May flows from the pre-
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to the post-Masinga dam period was statistically significant (p< 0.01). Figure 15 shows

that there has been a drastic reduction in days plots have been flooded in the month of

May since construction of Masinga Dam. Five plots showed an increase in percent

number of days flooded from the pre- to the post-dam period. The average increase in

percent days flooded for these plots was 1.4%. Sixty eight plots showed a reduction in

percent days flooded. The average decrease in percent number of days flooded for these

plots from the pre- to the post-dam period is 7.8%, and ranged from a minimum of 1.7%

to a maximum of 12.0% across the plots.

November flows less than 650 m's' have increased whereas those above 700 m 3 s-1

have decreased from the pre- to the post-dam period (Figure 16). Both parametric and

non-parametric tests of sample comparison confirmed that a significant increase (p< 0.01)

in November flows less than 650 m 3 s-1 had occurred from the pre- to the post-dam period.

Likewise, the decrease in flows greater than 650 m's-I from the pre- to the post-Masinga

Dam period was also statistically significant (p< 0.01).

Thirty five plots showed an increase in percent days flooded in November from

the pre- to post-dam period. The average increase was 3.5% while the minimum and

maximum increases were 0.1% and 11.2%, respectively. Thirty six plots showed a

decrease in percent days flooded for November between the two periods of comparison.

The average decrease in percent days flooded for these plots was 1.0%, while the

minimum and maximum decreases were 0.1% and 2.8%, respectively. Perhaps the

smaller decrease in November flows relative to the May flows could be linked to the



higher frequency of ENSO events since 1976 (Ebbesmeyer et al., 1991; Trenberth and

Hoar, 1996). Only the short rains of October-November in East Africa appear to be

correlated with ENSO index. Therefore, reduction of floods through construction of

Masinga Dam for the month of November appears to have been mitigated to a small

extent by the higher frequency of ENSO related floods associated with the short rainy

season.

115
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CHAPTER IV

4.0 VEGETATION ANALYSIS

4.1 INTRODUCTION

The main objective of this part of the dissertation is to describe the composition,

structure and regeneration of the Tana riverine forests. This objective is achieved through

classification, ordination and ecological interpretation of 73 plots and 111 species

sampled by the transect method (McIntyre, 1953; Lindsey, 1955). The relative

importance of environmental factors in determining community patterns is explored by

correlating sample ordination scores with measured environmental variables. In addition,

inferences on the dynamics of the forests are made through the analysis of permanent

sample plot data collected in 1987 and 1992.

One main goal in my ecological survey was to study the riverine forest under

"natural" disturbance regimes, such as those associated with medium and high magnitude

floods, and those due to the development of dams on the Tana. However, I purposely

avoided sampling areas that showed evidence of recent direct human impacts. The Tana

riverine forests have been influenced by human population in the area throughout their

history. As the population has grown, so has the influence of humans on the vegetation,

and today the forest is made up of a mosaic of different land uses each representing

different degrees of conversion from the original "natural" forest. At one end of the scale

are forests, many of which are still "undisturbed", and on the other end are areas of

permanent agriculture such as some point-bars and oxbow lakes, and permanent village
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sites. There are also areas of successional forest especially on point-bars and meander-cut

offs. Where these areas of regenerating forest did not show evidence of recent human

impact (such as cut trees or cleared vegetation), they were included in the vegetation

sampling.

4.1.1 Background

Riverine forests typically occur as gallery forests along watercourses in many

tropical areas where the water-table is high but standing water and water-logging rarely

occurs. In humid tropical areas of Africa such as the Guineo-Congolian region, riverine

forests are not easily distinguishable from swamp forests. However, in the less humid

Zambezian and Sudanian regions, riverine forests are a feature of most rivers. Brinson

(1990) describes riverine forests as those that owe their dynamics, structure, and

composition to river processes of inundation, transport of sediments, or the abrasive and

erosive forces of water and ice movement.

The pattern of vegetation most often observed in riverine forests is that species

composition differs along a gradient of flooding frequency. This pattern is the result of

responses of species to flooding and factors associated with soil aeration (Gill, 1970;

Clark and Benforado, 1981).

Floodplains are complex morphological features that relate to overbank deposition

and shifts in channel location (Brown, 1996). The floodplain includes many features such

as: (a) natural levees adjacent to the channel which contain coarser material deposited
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during repeated floods, (b) oxbow lakes which are relic meander bends that have been cut

off from the main channel and gradually fill with fine sediments, (c) meander scrolls and

ridge-and-swale topography created by abandoned point-bar deposits as the channel

migrated laterally and downslope, (d) point-bars on the inside curve of river bends where

deposition is rapid, and (e) backswamps which lie between the natural levees and the

sharply rising slopes (bluffs) that bound the floodplain. In the backswamps, water

accumulates and remains ponded long after the flood has subsided in the main channel.

The existence, development and arrangement of these features are in effect a record of the

past history of the river and its current activity including floodplain formation (Brown,

1996). Most alluvial rivers have seasonal floods of such proportions that the water can no

longer be contained within the channel and spreads out upon the floodplain. Such

overbank flooding permits fine-grained sediment (silt and clays) to be deposited from

suspension in the relatively slow-moving water covering the floodplain. The sediment is

laid down in layers, which are called overbank deposits (Strahler, 1981).

Floodplains are flooded seasonally but are normally exposed for most of the year

(Roggeri, 1995). They include various wetland ecosystems such as flooded grasslands,

flooded forests and gallery forests lining the banks of the main watercourse. A

periodically flooded forest is a woody formation on the ground that is totally submerged

during the high-water season. Such formations can be found on low, poorly drained lands

adjacent to watercourses or swamps (FAO/UNEP, 1980). Forests in flooded areas (i.e.

areas where the flooding is caused solely by overbank flooding) differ from swamp



119

forests in that surface water is absent during most of the dry season (Roggeri, 1995).

However, flooded forests and swamps often merge into one another in transitional zones

which can be very extensive. Gallery forests are also flooded forests but more

characteristic of drier regions. They are found along river banks, with widths varying up

to several hundred meters on either bank (FAO/UNEP, 1980). Gallery forests are a

striking feature of most savanna landscapes, where they clearly mark route of the

watercourses. Compared to flooded forests, gallery forests are characterized by irregular,

short-lived floods (Roggeri, 1995).

The single most important regulator in alluvial floodplains is usually the hydro-

period, which reflects the duration, frequency, depth and season of flooding and depth of

the water table (Lugo et al., 1990). The primary controls on floodplain ecology are the

water regime and the stability of each patch of floodplain surface (Brown, 1996).

Secondary controls include soil type and fertility. All these factors are intrinsically related

to the pattern and processes of floodplain formation (Brown, 1996).

Levees support riverside gallery forests that may flood frequently, but the coarse

deposits result in rapid drainage when water levels drop. Oxbow depressions and lakes

are the most hydric of the floodplain communities and support species adapted to

constant flooding and aerobic soils. Point bars are usually invaded by colonizing species

which initiate successional development of floodplain forests (Brinson, 1990). The

floodplain water table will reflect the hydraulic conductivity of floodplain sediments. For

a given hydraulic gradient the water table will follow ground topography more closely in



120

soils with low hydraulic conductivity (e.g. silts and clays) and less closely in sediments

with higher hydraulic conductivities (e.g. sands and gravels). Thus they may be quite

irregular across the floodplain, reflecting the different rates of lateral and vertical

transmission (Brown, 1996). Floodplains that show very little topographic variation

display gradual transitions from the frequently flooded hydric plant communities at the

stream-side to infrequently flooded forests at the boundary between the floodplain and

upland ecosystems.

The "power line" concept developed by Kangas (1990) and also further described

by Brinson (1990), can be used to understand the way in which flood events organize the

ecosystem. Flood power and frequency of inundation are inversely proportional and exist

in a continuum from high-power, low-frequency floods that affect the whole floodplain to

the low-power, high-frequency floods that influence only the lower elevations. The high-

power, low-frequency type determines the pattern of the large geomorphic features that

persist on the order of hundreds to thousands of years. These features include oxbow

lakes and relic levees that result in the commonly observed ridge and swale topography.

Medium-power intermediate-frequency floods determine patterns of ecosystem structure

that have life-spans of tens to hundreds of years. Zonation of tree species associations are

influenced at this scale because of similar generation times of many tree species. The

low-power, high-frequency floods that occur annually determine short-term patterns such

as seed germination and seedling survival (Brinson, 1990).
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4.1.2 Tana Riverine Forests

The Tana River gallery forests occur along the banks of the river from as far north

as Mbalambala to the delta at Kipini (Figure 2). The forests extend 1-3 km on either side

of the river. The river gains little water in this section of its course, but loses water

continuously through evaporation, infiltration, and transmission. However, in years of

exceptional rains, ephemeral streams (Lagas) such as the Tula, Hirimani, and Gable may

bring considerable amounts of water into the Tana. The riverine forests are dependent on

groundwater associated with the river, and their lateral extent is dictated by the declining

water table gradient from the river (Hughes, 1988).

Tana riverine forests have a high conservation value since they are home to two

endemic subspecies of primate: the Tana River Red Colobus (Colubus badius

rufomitratus) and the Tana River Mangabey (Cercocebus galeritus galeritus). These are

both classified as "rare" and "critically endangered", respectively by the IUCN (1978).

The Tana River poplar (Populus ilicifolia), is endemic, occurring in small patches along

the Tana, Athi and Ewaso-Nyiro river systems (Dale and Greenway, 1961). It is classified

by the IUCN as "threatened" (IUCN, 1978).

The forest is an isolated remnant of a once continuous rainforest belt that

extended between the Congo Basin and the eastern coast of Africa during moister periods

of the Pleistocene (approximately 31,000-26,000 and 8,000 BP) (Livingstone, 1975 and

adapted from Medley, 1990). Severe climatic drying after the hypsithermal

(approximately 4,000 BP) isolated East African evergreen forests in the highlands and
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riverine localities (Hamilton, 1974; Livingstone, 1975).

4.1.3 Previous Studies on the Tana

A number of studies have been carried out over the past 25 years on the Tana

River forests. Andrews et al. (1975) described the flora and fauna of the Lower Tana

River (downstream of the Tana River National Primate Reserve) following a two-month

field survey in July-August 1972. The study found the riverine forests to be

impoverished, both in terms of flora and fauna and that West African species which are

common in other eastern coastal forests were lacking. Andrew et al. (1975) reported

observing 47 species of mammals, 230 species of birds and identified four main

vegetation types: grassland, bushland, deciduous woodland and a lowland evergreen

forest. Grassland was found in poorly drained soils of the floodplain and areas of annual

burning by the Orma pastoralists. Trees and shrubs of the bushland formed a low

impenetrable canopy and there was little or no herbaceous vegetation. One type of

bushland was forest-derived, following the destruction of the forest for cultivation, while

the other was an Acacia-Commiphora bushland that extended into arid areas away from

the river floodplain. The deciduous woodland was described as having single open

canopies and a sparse shrub layer (Andrews et al., 1975) but with two distinct species

associations. The most common association was characterized by Acacia robusta and

Mimusops fruticosa. The other association was characterized by an abundance of

Cynometra spp and Garcinia livingstonei. The lowland evergreen forest was of two
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types; a natural and a cultivation forest. The tree canopy in this vegetation type had

Sorindeia madagascarensis and Diospyros mespiliformis. Where there were emergent

canopy species, they included Sterculia appendiculata, Oxystigma msoo and Ficus sp.

Other types of lowland evergreen forest have a main canopy dominated by Garcinia spp,

Pachystela spp, Sorindeia spp and Gyrocarpus spp.

Most of the studies on the Tana have been carried out within the Tana River

Primate Reserve. Marsh (1978), Homewood (1976) and Allaway (1979) all carried out

their Ph.D. studies within the Tana River National Primate Reserve (TRNPR), located 80

km downstream of my study area. TRNPR was established in 1976 and covers an area of

171,000 ha. It includes a 25 km section of the Tana River, and has a forest area of about

10,000 ha in 26 patches (Medley, 1990). Marsh's study was on the Tana River Red

Colobus, while Homewood's was on the Tana River Mangabey and Allaway's was on

elephants. Marsh's management plan for the Tana River Primate Reserve (1976) included

detailed descriptions of the reserve's vegetation and phenology of tree species most

important in the diet of the Tana River Red Colobus.

Marsh (1986) conducted a resurvey of the two rare Tana River primates and their

habitat in 1985, ten years after his first survey. In addition, he assessed the effectiveness

of the TRNPR in protecting the two primate species. Over the ten year period since his

first survey, the Tana Red Colobus estimated at 1,200-1,800 (in 1975) had declined by

two thirds to 200-300. The Tana River Mangabey population was originally estimated at

1,100-1,500 in 1975 but had dropped 800-1,100 in 1985. In a previous study, Pedan
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(1984) reported an 85% decline in the elephant population of the Tana River District,

from 9,500 in 1977 to 1,400 in 1983. Marsh (1986) cites this decline in elephant

population as the reason for the observed increase in understorey vegetation between his

surveys of 1975 and 1985.

Marsh (1986) found that there was a 17% loss of forest area to cultivation

between 1975 and 1985. The most dramatic change he observed was in forest species

composition and structure. All the main forests showed signs of degeneration with the

loss of some old trees not being replaced by younger growth. This observation had been

predicted in 1975 from the absence of saplings and small trees of most forest species

(Marsh, 1986). In 1985, Marsh re-measured sample plots that he had first assessed in

1975 and observed a 12% decline in the number of trees with a height greater than 10 m.

The highest decline in a species was 56% for Albizzia gummifera. Other species with

declines of more than 20% included Acacia robusta, Ficus sycomorus, and Ficus

natalensis, all important food sources for the Red Colobus.

Marsh (1986) also carried out an informal assessment of regeneration. He

observed that tree species were regenerating but were not surviving to sapling or larger

size within the forest areas. However, some species had established themselves as trees

outside forest areas such as on abandoned farming areas (these had been cleared from

forests in 1966 and abandoned in 1969). He also found that non-colonizer tree species

such as Pachystella, Diospyros, Sorindeia, Blighia, and Sterculia spp had established to

sapling size or small trees in one of the forest areas (Mnazini North). What was special
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about this area was its location on the outside of a river bank where the forest still flooded

regularly, depositing silt and sand, but not clay (Marsh, 1985).

Hughes (1985) study was carried both within the Tana River National Primate

Reserve and in the Bura area about 80 km upstream of the reserve. Fieldwork for the

study was carried out between July 1981 and December 1982. Hughes (1985) identified

five vegetation types within the flood plain forests: levee evergreen forests; acacia forest

usually found on clays overlying sands; clay evergreen forests found on heavy clay in

low-lying areas; point-bar vegetation; and vegetation of ox-bow lakes.

The active levee forests were described as those found on sandy levees with

several characteristic species including Ficus sycomorus, Sorindeia madagascarensis,

and Sterculia appendiculata in the overstorey. The inactive levees were described as

similar to the active levee forests except for their location on cut-off meanders and the

presence of shrub species such as Lecaniodiscus fraxinofolius in the undergrowth

(Hughes, 1985).

Clay evergreen forests were found in clayey moist areas away from the edge of

the river, and were dominated by Diospyros mespiliformis and Garcinia livingstoneia.

Point-bar pioneer vegetation was described as consisting of low shrubs, grasses and herbs

on low-lying sandy bars (Hughes, 1985). The most common species were Populus

ilicifolia and Pluchea dioscoridis. The point-bar forest was dominated by Populus

ilicifolia and was found mostly on the sandy banks at the back of point-bars.
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The sixth vegetation category described was the oxbow pioneer vegetation. This

vegetation type included Terminalia brevipes and or Spirostachys venenifera. The acacia

class was described as forming the outer edge of the riverine forest belt, and was

dominated by Acacia elatior (Hughes, 1985).

Hughes (1985) hypothesized that most of the levee trees became established

towards the end of the 19' century, a period that coincided with higher than normal

rainfall in East Africa (Lamb, 1966). Another period of relatively high floods occurred in

the 1960's, but this did not bring about a new phase of forest regeneration and

establishment. Hughes suggests two possible explanations for lack of forest

establishment: (i) the floods were either not high or prolonged enough, and (ii) overuse

and reduction of forests which reduced the regeneration potential to critical levels.

Hughes (1985) cites the latter reason as the most probable explanation for lack of the

forest regeneration in the 1960's. On this same issue, Hughes (1985) observed increased

fuelwood demand and subsequent destruction of forests (especially on the outer forest

edge where preferred fuelwood species grow) as a result of the establishment of Bura

Irrigation and Settlement Scheme. Effects of dam construction at the headwaters of the

Tana could not be assessed at the time of her study, as the study was concluded soon after

completion of Masinga Dam.

Medley (1990) also carried out an ecological study in the TRNPR. Fieldwork for

this study was undertaken between 1988 and 1989. Medley sought to determine if

vegetation-based factors could explain the decline in populations of the two endangered
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primates between 1975 and 1985 (Marsh, 1985). In addition she examined the status of

the TRNPR forest as a primate habitat, and considered various management alternatives

that would ensure future preservation of the primates.

Medley (1990) found 172 woody species from 49 plant families and 127 genera

occurring at the TRNPR. She also found that primates preferred a closed forest canopy

greater than 10 m in height, and that their populations were negatively correlated to

disturbance, decrease in patch size, edge effects, and to intra-forest heterogeneity. Medley

cites forest loss and fragmentation as a partial explanation for primate population decline

between 1960 and 1975.

The last major study to be carried out on the Tana riverine forests was that by

Njue (1992). Fieldwork for the study was carried out within the TRNPR between 1989

and 1990. In great contrast to previous studies that found otherwise (Hughes, 1985;

Marsh, 1975; 1985; Medley, 1990), Njue found adequate seedling germination and

establishment of canopy species in all floodplain forest types. Njue attributed the

regeneration of all forest canopy species to the removal of river regulation at Masinga

Dam through heavy siltation. He suggested that rapid siltation behind Masinga Dam had

reduced its capacity to such an extent that it was now unable to regulate river flow, and

that the natural floods that used to occur prior to completion of the dam, had resumed

beginning in 1988. Njue conceded that in the beginning, Masinga Dam effectively altered

flows of the Tana and that this consequently led to an overall degradation of the

ecosystem. However, silting behind the dam had proceeded to such a great extent as to
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leave the river essentially unregulated. By 1988-1989 period, Njue contended that, a new

phase of recovery was ushered in and that this would eventually lead to natural

restoration of the floodplain forests provided that they were not further reduced by

clearing. My results in chapter III, suggest that Njue's assumption that the flood regime

of the Tana had resumed to the pre-Masinga Dam levels, is incorrect.

4.2 METHODS

4.2.1 Sampling Design

Aerial photographs taken in 1989 at a scale of 1:20,000 and maps at a scale of

1:50,000 (based on 1975 aerial photography) were available for the study area. These

were studied closely to identify areas suitable for sampling of riverine vegetation. The

forest occurs as a mosaic of forest patches, a spatial pattern typical of large streams and

consequent land-form development. Many villages are located within the riverine forest

and as such, forests around such settlements have to a large extent either been cleared for

agriculture or impacted through cutting for fuelwood and building material.

It was therefore important to adopt a sampling design that avoided forest areas

showing evidence of recent human disturbance. The study area stretched a river length

distance of 60 km from north to south. A previous study had defined a range of

vegetation types found within the riverine forests; those located along levees of old

meander cut-offs (inactive levees), active levees (cut-bank forests), point-bars, those

towards the edge of the floodplain and oxbow lakes (Hughes, 1985). Location of
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sampling units therefore had to be planned to ensure that all these varied vegetation types

were adequately sampled. Preliminary selection of sampling areas was done through

studying available maps and aerial photographs. Candidate sampling sites were visited on

the ground to determine if they would satisfy the selection criteria.

The sampling design adopted for this study was a modification of the transect

method (McIntyre, 1953; Lindsey, 1955) . Most of the transects began on the bank of the

river (and ran perpendicular to the flow) towards the edge of the forest (transition

woodlands). Each transect was deliberately placed so as to avoid areas disturbed by

humans or non-forest vegetation such as farms. The length of the transect was therefore

dependent on the width of undisturbed (continuous) gallery forest.

23 transects were located along the different forest areas identified to be visually

homogenous. Plots were then randomly located along each transect. This was

accomplished by dividing each transect into 25 m segments and randomly selecting up to

6 segments (from each transect) using generated random numbers. Each randomly

selected segment formed one side of a 25 m x 25 m square, the sampling unit for

measuring trees and shrubs. Most of the transects that began at the river's edge ran in a

westerly direction but the exact direction depended on the direction of the river meanders

and subsequent location of the widest stretch of "undisturbed" forest. In total, 73 plots

were located on various parts of the floodplain for sampling. Within each established

plot, 5 subplots of 3 m x 3 m were randomly located to sample all regenerating plants.
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Within each 25 m x 25 m plot, all tree and shrub species with a height of 1 m or

more were identified by species, and diameter measurements at root collar (taken as 0.15

m above ground) and at breast height (1.3 m above ground) made using a diameter tape

(for larger trees and shrubs) and calipers (for smaller plants). In addition, the height of

each tree and shrub was measured using a graduated 10 m pole (for the shrub species) and

a Suunto clinometer for taller trees. For each of the five randomly located 3 m x 3 m

regeneration subplots within a plot, every regenerating species less than 1 m in height

was identified and a count of each made by species.

Other measurements taken within a plot included plot location as determined by a

global positioning system (GPS). The height of each plot above September (dry season)

river flow at the nearest river section, was determined through leveling (described in

chapter III). In addition soil samples were obtained for each plot from one or more

randomly located sampling points. For plots in which the soil appeared homogenous,

only one soil sampling point was used. Additional soil sampling points would be added

only where there appeared to be obvious variations in the soil within a plot.

Soil samples were obtained using an augur. Where humus was present on the

surface, this was removed before obtaining a sample. Whenever possible soil samples

were obtained for each sampling point at the following depths: (1) the top 20 cm, (2) 50-

70 cm, (3) 100-120 cm, (4) 150-170 cm, and (5) 200-220 cm. I was able to obtain soil

samples for the five depths for most plots with the exception of a few in which only the

first three samples could be obtained (due to soil compaction it was impossible to augur
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to these depths). No soil laboratory facilities were available at Bura Irrigation Scheme

and therefore all samples collected were sent to the Kenya Forestry Research Institute

(KEFRI), Forest Soils Division for analysis. The soils were analyzed for texture (% silt,

% clay and % sand), organic carbon and soil pH. Unfortunately, it was not possible to

carry out macro-nutrient analysis as the equipment was broken.

4.2.2 Plot Size

A plot size of 25 m x 25 m was used based upon it being within the

recommended size for tropical secondary forest which have an area of 200-1000 m2

(Gauch, 1982; Hughes, 1985), and because I wanted to compare my results with those of

Hughes (1985) in the only other study of the riverine forests in the study area. However,

it was still prudent to document the effect of varying quadrat size on the number of

species encountered in the Tana River floodplain forests.

Methods have been devised to estimate the optimum size of quadrat for a

particular community type and are based on the concepts of minimal area and species-

area curves (Cain, 1938). A species-area curve is compiled by placing larger quadrats in

such a way that each larger quadrat encompasses all the smaller ones, an arrangement

called nested quadrats. As each larger quadrat is located, a list is kept of additional

species encountered. A point of diminishing return is eventually reached, beyond which

increasing quadrat area results in only a very few additional species. The point on the

curve where the slope most rapidly approaches the horizontal is called minimum area for
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sampling the community (Barbour et al., 1987). The recommended quadrat size should

then be a little larger than the minimal area.

In practice, minimal area curves are often not easy to define and much confusion

surrounds their use (Kent and Coker, 1996). The method works well if the vegetation

being sampled is truly homogenous and is not an edge or ecotone between two vegetation

types. If non-uniform areas are taken, then the minimal curve may level off within one

locally homogenous area but then rise again as the doubling of quadrat size starts to

sample a different community type or ecotone between community types. Despite this

problem, minimal area curves can still help in the objective establishment of quadrat size

(Kent and Coker, 1996).

4.3 DATA ANALYSIS

4.3.1 Background

Classification and ordination represent the two primary groups of ordering

techniques for the ecological analysis of vegetation data. The methods have been used to

describe and recognize patterns in vegetation distribution, define plant communities and

examine plant and community distribution in relation to environmental factors and

gradients (Kent and Ballard, 1989).

The result of ordination is the arrangement of species and site samples in a low

dimensional space (usually a two-dimensional graph) such that similar entities are close

by and dissimilar entities are far apart. Frequently an environmental interpretation of the
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site samples (or species) arrangement is offered in a subsequent step to the ordination

(Gauch, 1982). The result of a classification is the assignment of species and site samples

to classes which may or may not be arranged in a hierarchy (Gauch, 1982). More detailed

descriptions of ordination and classification techniques will be explored in some detail in

this chapter.

For both classification and ordination, a wide range of methods have been devised

but no clear and consistent consensus concerning which method to use has ever emerged

(Kent and Ballard, 1989). Instead, the choice of method appears to be based in part on the

availability of computer programs for a given method or the current feeling on the

adequacy of certain methods based on recent articles or text books. A recent trend in

vegetation analysis is towards "complementary analysis", where both classification and

ordination techniques are employed together in the analysis of the same data set (Kent

and Ballard, 1988).

Analysis of ecological data in the present study was carried out using both

classifications and ordinations. There is a wide choice of classification and ordination

methods. For the ordination, a decision was made to use detrended correspondence

analysis (DCA) (Hill and Gauch, 1982) and non-metric multidimensional scaling (NMS)

(Mather, 1976; McCune and Mefford, 1995). Despite some limitations, DCA is still one

of the most powerful and reliable ordination techniques (Gauch, 1982; Minchin, 1987;

Waternberg, 1987). NMS is an ordination method well suited to data that is non-normal

or on arbitrary, discontinuous, or otherwise questionable scales (McCune and Mefford,
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1995). Classification was mostly performed using the Two-Way Indicator Species

Analysis (TWINSPAN) procedure (Hill, 1979; Gauch and Whittaker, 1981), although a

cluster analysis was also performed for comparison.

Cluster analysis techniques were not used extensively in this analysis because of

various weaknesses associated with agglomerative classifications (such as cluster

analysis). Agglomerative classification methods tend to be sensitive to "bad" fusions in

the initial stages of clustering if atypical samples are present (Pielou, 1984). Cluster

analysis methods are relatively insensitive to the absence of natural clusters (Hartigan,

1975; Pielou, 1984). These methods readily impose class boundaries across continua

where no inherent aggregation in the data is evident.

TWINSPAN was selected to derive the primary species and quadrat

classifications given its theoretical advantages (Gauch, 1982), wide usage and general

acceptance (Mucina and van der Maarel, 1989). In the sections that follow below, I

describe ordination and classification techniques in more detail, including a short history

of their development.

4.3.2 Ordination

The word "ordination" was first used by Goodall (1954) and means "to set to

order". "Ordination" stems from the German word Ordnung which was used by

Ramensky (1930) to describe this approach. Ordination is the collective term for

multivariate techniques that arrange sites along axes on the basis of species composition
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data (Jongman et al., 1995).

The earliest method of indirect ordination was that of Bray and Curtis (also

known as Polar Ordination) first developed in 1957. This was followed by principal

components analysis (Orloci, 1966; Austin and Orloci, 1966, Gittins, 1969), reciprocal

averaging (RA) and correspondence analysis(CA) (Benzecri, 1969, 1973; Hill, 1973) and

then detrended correspondence analysis (DCA) (Hill, 1979; Hill and Gauch, 1980).

Other methods of indirect ordination exist but have not been extensively used.

These include non-metric multi-dimensional scaling (NMS) (Fasham, 1977; Prentice,

1977) and canonical correspondence analysis (CCA)(ter Braak, 1986). CCA is a method

of correspondence analysis but one where the ordinations are constrained to be linear

combinations of environmental variables. As such CCA becomes a method of direct

gradient analysis, in contrast to the majority of other techniques which are indirect in

nature. NMS and CCA have not been used very widely in ecology but present potential

improvements (Kent and Ballard, 1988).

Ordination techniques are used for data reduction and exploration leading to

hypothesis generation. The methods are essentially descriptive and enable formulation of

ideas about community structure as well as causal relationships between variation in

vegetation and its environment (Kent and Coker, 1996).

Ordination is used in ecological research to explore ways in which abiotic

environmental variables influence biotic composition. To achieve this, first a set of sites

have to be sampled, recording species that occur on the sites and their abundances. Since
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the number of species recorded is usually large, one then uses ordination to summarize

and arrange the data in an ordination diagram, which is then interpreted in the light of

known environmental variables at the sites (Jongman et al„ 1995).

Ordination methods are part of gradient analysis. In gradient analysis, variation in

species composition is related to variation in associated environmental factors which can

usually be represented by environmental gradients (Kent and Coker, 1996). There are two

types of gradient analysis: (a) direct gradient analysis, and (b) indirect gradient analysis

(ordination).

In direct gradient analysis, variation of vegetation is displayed in relation to

environmental factors by using environmental data to order vegetation samples. In this

case, environmental data is used directly to organize the information on vegetation.

Therefore, direct gradient methods assume that the underlying environmental gradients

are known and can be seen as quite distinct from the methods of indirect gradient analysis

(Kent and Coker, 1996).

In indirect ordination methods, two stages are involved in the analysis: (a)

vegetation data are analyzed (by examining major sources of variation and summarizing

them) independent of environmental data; (b) environmental data are now compared and

correlated with the summarized vegetation data in order to detect possible environmental

gradients (Kent and Coker, 1996). Indirect ordination methods are best to use in

situations where the underlying environmental gradients are unknown or are unclear,

although they are equally applicable where environmental gradients are known
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(Whittaker, 1967).

Methods of indirect gradient analysis (indirect ordinations) are much more widely

used than those of direct gradient analysis. Kent and Coker (1996) and Jongman et al.

(1995) give the following as the reasons for the wider use of indirect gradient analysis:

(a) species data are easier to collect than environmental data since there are many

environmental factors that could be measured and it is often not easy to predict in

advance which are going to be important, (b) many environmental conditions are difficult

to characterize exhaustively and are much more expensive to measure compared to

vegetation, (c) plant ecologists are more often concerned with community structure in

relation to environment rather than with the response of individual species which are

often unpredictable.

The results of ordination are expressed in graph form with plots of points in one,

two or three dimensions where each point represents a vegetation sample or quadrat. The

distances between the points on the graph are taken as a measure of their degree of

similarity or difference. Points which are close together will represent quadrats that are

similar in species composition. Likewise, the further apart two points are, the more

dissimilar or different the quadrats will be (Kent and Coker, 1996).

Ordinations can also be carried out for species, producing a one- two- or three-

dimensional graph, where each point represents a species and the distances between the

points are an expression of how similar the species are in their distribution across the

quadrats. Such an ordination is called a species ordination (Kent and Coker, 1996).
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4.3.3 Classification

The concept of the plant community has been a controversial topic and is still a

matter of debate (Shipley and Keddy, 1987). The two opposing schools of thought are: (a)

Clements' view of plant community known as the organismic concept (1916; 1928) and

(b) Gleason's view known as the individualistic concept (1917; 1926 and 1939).

Clements saw plant communities as easily recognizable and definable entities which

repeated themselves with great regularity over a given region of the earth's surface. He

likened the various species comprising the vegetation at a point on the earth's surface to

the organs and parts of the body of an animal or human. Putting all the parts together

made a kind of super-organism which was thus the plant community and the organism

(the plant community) could not function without all its organs present.

Gleason on the other hand saw all plant species distributed as a continuum. He

argued that plant species respond individually to variation in environmental factors and

those factors vary continuously in both space and time. Gleason's view of plant

communities was that they cannot be identified in one point in space, and cannot be

identified as combinations of associated species repeating over space.

Ecologists today still differ on the conceptualization of plant communities, but a

majority of them would agree about the existence of plant communities that repeat

themselves over space. Their viewpoint lies somewhere between the extremes of

Clements and Gleason (Kent and Coker, 1996). Quantitative plant ecologists who use

classification methods would tend towards the views of Clements because by definition,
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classification assumes that samples of vegetation composition can be grouped into types.

Those workers who agree more with Gleason's views believe that classification of

vegetation samples into groups is wrong. Instead, vegetation samples can only be

arranged along environmental gradients in continua, using ordination techniques (Kent

and Coker, 1996). Current thinking emphasizes the complementary use of ordination and

classification and recognizes the utility of classification for many practical purposes even

when rather arbitrary dissections must be imposed on essentially continuous community

variation (Goodall, 1954; Whittaker, 1962; 1978).

According to Kent and Coker (1996), the state-of-the-art view of plant

communities is that of community-unit theory and the idea of the vegetation of a

particular region being distributed as a mosaic. These ideas derive from the work of

Whittaker (1953) and Whittaker and Levin (1977) and what they broadly described as a

climax pattern. Whittaker argued that within any region, broadly similar conditions in

terms of environmental factors and biotic factors will occur over considerable areas.

Where these combinations repeat themselves, the vegetation is also repeated, like similar

fragments within a mosaic. However, not all areas could be placed within one or other of

the forest types because they are transitional or ecotone areas between types.

However, according to Crawley (1997), the modern synthesis of plant

communities is very close to Gleason's view of community structures and dynamics.

Crawley goes further by indicating that the issue is not whether there are identifiable (if

vague) kinds of communities, but rather to what extent biological interactions (between
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one plant and another, between plants and their herbivores, or between herbivores and

their natural enemies) influence community structure, compared with limitations imposed

by the physical environment (abiotic conditions like soil, weather and exposure).

The goal of numerical classification methods in ecology is to group a set of

quadrats or vegetation samples into classes on the basis of floristic composition (Kent and

Coker, 1996). Ideally each group should contain quadrats with similar species

composition. The groups or classes are then interpreted and used to define a set of

communities for the area under study. Methods of numerical classification, like methods

of ordination, are techniques for data reduction and data exploration. They are used to set

a pattern and order in a set of data. There are numerous classification techniques.

Classifications can have a combination of the following properties: (a) non-hierarchical

or hierarchical, (b) quantitative or qualitative (c) divisive or agglomerative (d) polythetic

or monothetic (d) dual or single classification, (e) equal emphasis of species, and

(f) robustness.

Non-hierarchical classifications merely assign each entity to a cluster while

hierarchical classifications additionally arrange the clusters into a hierarchy (Gauch,

1982). Hierarchical classifications start from the idea that groups can be arranged in a

hierarchical system. One could say, for example, that a certain difference is more

important than another one and therefore should prevail, i.e., be expressed at a higher

hierarchy. Most techniques devised over the last 25 years have been hierarchical in nature

(Kent and Coker, 1996). Hierarchical techniques produce results that can be portrayed as
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a dendrogram (tree or linkage diagram). The reason why hierarchical methods are more

common is that such a dendrogram shows different levels of similarity or dissimilarity

very clearly, and the different levels portrayed on the dendrogram are often very helpful

when it comes to making ecological interpretations. Non-hierarchical methods do not

impose such hierarchical structure on the data. Non-hierarchical methods are usually used

for data reduction (Jongman et al., 1995).

Some classification algorithms can accept quantitative values of species

abundances while others can treat species as being present or absent. A third alternative

used by some algorithms is to generate pseudospecies by noting whether a species is

present at several levels of abundance, rather than whether it is merely present (Hill,

1979).

A major distinction can be made between divisive and agglomerative methods.

Divisive methods start with all entities in a single class and divide this class progressively

into smaller classes (stopping when each class contains a single member or when the

predetermined limit of some stopping rule is reached). Agglomerative algorithms begin

with each entity in a class of its own and fuse (agglomerate) the classes into larger classes

(Gauch, 1982). Most agglomerative methods require a similarity or dissimilarity matrix to

start from (Jongman, 1995).

Monothetic classification techniques allocate individuals to groups on the basis of

the presence or absence of one variable or species. Polythetic techniques consider the

entire species composition of samples in the process of deriving cluster assignments.
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Polythetic techniques may be agglomerative or divisive, monothetic techniques can only

be divisive (Gower, 1967; Gauch, 1982).

Some techniques classify samples and species simultaneously in an integrated

manner, yielding a dual analysis. Other classifications analyze samples (or species). In

this case, single analyses of samples and of species can be performed but there is no

mathematical relationship between the two analyses. They may have to be interpreted

separately, and it may be difficult to relate the two analyses to each other in a simple

manner (Gauch, 1982).

Most analyses assume that all species present are given equal importance in the

analysis. It is possible, however to down-weight rarer species or increase the importance

of common or dominant species in a classification (Kent and Coker, 1996).

Another important concept in classification is robustness. The classification

should perform well despite variations in the number and length of community gradients,

degree of continuity or discontinuity in community variation, the noise level, the numbers

of site samples and species, and other data properties (Gauch, 1982). Robustness has two

components: (a) the results for a given data set are stable despite minor perturbations of

the data and, (b) effective results are produced for a wide variety of data sets. Minor

perturbations of a data set include the alteration of species abundance values by small

random fluctuations, the deletion of a few samples, the addition of samples not unlike

others already present, the deletion or addition of rare species, and for large data sets, the

subdivision of the data set into several replicate sample sets (Gauch, 1982).
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4.3.3.1 Classification Methods

Divisive monothetic methods (Association Analysis) were most common between

1966 and 1975. However, with the more widespread availability of computers and

software from mid 1960's, there was a steady rise in agglomerative methods (Similarity

Analysis and Information Analysis) which has continued until today (Kent and Ballard,

1988). Divisive polythetic methods started in the early 1970's rising to a peak with the

Two-Way Indicator Species Analysis (TWINSPAN) in the 1980's (Hill, 1979).

Currently, only a small and decreasing number of researchers are using

monothetic divisive methods. Most recently published books and texts (Gauch, 1982;

Greig-Smith, 1983; Kershaw and Looney, 1985; Jongman et al., 1995, Kent and Coker,

1996) recommend TWINSPAN as the state of the art in numerical classifications and this

coupled with the widespread availability of the program both on its own and in various

packages is guaranteed to increase its usage. However agglomerative polythetic methods

are still popular and will continue to be used (Kent and Ballard, 1988).

In the following section below, I briefly describe the most popular hierarchical

agglomerative technique and the most widely used classification technique, the polythetic

divisive technique, TWINSPAN.

4.3.3.2 Agglomerative Techniques

Agglomerative techniques proceed from individual samples or quadrats and

progressively combine them in terms of their similarity until all the quadrats are in one
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group. Most hierarchical agglomerative techniques are grouped under the general heading

similarity analysis because the techniques use similarity and dissimilarity coefficients.

Similarity and dissimilarity are complementary. Similarity coefficients measuring how

alike any two quadrats are in terms of species composition. Dissimilarity coefficients

assess how unlike any two quadrats are in species composition. Euclidean distance is a

dissimilarity measure and is the most widely used coefficient (Kent and Coker, 1996).

Dissimilarity coefficients are often equated with distances between points in

mathematical space. Thus with squared Euclidean distance, the higher the value, the

greater the distance between two points or between points and groups.

A set of rules is used to progressively allocate samples or quadrats to groups on

the basis of the information in the dissimilarity matrix. This set of rules is called the

sorting strategy (Kent and Coker, 1996). Most sorting strategies are iterative, i.e., a pass

is made through the similarity matrix looking for the pair of individuals, the individual

and group or a pair of groups that are most similar to each other. This will be the pair

with either the highest similarity value or the lowest dissimilarity value. When the most

similar pair are found, they are fused into the same group. Then the next most similar pair

is found and so on. The iterative process of successive grouping is known as fusion (Kent

and Coker, 1996).

Many different sorting strategies have been developed (Sneath and Sokal, 1973;

Sokal and Michener, 1958; Clifford and Stephenson, 1975; Ward, 1963). The most

widely used sorting strategies in vegetation analysis are: (a) single-linkage clustering
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(minimum or nearest neighbor method), (b) complete-linkage clustering (maximum or

furthest neighbor method), (c) average-linkage (group average), (d) centroid sorting, and

(e) minimum variance or error sums of squares (Ward's method).

Ward's method is regarded as the optimal method in similarity analysis (Kent and

Coker, 1996). Choosing of final groups from cluster analysis is a subjective decision,

which relies on the ecological knowledge and experience of the user. One commonly

applied method is to draw a line through the higher levels of the dendrogram at a user-

defined point and to interpret the groups that result (Kent and Coker, 1996). While this is

a sensible starting point for interpretation, there is no reason why all groups should be

taken from this one arbitrary level. If on interpretation, a large group looks as though it

can be sub-divided on phytosociological or ecological grounds, then it should be.

Equally, two groups which do not appear clearly distinct could be recombined (Kent and

Coker, 1996).

4.3.3.3 Polythetic Divisive Methods

Two-Way Indicator Species Analysis (TWINSPAN) (Hill, 1979; Gauch and

Whittaker, 1981) is now the most widely used technique for polythetic divisive

classification. In monothetic divisive techniques such as Association Analysis, division is

made on the basis of presence or absence of one species. In polythetic divisive

classifications such as TWINSPAN, quadrats are divided into groups on the basis of all

the species information.
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Most polythetic divisive methods are based on ordination techniques. Methods

such as TWINSPAN are very complex but can best be envisaged as trying to place

divisions through the least dense areas of points representing quadrats in a

multidimensional space (Kent and Coker, 1996).

Details of the working of TWINSPAN are given in great detail by Hill (1979) and

therefore I will only mention some of the key points. A key concept of TWINSPAN is

that for each division of a set of quadrats, a dichotomy can be made with a group of

quadrats on one side characterized by one set of differential species and a second group

on the other side characterized by a second set of differential species. This general

principle of division is applied in a series of levels, starting with the whole set of quadrats

or species, dividing them into two groups, each of these into four, and each of the four

into eight and so on (Hill, 1979).

The stages of making a dichotomy in TWINSPAN as given by Hill (1979) are as

follows:

(a) identify a direction of variation in the data by ordinating the samples. This ordination

is referred to as the "primary" ordination and is made by the method of reciprocal

averaging (Hill, 1973);

(b) divide the ordination at its middle to get a crude dichotomy of the samples;

(c) identify differential species that are preferential to one side or the other of the crude

dichotomy;

(e) construct an improved ordination (referred to as "refined" ordination), using the
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differential species as a basis;

(f) divide the refined ordination at an appropriate point to derive the desired dichotomy.

(g) construct a simplified ordination, the "indicator" ordination, based on a few of the

most highly preferential species. The last step is to see whether the dichotomy suggested

by the refined ordination can be reproduced by a division of the indicator ordination.

TWINSPAN cannot use quantitative data directly and instead the data has to be

converted into suitable pseudo-species. Pseudo-species are obtained by noting whether a

species is present at several levels of abundance, rather than whether it is merely present

(presence/absence).

As the name suggests, TWINSPAN performs a simultaneous ordering of both

quadrats (samples) and species. Classification of species is achieved in a way similar to

that of quadrats, except that the species classification is based on the fidelity (the degree

to which species are confined to particular groups of quadrats) rather than on the raw data

(Kent and Coker, 1996). The end product of TWINSPAN is a sorted two-way table which

is easily understood and fairly straightforward.

4.4 TANA RIVER DATA ANALYSIS

Data for my study was analyzed using both classification and ordination methods

(complementary analysis). Vegetation data from quadrats were entered into an EXCEL

spreadsheet (Microsoft, 1997) and basal areas of trees and shrubs calculated from

measured diameters.
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After individual tree basal areas were estimated, they were then summed and

summarized by species and plot. For each plot relative densities, relative frequencies, and

relative basal areas, were computed and then used to calculate the importance value index

(Curtis and McIntosh, 1950). The following formulae were used for each calculation:

Relative density = (Number of plants by species in plot*I00) / Total number of plants of all species

Relative frequency = (No. of species present in a plot *100) / Total occurrence of all species in all plots

Relative basal area = (Total basal area of all plants of a species* 100)! Total basal area of all plants

Importance Value (IV) = Relative Density + Relative frequency + Relative basal area

The above parameters were computed for:

(a) the entire woody vegetation data set;

(b) Upper canopy trees (trees with a height greater than 10.5 m);

(c) Middle canopy (trees and shrubs with a height greater than 4.5 m but less than

or equal to 10.5m);

(d) Lower canopy (includes all woody vegetation with a height greater than or

equal to 1 m but less than or equal to 4.5 m).

The maximum possible value of IV was 300 for each of the four data sets outlined above.

The decision to use these cut-off points defining the different canopy levels was based on

an examination of the frequency distribution of height classes for all tree and shrub

species (Figure 17). This plot appears to suggest some discontinuities occurring at these

cut-off points. A separate analysis for each canopy level would indicate if there were

differences in species assemblages across the canopies, which could provide valuable

insights into successional change.
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Since no density measurements were acquired for the regeneration layer, only

relative densities and relative frequencies could be computed from records of species

occurrence. Importance values for the regeneration layer were computed by summing up

relative densities and relative frequencies (expressed as percentages). Therefore the

maximum possible value of the IV index for regeneration plots was 200. Once the desired

importance values for the different data sets had been computed, they were entered into

the computer program PC-ORD (MJM, 1997) for analysis. Analyses encompassed the

different classification and ordination techniques found in this package.

Other data examined in the vegetation analysis were that of some 9 permanent

sample plots located on various parts of the floodplain. The plots were first established in

1984 by the Kenya Forestry Research Institute (KEFRI) in collaboration with the

University of Helsinki (through funding from the Finnish International Development

Agency (FINNIDA)). Six of the plots were located within the riverine forests while the

remaining three were located in the transitional woodlands found between the riverine

forests and the dry scrubland outside the river floodplain.

Measurements acquired at the time of establishment (1984) were found

inadequate with a number of species not properly identified or missing. These

measurements were acquired before a checklist for the area had been completed. For the

purpose of my analysis, I examined the other two measurements carried out in 1987 and

1992. At the time of my fieldwork in 1995, I found that a number of the large trees in the

riverine forest plots had been removed and therefore decided not to take any new
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measurements.

For each of the data sets (1987 and 1992), I computed relative densities, relative

frequencies and relative basal areas. These values were then summed up to produce an

importance value index. A TWINSPAN classification of each data set from a

measurement period would identify the groups of plots belonging to a particular

vegetation type. Next, a DCA was performed on each data set to confirm whether the

groupings obtained by TWINSPAN were real. By performing these analyses for the two

measurement periods, plots that changed from one vegetation type to another were be

identified.

TWINSPAN dichotomies were explored using DCA and NMS ordinations in

order to determine the extent to which dichotomies represented discontinuity in

vegetation and regeneration data. DCA analyses were conducted on the same data set

used in the TWINSPAN analysis. Ward's minimum-variance method is regarded as the

optimal method of similarity analysis (Kent and Coker, 1996), and therefore, it is the only

agglomerative polythetic analysis used on the vegetation data.

4.5 RESULTS

4.5.1 Minimal Area

Species-area curves were generated for three areas within the riverine forests and

two within the transitional woodland. The three species-area curves shown on Figure 18

are for the following forest areas:
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(i) Malkaodha, the northern-most area lying about 20 km downstream of Nanighi;

(ii) Ghamano, near Bura East and about 10 km downstream of the Malkaodha;

(iii) Marafa, the southern-most area just northeast of the villages of Kumbi and

Rhoka (and about 25 km downstream of the Malkaodha area).

The highest number of species were observed at Malkaodha while the least was recorded

at Marafa (Figure, 18). For the Marafa area, the number of species increases rapidly with

increasing area up to 400 m 2 but shows a more gradual increase beyond that area. In fact

none of the curves show a leveling off. The Marafa curve suggests that a plot just over

400 m2 is adequate to sample that vegetation type. The Ghamano curve rises rapidly up to

an area of about 400 m2 , and more gradually beyond that. This is very similar in shape to

the Marafa curve, except for the larger number of species found. Again, this curve just

like the one for Marafa suggest that a quadrat size just larger than 400 m 2 would be

adequate for sampling this vegetation type.

The species-area curve for Malkaodha shows several points of inflexion. There is

a steep increase in the number of species with increasing area up to 250 m 2 , then a

moderate increase up to an area of just over 600 m2' when the rate of increase in the slope

of the curve decreases slightly. The minimal area curve levels off at an area of about 800

m2 , but increases again for a quadrat size greater than 1100 m2 , when the number of

species show a slight increase. The curve suggests that a quadrat sampling size just larger

than 800 m2 would be adequate for sampling this site. However, the slight increase in the

slope of the curve for a quadrat size greater than 1100 m2 suggests that the vegetation at
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this site may not be truly homogenous. The minimal curve starts to level off within one

locally homogenous area (less than 800 m 2), but then starts to rise (for a quadrat area

larger than 1100 m 2) when the quadrat begins to sample a different community type or

ecotone beyond community types.

The species area curve for the transitional woodlands is shown on Figure 19.

Average density of stems for the woodlands is about 730 stems per hectare compared to

densities of over 2000 stems per hectare encountered within the riverine forests. The

minimal area curve levels just below 1600 m 2 , suggesting that a quadrat size of about

1600 m2 would be sufficient to sample this vegetation type.

These results suggest that a minimum quadrat size of 400 m2 is necessary for

sampling the riverine forests of the Tana. However, the species curve for Malkaodha

(Figure 16) suggests that a larger quadrat size of 600-800 m2 may be necessary to sample

some of the forest areas. Based on these results, the sample size of 625 m2 used in this

study and that by Hughes (1985) is sufficient for sampling the Tana floodplain forests.
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4.5.2 Classification and Ordination Results

The following section describes the results obtained from a complementary

analysis (classification and ordination of the same data set) for all vegetation data

obtained from the Tana River floodplain. The analysis were first performed for the entire

data set (three canopy layers described in section 4.4.0) and separately for each canopy

layer. The regeneration layer and the permanent sample data were also analyzed

separately in a similar manner.

4.5.2.1 TWINSPAN Classification

TWINSPAN classified 111 species into 7 species classes, and 73 sites (plots) into

8 site classes (Table 10). Class labels for species are given as Arabic numbers at the right

of each table, while labels for site classes are given as Roman numerals at the bottom of

each table.

Classification of sites was carried up to level 4 to yield 8 site classes. Site (plot

sample) numbers are arrayed along the top of the table while species numbers and names

are along the left side. The pattern of zeros and ones on the right and bottom sides of the

table define the dendrogram of the classification of the species and sites, respectively.

The interior of the table contains the abundance class of each species in each site (plot).

Abundance classes are defined by pseudospecies cut levels. Pseudospecies cut levels

specified for this analysis were: 0, 5, 7.5, 15, 20, 25, 50, 80, and 120. Default

TWINSPAN options in PC-ORD were used for the rest of the analysis. The
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results of the TWINSPAN classification procedure are summarized by a series of

pie-charts presented in Figure 20. Each pie-chart represents a site class and expresses the

proportion (%) of basal area the dominant species contribute to the site class total.

On examining the TWINSPAN results for the entire data set, recognizable

groupings of forest species emerge. Observations during the vegetation sampling

suggested that certain groups of species tended to be associated with specific floodplain

geomorphic units. For example, Terminalia brevipes and Spirostachys venenifera were

found to occur frequently along ox-bow lakes and meander scars, whereas species such as

Populus ilicifolia and Pluchea dioscoridis were more common along point-bars.

In order to justify an interpretation of site classes in terms of geomorphic units, It

was necessary to test whether the TWINSPAN site classes were correlated with sample

plot geomorphic units. Each sample plot was assigned a code (nominal value) between 1

and 6 to represent the geomorphic unit from which it was sampled. The six broad

categories were: (1) active levee, (2) inactive levee, (3) point-bar, (4) backswamp, (5)

oxbow lake, and (6) floodplain edge. There were eight major TWINSPAN classes (I-

VIII) but classes III and IV were each further subdivided into two classes (IIIA, IIIB, IVA

and IVB)bringing to a total of ten site classes. Each TWINSPAN site class and subclass

was also assigned a nominal value (TWINSPAN CODE) between the value of 1 and 10.

Site classes I, II, MA, IVA, V, VI, VII, VIII, IIIB, and IVB were assigned to values 1, 2,

3, 4, 5, 6, 7, 8, 9, 10, respectively.
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Next, a cross-tabulation test was performed in the statistical program SPSS

(1997), to test whether there was an association between the TWINSPAN codes and

geomorphic unit codes. The cross-tabulation analysis provides numerous tests and

measures of association for two-way tables.

In order to test the hypothesis that TWINSPAN site classes and geomorphic units

are independent, two chi-square tests were performed to calculate the Pearson's chi-

square, and the maximum likelihood-ratio chi-square. Since the P-value associated with

each of these tests were less than 0.01, we can reject the hypothesis that TWINSPAN

classes and geomorphic units are independent. A two-way cross-tabulation table between

TWINSPAN site class codes and geomorphic unit codes is shown on Table 11. Each cell

represents a unique combination of values of the two cross-tabulated variables

(TWINSPAN and geomorphic unit codes), and the numbers in each cell tell us: (i) how

many observations fall into each combination of values, and (ii) the percentage of sample

plots from the geomorphic unit in which the cell falls, that were classified in the

TWINSPAN site class in which the cell belongs.

Table 11 indicates that the best agreement between TWINSPAN class code and

geomorphic unit code is for the floodplain edge (transitional) plots and TWINSPAN class

I (there is a 100% agreement). Other classes showing reasonable agreement between

TWINSPAN class and geomorphic unit code include: (1) backswamp and class VI

(66.7%), (2) ox-bows and class 11 (60%), and (3) point-bars and class IIIA (55.6%).
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Table 11. A summary frequency table for 10 TWINSPAN site classes (in rows) and 6
geomorphic units (in columns).

G_UNIT1 G_UNIT2 G_UNIT3 G_UNIT4 G_UNIT5 G_UNIT6 TOTALS

TWN_1 0 0 0 0 0 2 2

Column 0.00 0.00 0.00 0.00 0.00 100.00

TWN_2 0 0 0 0 3 0 3

Column 0.00 0.00 0.00 0.00 60.00 0.00

TWN_3 7 0 5 0 1 0 13

Column 31.82 0.00 55.56 0.00 20.00 0.00

TWN_4 2 7 1 1 o o 11

Column 9.09 24.14 11.11 16.67 0.00 0.00

TWNS 4 1 0 1 0 0 6

Column 18.18 3.45 0.00 16.67 0.00 0.00

TWN_6 / 2 0 4 0 0 7

Column 4.55 6.90 0.00 66.67 0.00 0.00

TWN_7 0 4 0 0 0 0 4

Column 0.00 13.79 0.00 0.00 0.00 0.00

TWN_8 0 4 0 0 0 0 4

Column 0.00 13.79 0.00 0.00 0.00 0.00

TWN9 4 11 3 0 I 0 19

Column 18.18 37.93 33.33 0.00 20.00 0.00

TWN _10 4 0 0 0 0 0 4

Column 18.18 0.00 0.00 0.00 0.00 0.00

TOTALS 22 29 9 6 5 2 73

In subsequent analysis, various measures of the degree of association between the

TWINSPAN classes and the geomorphic units were carried out. These measures included

the contingency coefficient and Lambda which measure the degree of association on a

scale of 0 to 1. Lambda is a measure of association which reflects the proportional

reduction in error when values of the independent variable are used to predict values of

the dependent variable (Statsoft, 1997). The value of Lambda in this case was 0.477 with
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the columns dependent (Table 11). This means that there is a 47.7% reduction in error

when TWINSPAN class value is used to predict geomorphic unit. Contigency coefficient

is a Chi-square based measure of the relationship between two categorical variables. Its

advantage over the ordinary Chi-square is that it is more easily interpreted since its range

is always limited to 0 through 1 (Statsoft, 1997). Other statistics generated in these tests

included; Pearson's correlation coefficient, r, and Cramer's V. Cramer's V is also a

measure of association based on Chi-square and its value ranges between 0 and 1

(Statsoft, 1997). Since P-values associated with these statistics are all less than 0.01, we

conclude that there is a significant association between TWINSPAN classes and

geomorphic units at the 99% confidence level (Table 12).

Table 12. Summary statistics measuring the degree of association between TWINSPAN
classes and geomorphic units.

STATISTIC VALUE P- VALUE

Lambda (with rows dependent) 0.241 0.012

Lambda (with columns dependent) 0.477 0.000

Lambda (symmetric) 0.347 0.000

Contigency Coefficient 0.847 0.000

Pearson's R -0.344 0.003

Cramer's V 0.677 0.000

These results therefore justify an interpretation of TWINSPAN site classes using

geomorphic units. However, most of the statistics indicate that the correlations are fairly
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low. This seems reasonable because there are several TWINSPAN site classes in which

no one geomorphic unit can be said to dominate.

4.5.2.2 Interpretation of TWINSPAN Classes

Site Class I

This site class contains two unique plots; 32 and 53. These are the only sample

plots located in the transitional woodland / bushland region lying between the riverine

forest and the dry savanna scrubland. The two plots are the farthest from the river and are

only flooded through laga overflows rather than through flooding of the Tana River. For

this reason, we should expect the plots to show little influence by the river. The plots

contain species occurring in both the riverine forests and the savanna scrubland.

Dominant species are; Dobera glabra, Salvadora persica, and Terminalia brevipes. Other

commonly occurring species include; Commiphora paoli, Thespasia danis, Acacia

tortilis, Acacia zanzibarica, Cordia sinensis, Phyllanthus somalensis, and Grewia tenax.

Site Class II

This site class contains plots from ox-bow lakes. Member plots are 33, 46 and 53.

Dominant species are Spirostachys venenifera, and Terminalia brevipes. This is not a

species-rich site class and has only a total of 19 species recorded. Other species found to

occur include; Cordia sinensis, Populus ilicifolia, Clerondendrum acerbianum, and

Pluchea dioscoridis.
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Site Class III a

A majority of plots from this site class are from point-bars. As was the case with

the previous class, Spirostachys venenifera is the dominant species but it does not

dominate as overwhelmingly (it now only accounts for 23.9% of the total site class basal

area compared to 63.7% for site class II). This class has a proportionately higher amount

of Populus ilicifolia (18%), compared to site class 11 (5.5%). Another notable difference

is the presence of Ficus sycomorus in class IIIA and its absence in site class II. Other

species commonly occurring in this site class include Terminalia brevipes, and Cordia

sinensis.

Site Class III b

Plots in this class come from a variety of sites including point-bars, active and

inactive levees and backwash sites. However, about two thirds of the plots are either from

point-bars or inactive levees. Because of the variety of geomorphic units, this site class is

species rich with a total of 67 woody species recorded. Two species were found to

dominate; Cordia sinensis, and Spirostachys venenifera. Other commonly occurring

species include; Garcinia livingstonei, Lecaniodiscus fraxinofolius, Acacia elatior,

Cordia goetzei, Grewia densa and Securinega virosa.
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Class IV a

A majority of plots from this site class are from inactive levees. The two most

dominant species in terms of basal area are: Polysphaeria multiflora, and Cordia goetzei.,

Diospyros mespiliformis, Garcinia livingstonei, Spirostachys venenifera and Rinorea

elliptica.

Class IV b

This site sub-class contains four active levee plots with sandy loam soils. The plot

numbers are: 21, 22, 23 and 71. Trichilia emetica is the dominant species accounting for

42.0% of the total basal area for the class. Other dominant species include: Sorindeia

madagascarensis, Spirostachys venenifera, and Oncoba spinosa.

Class V

Members of this site class include the following plots: 58, 59, 63, 64, 65, and 72.

All six plots were sampled along three transects located in an area called Ghamano, lying

between the villages of Wadesa and Bura East (Figure 2). This site class contains more

than half (61) of the total number of species encountered during this study (111 species).

All six plots can be described as active levee plots. They are dominated by; Sterculia

appendiculata, Hunteria zylanica, Mimusops fruticosa, Spirostachys venenifera, Salacia

madagascarensis and Cordia goetzei.
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Class VI

This class contains seven plots sampled mainly from the lower-lying backswamps

found beyond levees in the direction away from the river. Most of the soils here range

from sandy clayey to clayey soils. The three dominant species are; Mimusops fruticosa,

Garcinia livingstonei and Diospyros mespiliformis, accounting for 29.9%, 16.5%, and

14.8% of the total basal area, respectively. Other commonly occurring species are; Acacia

elatior, Spirostachys venenifera, Dobera loranthifolia, Diospyros abyssinica, and Cordia

goetzei. Since the majority of these species are evergreen, this site class can be described

as consisting of a clay-evergreen forest.

Site Class VII

This site class consists of plots 9, 10, 15, 16 and 31. The first four plots listed

belong to the Wacholo transect, while the last (plot 31) comes from Bajabi (Figure 2).

Acacia elatior is the most dominant species and accounts for 35.4% of the total basal area

for the class. Other dominant species include; Euclea natalensis (9.0%), Dobera

loranthifolia (6.9%), Cordia sinensis (6.2%), Lecaniodiscus fraxinofolius (3.9%) and

Clerodendrum acerbianum (1.7%). Most of the member plots for this site class were

sampled from inactive levees located towards the edge of the riverine forest, in a direction

away from the river.
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Site Class VIII

This class contains four plots; 1, 2, and 3 from Kimilo transect, and 67 from the

Shikaadabu transect. All the plots are located on inactive levees occurring towards the

edge of the riverine forests. The dominant species is Tamarindus indica, and accounts for

74.4% of the total basal area. Other species commonly found within these plots are;

Newtonia hildebrandtii, Dobera loranthifolia, Euclea natalensis, and Cadaba farinosa.

4.5.2.3 Ordination Results

The arrangement of 73 vegetation sample plots on the DCA site ordination and

their classification into TWINSPAN groups is presented in Figure 21. All vegetation data

were included in the ordination and classification. The graphical option in PC-ORD was

used to evaluate how well the distances in the ordination space represented distances in

the original, unreduced space in the vegetation data. This option was particularly useful

because the numerical output of both DCA and NMS ordinations does not provide this

capability. The graphical option therefore allowed for the calculation of an after-the-fact

evaluation of the quality of the data reduction, along with an assessment of how the

explained variance was distributed among the primary axes (McCune and Mefford,

1997).

The first three DCA axes explained 47.1% of the total variance in all the

vegetation data. Figure 21 shows a site DCA ordination of all the vegetation data.

TWINSPAN classes for the same data set are overlaid in the DCA ordination. To
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facilitate interpretation I added boundaries to form class polygons and TWINSPAN site

class labels (in Roman numerals). This analysis was necessary in order to confirm that the

classes from the classification were real and not just arbitrarily imposed. In addition, the

complementary use of TWINSPAN and DCA ordination allowed further refinement of

the classification results by identifying which TWINSPAN plots may have been mis-

classified.

An examination of Figure 21 reveals that some vegetation classes are quite

distinct. Distinct classes include classes; I, II, IIIA, IVB, V, VI, VII and VIII. Site classes

IIIB and IVA are not clearly separable. The transitional woodland plots between the

savanna scrubland and the riverine forests are in class I, and are dominated by Dobera

glabra and Salvadora persica. Class II represents plots from ox-bow lakes and the class

immediately adjacent (IIIA) is from point-bars. These two classes (II and IIIA) are

located next to each other indicating similarity. When I examined the composition of the

species in plots from these two classes, I found that they had some common species,

notably Spirostachys venenifera, Populus ilicifolia, and Terminalia brevipes. However,

Site class II had a total of 19 species recorded whereas class IIIA had 71 species. Most of

the basal area was concentrated on a few species in class II compared to class IIIA.

Spirostachys venenifera accounts for 63.7% of the total basal area in class II compared to

23.9% in class IIIA.

Class IVB is a levee forest dominated by Trichilia emetica, while class VI is

dominated by Mimusops fruticosa, Garcinia livingstonei, and Diospyros mespiliformis
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Figure 21. A site (plot) DCA ordination diagram for the Tana riverine forests. All woody
vegetation data were used in this analysis. The first and second axes are scaled
proportional to the longest axis. TWINSPAN site classes are indicated by Roman
numerals and class boundaries demarcated by polygons. The three small unlabeled
polygons represent possible misclassifications from TWINSPAN.
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accounting for 61.2% of the total basal area. This class can therefore can be considered a

clay evergreen forest since the soils in these plots are clayey. Class VII is an Acacia forest

class as it is dominated by Acacia elatior. Class VIII is the Tamarindus forest class with

Tamarindus indica accounting for over 74% of the total basal area. The rest of the

TWINSPAN classes are mainly plots from active levees and have different combinations

of dominant species but nevertheless have many common species. Classes IIIB and IVA

in particular, are not distinct from each other.

Figure 22 shows the results of a NMS ordination with TWINSPAN classes

demarcated by polygons. The results agree very closely with those from DCA. An after-

the-fact evaluation of how well the distances in the NMS ordination space represented

distances in the original, unreduced space in the vegetation data was performed using the

graphical option in PC-ORD. The first three NMS ordination axis explained 72% of the

total variance in the vegetation data compared to only 47.1% in the first three DCA

ordination axes. The first two NMS ordination axes accounted for 60.5% of the total

variance.

NMS results indicate that classes IVA, V, and to some extent class IIIB, are not

distinct from one another. However, the rest of the classes appear to be fairly distinct.

One major difference between the results from the two ordination techniques is site class

V which appears to be fairly distinct in DCA but quite indistinct in NMS. In addition the

TWINSPAN class IVB has all its plot members lying within the same polygon in the

NMS ordination, whereas plot 71 in the DCA ordination appears quite different from
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Figure 22. A Non-metric Multidimensional Scaling (NMS) ordination of 73 vegetation
plots from the Tana riverine forests. The first and second ordination axis are scaled
proportionate to the longest axes. TWINSPAN classes for the same data set are
demarcated by polygons and labeled using Roman numerals. The two unlabeled polygons
represent possible misclassifications by TWINSPAN.
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plots 21, 22, and 23. Both ordination techniques appear to support the fact that plots 39

and 51 have been mis-classified by TWINSPAN.

Figure 23 shows the results of a species DCA ordination. The upper (positive) end

of the first DCA axis has species associated with point-bars such as Tamarix nilotica,

Populus ilicifolia, and Pluchea dioscoridis. Towards the lower (negative) end of DCA1

are species more common to both active and inactive levees and backswamps such as

Sterculia appendiculata, Mimusops fruticosa, Lepisanthes senegalensis, Garcinia

livingstonei and Diospyros mespiliformis. The lower end of DCA2 is dominated by

species from active levees such as Trichilia emetica, and Sorindeia madagascarensis,

while the high end is dominated by species characteristic of inactive levees, such as

Newtonia hildebrandtii, Maytenus hetorophylla, Dobera loranthifolia, and Tamarindus

indica, occurring towards the edge of the floodplain. The results from the species

ordination appear to be consistent with TWINSPAN species classification.
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4.5.2.4 CLUSTER ANALYSIS

Ward's minimum-variance cluster analysis was performed on the vegetation data

using various dissimilarity measures. The resulting dendrograms were compared to

TWINSPAN classification results and to the ordination results. The two dendrograms that

showed the closest agreement to TWINSPAN classification and ordination results are

presented in this section.

Figure 24 shows a dendrogram generated from a cluster analysis of the entire

vegetation data set using Ward's minimum-variance method and City-block (Manhattan)

distance (dissimilarity measure). City-block distance is the average difference across

dimensions. In most cases, this distance measure yields results similar to Euclidean

distance where there are no outliers. Manhattan metric reduces the effect of single large

differences (STATSOFT, 1997).

TWINSPAN classes that are classified exactly the same way in this cluster

analysis are classes I and VIII. Various clusters on Figure 24 are labeled with Roman

numerals representing the closest TWINSPAN class they represent. This cluster analysis

technique is unable to separate plots in class II and IIIA and those from class V and VI. In

addition, for some of the classes that were generally well classified, there are additional

plots that should probably not have been included (as was suggested by the results from

the ordinations).

Figure 25 shows a dendrogram produced using Ward's minimum variance cluster

analysis and a distance measure based on Pearson's r. The dissimilarity measure used was
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sites (plots) in this analysis appear to agree more closely with TWINSPAN site classes.

For example the ox-bow plots 33 and 46 are in a separate cluster, unlike the results using

City-block distance measure. The Acacia elatior plots (class VII) are also better separated

compared to those from Figure 24. However, as was the case with results using Ward's

minimum-variance method and City-block distance, there are apparent mis-classifications

indicated by the wide separation in ordination space of mis-classified plots from the rest

of the plots from a particular class (Figures 21 and 22).

4.5.3 Environmental Interpretation

The relative importance of environmental factors in determining community

patterns was determined by a bivariate correlation analysis of ordination scores with

various soil and site variables. Pearson's correlation coefficients between ordination

scores and environmental variables were generated to test the strength of these

relationships.

Soil factors included texture, pH and organic carbon for different soil depths.

Other environmental variables included height of each plot above dry season river level,

and the percentage number of days each plot had been flooded over or during various

periods (these data were generated in the results section of chapter III). Transitional

woodland plots (plots 32 and 53) were left out of the correlation analysis involving

environmental data because no data were collected for these plots.
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Based on the above results, it can be seen that axis 1 for both the DCA and NMS

ordinations represents a gradient of increasing plot elevation above the river.

Consequently, the same axis represents a gradient of increasing flooding frequency. This

does not apply for the transitional woodland plots which were excluded from the

correlation analysis. We can therefore see that ox-bow plots in TWINSPAN site class II

are at the positive end of the first ordination axis (for both DCA and NMS ordinations).

Next to them is class IIIA which represents plots mainly from point-bars. Both these

classes have the lowest lying plots, which are flooded frequently (at least once a year).

The constituent species in these plots are those that are tolerant or adapted to frequent

Table 13. Pearson's correlation coefficients between sample DCA and NMS ordination
scores and various site (sample plot) variables.

PARAMETER DCA1 DCA2 NMS1 NMS2

Average Clay (%) -0.011 0.347** 0.036 0.376**

Average Sand (%) -0.016 -0.311* -0.023 -0.330**

mean plot ht above river (m) -0.363** 0.231 -0.385** 0.233

pre-dam flooding (% days) 0.304** -0.155 0.336** -0.163

post-dam flooding (% days) 0.298* -0.147 0.327** -0.158

pre-dam May flooding (% days) 0.351** -0.195 0.367** -0.208

post-dam May flooding (% days) 0.325** -0.174 0.341** -0.188

pre-dam November flooding (%) 0.323** -0.166 0.357** -0.172

post-dam November flooding (%) 0.341** -0.187 0.364** -0.195

* correlation is significant at the 0.05 level (2-tailed)
** correlation is significant at the 0.01 level (2-tailed).
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flooding such as Terminalia brevipes, Cordia sinensis, Pluchea dioscoridis, Populus

ilicifolia and Tamarix nilotica.

At the other extreme (negative) end of the first ordination axis is TWINSPAN

class IVA consisting of many plots from levees which are the highest lying plots. As a

consequence of their high elevation above the river, these plots are flooded infrequently.

Ordination axis 2 is correlated soil texture, especially percent clay and percent

sand for both DCA and NMS ordinations. The correlation is positive, implying that plots

in the TWINSPAN group VIII have the more clayey soils compared to plots in the

extreme end of the axis (TWINSPAN class IIIB). As expected, percentage sand is

negatively correlated with ordination axis 2 in both DCA and NMS. This appears to agree

with the field situation because Tamarindus and Acacia forests (classes VII and VIII)

which are at the high end of axis 2 are found to occur in clayey soils towards the forest

edge, while active levee species such as Trichilia emetica and Phoenix reclinata

(occurring mainly on sandy levees) are found towards the lower (negative) end of this

axis.

4.5.4 Upper Canopy Layer

4.5.4.1 Classification of Upper Canopy Species

Only trees taller than 10.5 m were included in the upper canopy TWINSPAN

classification, DCA, and NMS ordinations. The two plots from the transitional

woodlands, plots 32 and 53, were excluded from this analysis as none of the species in
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the plots met the above criteria. 58 species in 71 plots had trees taller than 10.5 m.

The results of a TWINSPAN classification are included in Appendix 5. A

graphical summary of the classification is shown on Figure 26. Eight site classes and

eight species classes were obtained by TWINSPAN. This classification has several

similarities with that for the entire data set. This is not surprising because it is the taller

and bigger trees that have the greatest influence on the classification of the entire data set

due to their higher contribution to species importance value, as compared to the smaller

trees.

Certain TWINSPAN site classes appear virtually unchanged (between entire data

set and upper canopy vegetation data set) in terms of plot membership. Notable examples

include site class VIII, the Tamarindus indica class which still consists of the same four

plots (1, 2, 3, and 67). Site class II is a now a "hybrid" of the ox-bow and point-bar

classes (classes II and IIIA) from the entire data set. Notable differences between this

classification and that for the entire data set include the absence of many of the

successional forest species especially those common along ox-bow lakes and point-bar

plots. Such species include Pluchea dioscoridis, and Tamarix nilotica. In addition,

floodplain edge forests (transitional woodlands) were also eliminated from this

classification as they consist of trees less than 10 m in height. Below follows a brief

description of each TWINSPAN site class.
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Site Class I

This class contains only plot 21, which has only three species lying within the

upper canopy. In the entire data set classification, this lone plot was classified together

with plots 22 and 23, also from the same transect (Wadesa). In the current classification,

plot 21 is classified in site class I, while plots 22 and 23 are now grouped in site class III.

The main difference between class I and III appears to be the presence of Harrisonia

abyssinica, and Sterculia appendiculata in the former and the absence of the same

species in the latter site class. In addition, Trichilia emetica in dominant in site class III

but absent in site class I (plot 21). Dominant species in plot 21 include Sorindeia

madagascarensis, Harrisonia abyssinica and Sterculia appendiculata and account for

58.6%, 8.0% and 33.4% of the total basal area, respectively.

Site class II

This class includes a total of 26 species from a wide range of plots on the

floodplain, although a majority are from point-bars and from ox-bow lakes. This class

contains all plots in classes II and IIIA (ox-bow lake plots and point-bar plots,

respectively) in the entire data set classification. The four dominant species are;

Spirostachys venenifera, Populus ilicifolia, Terminalia brevipes, and Ficus sycomorus.
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Site class III

This class contains 24 species and 6 plots coming mainly from levees. Dominant

species are; Trichilia emetica, Cordia sinensis, Cordia goetzei, and Spirostachys

venenifera. This class is very similar to class IVB for the entire data set, except for the

exclusion of plot 21.

Site class IV

This class contains a total of 31 species in 14 plots, and has vegetation that can be

described as a mixed evergreen forest. This class has no one dominant species. The two

species accounting for the highest basal area is Cordia sinensis (11.5%) and Cordia

goetzei (11.5%). Other important species and proportion of basal area (in parenthesis) that

they account for are; Spirostachys venenifera (8.2%), Diospyros mespiliformis (10.7%)

and Mimusops fruticosa (9.5%). This site class does not have a good match to that for the

entire data set classification. It bears some resemblance to the clay-evergreen forest of the

entire data set classification due to the presence of Diospyros mespiliformis and

Mimusops fruticosa, although both species occur in relatively smaller proportions in the

current classification.

Site class V

This class is very similar to site class VI from the entire data set classification.

The class is composed of a total of 10 species in 7 plots. The plots are mainly clay-
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dominated, and are mostly located in the lower-lying backswamps beyond levees in the

direction away from the river. This class is similar to site class VI of the entire data set

classification and could therefore be regarded as a clay-evergreen forest. The three

dominant species are; Mimusops fruticosa, Diospyros mespiliformis, and Garcinia

livingstonei, accounting for 53.8%, 23.5% and 16.7% of the total basal area in the class,

respectively.

Site class VI

This class can be regarded as a mixed Acacia forest and has a total of 11 species

observed. The four most dominant species and the percentage basal area contribution for

the class are; Acacia elatior (33.4%), Acacia robusta (16.3%), Cordia goetzei (6.8%), and

Cordia sinensis (12.5%). The majority of plots in this site class were assigned to the

Acacia class in the entire data set classification. When only the upper canopy species are

considered, the more general Acacia class of the entire data set is further subdivided into

two; a mixed acacia forest (current class VI), and a class overwhelmingly dominated by

Acacia elatior (site class VII).

Site class VII

This class is overwhelmingly Acacia elatior and can therefore be described as an

Acacia forest. Most of the plots are located towards the edge of the riverine forest next to

the transitional woodlands. Acacia elatior accounts for 74.9% of the total basal area,
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while Garcinia livingstonei accounts for 17%. The most similar class to this class in the

entire data set classification is site class VII.

Site class VIII

This class is equivalent to site class VIII for the entire data set classification.

Member plots are exactly the same as before, i.e. plots 1, 2, 3 and 67 located towards the

edge of the riverine forest. The class can be described as a Tamarindus forest as

Tamarindus indica accounts for 86.1% of the total basal area. Other species associated

with Tamarindus indica in this class include Newtonia hildebrandtii and Dobera

loranthifolia.

4.5.4.2 Ordination of Upper Canopy Species

Figures 27 and 28 show the results of a DCA and NMS ordination of the upper

canopy layer, respectively. Polygons have been superimposed on each ordination diagram

to demarcate TWINSPAN classes obtained from an analysis of the same data set.

Unlabeled polygons containing single plots are most probably mis-classifications from

TWINSPAN.

In the site DCA ordination (Figure 27), there are four distinct classes; I, V, VII

and VIII. The rest of the classes are less distinct, with class III most indistinct from

classes II and IV. These results suggest that while all the other TWINSPAN classes are

real, class III does not form a separate class.
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Figure 28. A site NMS ordination diagram for upper canopy species from the Tana River
floodplain. TWINSPAN site classes for the same data set have been superimposed on the
ordination and are demarcated by polygons. TWINSPAN class labels are in Roman
numbers. Upper canopy layer was defined as including all trees with a height greater than
10.5 m. The two unlabeled polygons include plots 7 and 22 both of which belong to the
TWINSPAN site class III, and are most probably mis-classified by TWINSPAN.
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An examination of Figure 28 showing the results of an NMS ordination of sites

confirms the existence of TVVINSPAN classes I, V, VII, and VIII. This time however, all

TWINSPAN class III plots lie in one polygon, unlike the case with the DCA ordination.

In fact, with the exception of the mis-classified plots 7 and 22, all other TWINSPAN

classes appear to be real when compared with NMS ordination of sites. We can therefore

say that NMS ordination of the upper canopy species agrees better with TWINSPAN

results for the same data set than DCA ordination.

4.5.5 Middle Canopy Species

The middle canopy layer included woody species with a height greater than 4.5 m

but less than or equal to 10.5 m. There were 82 species present in the middle canopy, and

all 73 sample plots had species meeting this criteria. TWINSPAN classification tables

for the middle canopy vegetation is presented in Appendix 6. Ten site classes and eight

species classes were identified. The composition of each site class is summarized below

through a series of pie-charts (Figure 29).

A DCA ordination was also performed on the same data set, and the results of a

site ordination are shown on Figure 30. The ordination was necessary to confirm whether

the classes from TWINSPAN represented distinct species assemblages. Polygons

demarcating TWINSPAN classes have been superimposed on the ordination diagram.

This time, there are many more plots that are possibly mis-classified than was the

situation with the analysis of the entire data set and the upper canopy layer. These
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Figure 30. A site DCA ordination of middle canopy species from the Tana River
floodplain. TWINSPAN classes (in Roman numbers) are superimposed on the ordination
diagram. Unlabeled polygons represent possible mis-classifications by TWINSPAN.
Middle canopy was taken as to include tree and shrub species with a height greater than
4.5 m but less than or equal to 10.5 m.
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mis-classified plots are numbers; 41, 51, 26, 18, 29 and 15. It is clear from an

examination of the ordination diagram and the superimposed TWINSPAN classes that the

middle canopy layer is not distinctly structured. The only class that is clearly distinct is

site class X. A description of each site class and the dominant species follows. Site

classes from the middle canopy bear little similarity to those derived from the upper

canopy classification Unlike upper canopy classification, the middle canopy does not

appear to be distinctly structured. Spirostachys venenifera and Cordia sinensis appear as

the dominant species in more than half of all TWINSPAN site classes (Figures 29). It is

also clear by examining the pie charts for this canopy layer, that most of the upper canopy

species do not appear to dominate any of the site classes, with the exception of Mimusops

fruticosa and Ficus sycomorus. Clearly, if the middle canopy species were to eventually

replace the current upper species in the future, we would have a completely different

forest type from the current one, with a majority of the current canopy species not

appearing in the upper canopy. Below follows a description of each individual

TWINSPAN site class for the middle canopy.

Site Class I

This class contains 4 plots and was formed during the second division of

TWINSPAN. These plots are fairly wide apart in the DCA ordination and therefore, this

suggests that the group is heterogenous. An examination of the species composition of

the plots confirms this assertion. None of the four plots share a common species.
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However, the following species are common in two of the four plots; Cordia sinensis,

Terminalia brevipes, Acacia tortilis and Ficus sycomorus.

Site Class II

This site class contains 10 plots and is dominated by Spirostachys venenifera,

Lecaniodiscus fraxinofolius, Dobera loranthifolia, Cordia sinensis and Hunteria

zeylanica, and account for 34.1%, 13.9%, 11.5%, 9.5% and 8.8% of the total basal area,

respectively. Spirostachys venenifera occurs in all 10 plots.

Site Class III

This site class contains 19 plots dominated by Spirostachys veneneifera,

Terminalia brevipes, Grewia densa, and Cordia sinensis, accounting for 27.6%, 15.0%,

14.5%, and 9.8% of the class basal area, respectively. Spirostachys venenifera is common

to all 19 plots.

Site Class IV

This class contains 12 plots which fall in two separate polygons on the ordination

diagram (Figure 30). It is possible that the smaller of the two polygons (containing plots

27 and 73) is a mis-classification. The two most dominant species are, Polysphaeria

multiflora, and Lecaniodiscus fraxinofolius and account for 21.4% and 20.9% of the total

basal area for the class, respectively. Other important species and their percentage basal
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area contribution to the class (in parenthesis) are; Cordia sinensis (7.1%), Spirostachys

venenifera (6.7%), Mimusops fruticosa (6.5%), and Thespesia danis (5.2%).

Site Class V

This class contains six plots and is dominated by Oncoba spinosa, Polysphaeria

multiflora, Hunteria zeylanica, and Spirostachys venenifera, accounting for 21.6%,

16.7%, 16.3% and 9.5% of the class basal area, respectively. Most of the plots are from

levees and were classified as dominated by Trichilia emetica for the upper canopy and

entire vegetation data sets. Trichilia emetica still shows up in the middle canopy but only

in plots 23 and 71 and accounts for 18.7% of the total basal area.

Site Class VI

This class contains five plots with Dobera loranthifolia present in each plot and

accounting for 33.2% of the total basal area for the class. Other dominant species and the

percentage basal area they account for are, Salvadora persica (21.9%), and Cordia

sinensis (19.9%). Three out of the five plots in this class were classified as Acacia forest

in the upper canopy and entire data set classifications. However, the middle canopy has

Acacia elatior in plots 9 and 34, and accounts for only 6.2% of the total basal area for the

class.
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Site Class VII

This class contains only the transitional woodland plot number 32. The plot has

only 4 species. These species and the proportion of basal area they represent within the

plot are; Dobera loranthifolia (66.9%), Terminalia brevipes (16.8%), Thespasia danis

(10.9%), and Acacia zanzibarica (5.4%).

Site Class VIII

This class contains two levee plots, 63 and 72. These plots are dominated by

Hunteria zeylanica, accounting for 88.8% of the total basal area. Other associated species

common in both plots are Euclea natalensis and Capparis tomentosa.

Site Class IX

Six plots are included in this class with Dobera loranthifolia present in all plots

and accounting for 15.6% of the total basal area. Other dominant species and the

percentage basal area they account for are; Euclea natalensis (13.8%), Diospyros

abyssinica (11.2%) and Hunteria zeylanica (5.6%). Mimusops fruticosa and Cordia

goetzei, account for 22.8% and 15.6% of the total basal area respectively, but only occur

in half the plots.
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Site Class X

This TWINS PAN class contains plots 1, 3 and 15 but the latter is most probably a

mis-classification and instead should belong to class IX, judging from its location in the

ordination diagram (Figure 30). This class has only two species, Euclea natalensis and

Cadaba farinosa. Euclea natalensis accounts for 97.4% of the total basal area. Plot 15 is

also dominated by Euclea natalensis but not as overwhelmingly (it accounts for 55.0% of

the total basal area for the class). Another characteristic setting plot 15 apart from the rest

of the plots in this class is the presence of three additional species not present in plots 1

and 3. These species are, Dobera loranthifolia, Sprirostachys venenifera and Cordia

sinensis.

4.5.6 Lower Canopy Layer

TWINSPAN classification tables are presented in Appendix 7. A total of 106

species were represented in the lower canopy and occurred in all 73 plots. A series of pie-

charts on Figure 31 highlight dominant species (in terms of basal area) for each

TWINSPAN site class. The same data set analyzed by TWINSPAN was also subjected to

a DCA ordination. The location of the plots in the ordination space would help confirm

the accuracy of the site classes identified by TWINSPAN. A DCA ordination of the lower

canopy layer, in which polygons demarcating the various TWINSPAN classes have been

superimposed, is presented in Figure 32. There are four unlabeled polygons on Figure 32,

and these represent possible mis-classifications by TWINSPAN. Three of the four
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Figure 32. A site DCA ordination diagram for lower canopy species from the Tana River
floodplain. TWINSPAN classes (labeled in Roman numerals) for the same data are
superimposed on the ordination diagram. Unlabeled polygons represent possible plot mis-
classifications by TWINSPAN. Lower canopy was taken to include all woody species
with a height greater than or equal to 1 m but less than or equal to 4.5 m.
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polygons contain only one plot and they are plots 4, 45 and 65. The fourth unlabeled

polygon contains plots 20 and 14. The least distinct TWINSPAN classes are classes V

(both A and B) and class VI A. The rest of the classes appear to be fairly distinct. Below

follows a description of each class.

Site Class I

There are 19 species and three plots in this class. Dominant species and the

percentage basal area they account for are; Salvadora persica (24.4%), Clerodendrum

acerbianum (18.0%), Thespesia danis (10.6%), Securinega virosa (7.9%), and Maerua

subcordata (7.7%). Two of the plots are from active and inactive levees, while another is

from an ox-bow lake.

Site Class II

This class has a total of 20 species occurring in three plots from inactive levees.

The three plots belonged to site class IV of the upper canopy classification. The two most

dominant species are Securinega virosa and

Salvadora persica, accounting for 29.8% and 29.1% of the total basal area for the class,

respectively. Other species common in this class and their percentage contribution to the

total basal area are Indigofera schimperi (13.6%) and Lawsonia inermis (9.5%).
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Site Class III

There are 9 plots and 39 species in this class. Most of the plots are from inactive

levees, and were classified as Tamarindus and Acacia forest in the upper canopy

TWINSPAN classification. The dominant species and the percentage basal areas are;

Cadaba farinosa (24.6%), Lecaniodiscus fraxinofolius (14.1%), Maerua subcordata

(13.0%), Euclea natalensis (9.9%), Dobera loranthifolia (8.0%) and Securinega virosa

(5.5%). Except for Dobera loranthifolia, which is present in both the upper and lower

canopy, the rest of the species dominating the lower canopy, are not dominant species in

the upper canopy.

Site Class IV

This class has three plots and a total of 29 species. One of the plot was sampled

from an inactive levee from the Shikaadabu transect, while the other two plots were

sampled from a backswamp on the Ghamavere transect These two plots from Ghamavere

had originally been classified as a clay-evergreen forest during the upper canopy

classification. On examining the lower canopy layer for these plots, it was clear that none

of the upper canopy species (e.g., Diospyros mespiliformis, Mimusops fruticosa, and

Garcinia livingstoneia) are represented in the lower canopy.

Cadaba farinosa accounts for 41.4% of the total basal area. This class differs from

class III in that Cadaba farinosa is more dominant, but also by the presence of Deinbollia

borbonica and Diospyros abyssinica, species absent in class III. Percentage basal area
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and species of other dominant species in this class are; Euclea natalensis (15.7%),

Deinbollia borbonica (7.4%), Dobera loranthifolia (6.5%) and Diospyros abysinica

(4.0%).

Site Class Va

This class includes 11 plots and 69 species. Six of these plots are from active

levees, while three are from active levees. The majority of plots in this class were

classified as a mixed evergreen forest or a clay-evergreen forest in the upper canopy

TWINSPAN classification. Dominant species and basal areas (as a percentage of the class

total) are; Hunteria zeylanica (19.5%), Cadaba farinosa (9.7%), Boscia coriacea (8.3%),

Lecaniodiscus fraxinofolius (4.9%), Securinega virosa (4.6%), Euclea natalensis (3.4%)

and Capparis tomentosa (2.2%). Again it is also clear that a majority of the upper canopy

species do not appear to be represented in the lower canopy.

Site Class Vb

This class has 53 species in eight plots. Five of these plots are from inactive

levees, two from active levees, and one from a point bar. Half of the plots were classified

as a Trichilia-dominated levee forest in the upper canopy classification, while the rest

were classified as a mixed evergreen forest.

The ordination diagram (Figure 32) indicates that this site class is not clearly

separable from class Va. Indeed, class V does not become split until the fifth
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TWINSPAN division. Dominant species in class Vb and the percentage basal area

contributed by each species are; Rinorea elliptica (14.0%), Thespesia danis (13.6%),

Lecaniodiscus fraxinofolius (4.9%), Deinbollia borbonica (4.3%), Securinega virosa

(3.2%), Mimusops fruticosa (2.4%), Boscia coriacea (2.3%), Capparis tomentosa (2.2%),

Euclea natalensis (1.1%), Diospyros mespiliformis (1.1%), Allophyllus rubifolius (1.1%)

and Garcinia livingstonei (1.0%). As expected, some of the dominant species in class Yb

are also dominant in class Va.

Site Class VIa

This site sub-class contains 50 species in 13 plots. A majority of these plots are

from inactive levees. The upper canopy classification placed a majority of these plots in

the mixed evergreen and the Acacia forest class. Dominant species are; Lecaniodiscus

fraxinofolius, Polysphaeria multiflora, Paveta sphaerobotrys, Cadaba farinosa and

Diospyros mespiliformis, accounting for 44.1%, 18.6%, 5.5%, and 3.5% of the total basal

area, respectively.

Site Class VIb

There are 16 species in the three plots belonging to this site sub-class. These plots

are from the Wadesa transect (Figure 3) and have Trichilia emetica dominating in the

upper canopy. Two of the plots are located on an active levee while the remaining one is

from a behind-point bar location. The most dominant species and the percentage basal
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areas they account for in this sub-class are; Cadaba farinosa (31.7%), Polysphaeria

multiflora (14.1%), Hunteria zeylanica (10.9%), Paveta sphaerobotrys (8.4%), Rauvolfia

mombasiana (7.0%) and Oncoba spinosa (2.4%).

Site Class VII

There are 60 species in the 13 plots belonging to this class. Seven of the plots are

from active levees, while five are from point bars, and one is from an ox-bow lake. Ten

of the 13 plots in this class were classified as point-bar/ox-bow class in the upper canopy

classification (The upper canopy equivalent of this class is site class II). Securinega

virosa is the most dominant species and accounts for 52.6% of the total basal area. Other

dominant species and the percentage of the total basal area they represent include;

Terminalia brevipes (6.8%), Spirostachys venenifera (5.8%) and Acalypha spp (3.4%).

With the exception of Populus ilicifolia and Ficus sycomorus, most of the dominant

species in the upper canopy (such as Spirostachys venenifera and Terminalia brevipes) of

site class II, are well represented in the lower canopy.

Site Class VIII

This class has four plots containing 60 species in the lower canopy. Three of the

four plots are located on ox-bow lakes, and the other is from a point bar. This site class is

most similar to site class II of the upper canopy classification, in terms of species

composition. However, site class II of the upper canopy classification, contains 17 plots
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compared to the four in this site class. There is no single species that is overwhelmingly

dominant. Spirostachys venenifera is the only species that is present in all four species,

but it only accounts for 7.9% of the total basal area. Terminalia brevipes and Securinega

virosa occur in three out of four of the plots and account for 12.1% and 10.8% of the total

basal area, respectively. Other species common in the class include Indigofera schimperi,

Pluchea dioscoridis and Populus ilicifolia.

Site Class IX

This class contains 16 species from the two transitional woodland plots, numbers

32 and 53. The dominant species in this class are Salvadora persica, Terminalia brevipes,

Cordia sinensis and Phyllanthus somalensis, accounting for 38.1%, 34.0% 9.7%, and

4.8% of the total basal area, respectively. Except for the absence of Dobera glabra, this

lower canopy site class is very similar to TWINSPAN site class I of the entire data set.

4.5.7 Regeneration Data

Regeneration was considered to consist of all woody species less than 1 m height.

Data was collected on all sample plots with the exception of plot 32. A total of 77 species

were in 72 sample plots. The following pseudo-species cut levels were used in the

TWINSPAN classification:

0, 8, 12, 16, 20, 25, 30 and 40.

TWINSPAN classification results for the regeneration data set are presented in
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Appendix 9. TWINSPAN site class composition is illustrated by a series of pie charts

shown on Figure 33. Each pie chart shows a few of the dominant species (in terms of

basal area) and the proportion of site class basal area each species represents.

The same data set was also subjected to a DCA ordination. The first three axes of

the ordination accounted for 67.2% of the total variance. Figure 34 shows the site

ordination diagram with TWINSPAN classes demarcated by polygons superimposed on

the ordination. As can be seen from Figure 34, the presence of all six TWINSPAN classes

appear to confirmed in the ordination. The results from TWINSPAN agree completely

with the DCA ordination, as indicated by the absence of mis-classified plots. Importance

Value indices for regeneration species were based only on density and frequency. A

description of each regeneration site class follows below.

Site Class I

This site class contains four plots and 20 species. Two of the plots were classified

as a Trichilia-dominated levee forest (site class III), while the rest were classified as a

clay-evergreen forest (site class VI), in the upper canopy classification. The regeneration

classification revealed the following species as having the highest densities (densities

shown here in parenthesis, as percentage of each site class); Euclea natalensis (21.1%),

Deinbollia borbonica (17.5%), Rinorea elliptica (5.5%) and Hildebrandtii sepalusa

(5.1%).
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Site Class II

There are 14 plots and 39 species in this class. A majority of plots included in this

site class belong to the Tamarindus forest class of the upper canopy (TWINSPAN Site

class VIII). Tamarindus indica seedlings occur only in plots four of the 14 plots and

accounts for only 1.2% of the total number of seedlings for this site class. The highest

percentages of seedlings are from the following species; Securinega virosa (17.5%),

Maerua subcordata (8.9%), Euclea natalensis (7.5%), Cadaba farinosa (5.8%),

Salvadora persica (6.3%), Lecaniodiscus fraxinofolius (11.7%) and Garcinia livingstonei

(6.4%).

Site Class III

This is the largest site class with 34 plots and 52 species. This class could have

been split further in a fifth and sixth TWINSPAN division but the resulting classes do not

appear to be distinct classes in the DCA ordination (Figure 27), therefore a decision was

made not to further subdivide the class.

More than half of the plots from this site class were either classified as a mixed

evergreen forest or a clay-evergreen forest in the upper canopy classification. Dominant

species in the upper canopy for the majority of these plots appear to be regenerating, with

the exception of Mimusops fruticosa. Species with the highest percentage of seedlings in

this class are; Lecaniodiscus fraxinofolius (18.7%), Garcinia livingstonei (10.8%),

Polysphaeria multiflora (19.9%), Capparis tomentosa (4.0%), Euclea natalensis (3.5%),
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and Diospyros mespiliformis (2.7%).

Site Class IV

This class contains 45 species in 15 plots. A majority of plots in this site class

were classified as point bar/ox-bow lake vegetation in the canopy (i.e., site class III)

dominated by Spirostachys venenifera, Populus ilicifolia, Terminalia brevipes, and Ficus

sycomorus. The regeneration layer is dominated by Securinega virosa seedlings which

occur in all plots and accounts for 14.9% of all seedlings. Garcinia livingstonei and

Spirostachys venenifera occur in 14 plots and account for 13.9% and 28.2 % of all

seedlings in the class, respectively. Harrisonia abyssinica occurs in 13 plots and accounts

for 6.9% of the total number of seedlings. Other than Spirostachys venenifera, none of the

upper canopy species in these plots appears to be regenerating significantly. It is also

interesting to note that Garcinia livingstoneia seedlings are prevalent in these plots

although this species is not dominant in the upper canopy.

Site Class V

There 13 species occurring in three plots, all located on ox-bow lake sites. This

site class contains plots grouped in the point-bar/oxbow lake vegetation (site class II) of

the upper canopy. Terminalia brevipes and Spirostachys venenifera occur in all three

plots and make up 47.1%, and 12.8% of all the seedlings in the class. Securinega virosa

and Indigofera schimperi occur in only two of the plots in this class and account for
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14.9%, and 7.9% of the total number of seedlings. Populus ilicifolia and Ficus sycomorus

seedlings were present in only one plot, but each accounted for 5.3% of the total number

of seedlings. Most of the upper canopy species in this site class appear to be regenerating.

However, Populus ilicifolia and Ficus sycomorus were only found to be regenerating in

only one plot.

Site Class VI

There are nine species in plots 9 and 32 that make up this class. The most

dominant species is Dobera loranthifolia and accounts for 59.0% of the total number of

seedlings in this class. Phyllanthus somalensis and Salvadora persica account for 9.6%

and 8.5% of the total number of seedlings, respectively.

The upper canopy of plot 9 is dominated by Acacia elatior, Salvadora persica,

and Thespasia danis. Plot 32 is located in the transitional woodland area and has an upper

canopy dominated by Dobera loranthifolia, Terminalia brevipes, and Phyllanthus

somalensis. It therefore appears that most of the upper canopy species are regenerating,

with the exception of Acacia elatior.

4.5.8 Permanent Sample Plot Data

Permanent sample plot data has been recorded since 1984 from nine sample plots.

Three of the sample plots were located in the transitional woodlands, while the rest were

located within the riverine forest. The 1984 data set was excluded from any analysis as it
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appeared to omit many species found in 1987 and 1992. In addition, the 1984 data was

collected before the compilation of a checklist of trees and shrubs of the Tana River

floodplain. As a result, it seemed very likely that some of the tree species had been mis-

identified.

The 1984-1992 data has been analyzed before and the general conclusion was that

there was no significant differences in diameter distributions between successive

assessments nor significant changes in stand densities (Otsamo et al., 1993). These results

are not surprising considering that measurements were not taken at the same point on

each tree and shrub during successive measurements. Another possible explanation for

this lack of change in the growth measurements between 1984 and 1992 could be

attributed to trees and shrubs not being tagged and assigned labels so that each individual

tree's growth could be monitored between successive measurements. As a result, these

data were only useful in looking at plot-wide changes rather than individual tree growth.

However, these data sets were not subjected to any multivariate ecological analysis, and I

felt this needed to be done in order to find out whether site and species classes produced

from TWINSPAN were similar to any of the classes obtained in the classifications

obtained using the current data set that has already been described in earlier sections. In

addition, a comparison of permanent sample plot data classifications between 1987 and

1992, would help highlight patterns of change within the permanent sample plot data. A

DCA analysis of both the 1987 and 1992 data sets would help confirm whether the

groupings obtained from TWINSPAN had an ecological basis.
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The major constraint with the permanent data sets was that growth measurements

were not taken at the same point on the stem of each tree or shrub during each

measurement. As a result, it is not possible to follow the growth of each individual woody

plant over the period.

Out of a total of nine sample plots located on various parts of the floodplain, three

were located in the transitional woodlands between the riverine forest and the dry savanna

scrubland. The remaining plots were established within the riverine forests.

Table 14 summarizes the results of a TWINSPAN classification of the 1987 data

set. The 58 species occurring in nine plots were classified into four site classes and eight

species classes. Although the sample is rather small, some of the general patterns

observed in the more recent data sets discussed in earlier sections emerge. For example,

plot 6 is the only one from a point-bar and is classified separately as site class I and

contains Populus ilicifolia, a species typical of point-bars.

Species in species class 3 are typical of clay-evergreen and levee forests, and as

can be seen on Table 14, they are mainly confined to site classes II and III. Majority of

species in species class 5, 6, and 7 show a wider ecological tolerance, by occurring in all

site classes. Species in species class 8 are only present in site class IV, which consists of

the three transitional woodland plots; 1, 5 and 9. Plots 4, 7, and 8 have been lumped into

site class II which is more representative of acacia forests with Acacia elatior as the

dominant species. However, this is less so of plot 4 which contains a lower proportion of

Acacia elatior, but more of species such as Hunteria zeylanica and Mimusops fruticosa.
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Table 14. A TWINSPAN classification of a data set collected in 1987 from nine
permanent sample plots located on the Tana River floodplain.

6 4 7 8 2 3 1 5 9 S p ec le a	 C la a a
2	 0 haraby 4 -	 - - -	 - -	 - - 0 0 0 0 0

2	 4 plud io 4 -	 - - -	 - -	 - - 0 0 0 0 0
2	 5 on csp i 3 -	 - - -	 - -	 - - 0 0 0 0 0
2	 6 p revel 3 -	 - - -	 - -	 - - 0 0 0 0 0
2	 7 popili 7 -	 - - -	 - -	 - - 0 0 0 0 0
2	 9 pa vs p h 3 -	 - - -	 - -	 - - 0 0 0 0 0 1
3	 2 g rew ia 3 -	 - - -	 - -	 - - 0 0 0 0 0
3	 3 raum om 3 -	 - - -	 - -	 - - 0 0 0 0 0
34 co m con 2 -	 - - -	 - -	 - - 0 0 0 0 0
2	 2 p hyg u i 3 2	 - - -	 - -	 - - 0 0 0 0 1
28 co rg o e 3 2	 - - -	 - -	 - - 0 0 0 0 1
31 erykir 3 2	 - - -	 - -	 - - 0 0 0 0 1
1	 6 eu cn at 4 3	 - 3 -	 - -	 - - 0 0 0 1

2	 3 in d ig o 3 - 3 4 ----- 0 0 0 1 2

3	 6 hunzyl 2 5	 ------- 0 0 0 1
3	 5 g a rliv 2 5- - 5- -	 - - 0 0 1 0 0 0

41 rin ell - 3- - 3- -	 - - 0 0 1 0 0 1

4	 9 a ca ly p - - 3	 - 3 4 -	 - - 0 0 1 0 0 1

5	 0 diom es - -	 - - 3- -	 - - 0 0 1 0 0 1
51 verhil - -	 - - 3- -	 - - 0 0 1 0 0 1

5	 2 n ew hi - -	 - - 6- -	 - - 0 0 1 0 0 1
5	 3 ja td ic - -	 - - 3- -	 - - 0 0 1 0 0 1
54 polm	 u I - -	 - - 3 4 -	 - - 0 0 1 0 0 1

5	 5 a ca ro b ----- -	 -4 - 0 0 1 0 0 1

11 lecfra - 4 5 4 4 5 -	 - - 0 0 1 0 1 0 3
14 m a es u b - -	 - 3 ----- 0 0 1 0 1 0

1	 5 a Ilru b - 3 4 4 3	 - -	 - - 0 0 1 0 1 0

1	 7 m a y se n - -	 - 3 -	 - -	 - - 0 0 1 0 1 0

3	 7 m im fru - 6 4	 ------ 0 0 1 0 1 0

3	 8 ca red u - - -	 - - 0 0 1 0 1 0

3	 9 a ca rov - - -	 - - 0 0 1 0 1 0

4	 0 d io a b y - - -	 - - 0 0 1 0 1 0

4	 2 sa Im ad - - -	 - - 0 0 1 0 1 0

5	 6 ca d fa r - - 5	 ------ 0 0 1 0 1 0

5	 7 th y to m - 5	 - 3 ----- 0 0 1 0 1 0

5	 8 la m za n - - -	 - - 0 0 1 0 1 0

1	 2 a caela - 3 8 8 3 6 - 3- 0 0 1 0 1 1

19 ca p sep - 3 4 3- 3 - 3- 0 0 1 1 4
5 se cv ir 5 3 5 6 3 4 - 5 4 0 1 0

1	 3 m a yh et 2 3 3 3- - - 3- 0 1 0 6
21 sp iv en 6 3- - 8 7 - 6- 0 1 0

30 p hysom 4 - 3- 4 5 3 3- 0 1 0

1 sp p 7 7 - - 4- - - 3- 0 1 1

4 th ed a n - - 4 4- 4 - 3 5 0 1 1 6
1	 8 sa lp e r _ 4 3 3 3 3 4 6- 0 1 1

6 dobgla - 4 4 6 -	 - 6	 - 9 1 0

7 co rs in 3 - 4	 - 4	 - 5 5 4 1 0 7
9 terb re 4 -	 - - 4 4 5 5 4 1 0

4	 3 g re ten - - 3	 - 1 0

2 ce p co r ------ 4 3 5 1 1

3 cy a co r ------ 4 5 5 1 1

8 a caza n ------ 9 4 7 1 1

1	 0 h ibvit -------- 4 1 1 8
44 m a e m a c ------ 4 4	 - 1 1
4	 5 ja tsp i ------- 3 	 - 1 1
4	 6 aspafr ------ 3 	 - - 1 1
4	 7 cadg la ------ 3 	 - - 1 1

4	 8 xim a m e ------ 3- - 1 1

0 0 0 0 0 0 1 1 1

0 1 1 1 1 1

0 0 0 1 1

Site C la e a I !I III IV
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Figure 35 shows a site DCA ordination of the same data set and has superimposed

TWINSPAN classes encompassed by polygons in the ordination space. The ordination

confirms that there is an ecological basis for the existence of the TWINSPAN classes.

Table 15 is a summary of the results from TWINSPAN classification of the 1992

permanent sample data set. This data set had 55 species in 9 plots. TWINSPAN identified

eight species classes and three site classes. Plot number 6 which was the lone member of

the 1987 site class I was now lumped together with plots 2 and 3 (classified as site class

III in the 1987 data set). However, the other two sites (1987 site classes II and IV)

remained unchanged in 1992.

Figure 36 shows a site DCA ordination of the 1992 data set in which polygons

encompassing plots belonging to the TWINSPAN site classes have been superimposed.

This results again confirm that the classes produced by TWINSPAN have an ecological

basis.

Between 1987 and 1992, nine additional species were recorded in plot 6.

These species included; Trichilia emetica, Acacia robusta, Mimusops fruticosa,

Lecaniodiscus fraxinofolius, Grewia stulmannii, Polysphaeria multiflora, Cadaba

farinosa, Allophyllus rubifolius, and Azadirachta indica. By 1992, 12 species had

disappeared from plot 6. Among the major species to disappear were; Pluchea

dioscoridis, and Diospyros mespiliformis. Other species showed a decrease in basal area

and included Cadaba glandulosa, Cordia goetzei, Capparis sepiaris, Grewia spp,

Maerua macrantha, Indigofera spp, Maerua subcordata, Phyllanthus somalensis,
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Figure 35. A site DCA ordination a 1987 data set collected from nine permanent sample
plots from the Tana River floodplain. TWINSPAN site classes demarcated by polygons
have been superimposed on the ordination diagram. Ordination axes are scaled
proportionate to the longest axis.
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Table 15. A TWINSPAN classification of a data set collected in 1992 from nine
permanent sample plots located on the Tana River floodplain.

4 7 8 2 3 6 1 5 9 Species	 C lass
18 ha ra by -	 - - 3 3 4- -	 - 0 0 0 0 0 0
23 popili -	 - - -	 - 6- -	 - 0 0 0 0 0 0
28 raum om -	 - - -	 - 2- -	 - 0 0 0 0 0 0
29 co m con -	 - - -	 - 2- -	 - 0 0 0 0 0 0
41 n ew hi -	 - - 6- - - -	 - 0 0 0 0 0 0
42 polm	 u I -	 - - - 4 2- -	 - 0 0 0 0 0 0
43 a ca ro b -	 - - - 4 2- -	 - 0 0 0 0 0 0
44 eupgos -	 - - -	 - 2- -	 - 0 0 0 0 0 0
51 strm	 ir -	 - - -	 - 3- -	 - 0 0 0 0 0 0
52 a za in d -	 - 0 0 0 0 0 0 1
54 g restu - - -	 - 2- -	 - 0 0 0 0 0 0
20 in d ig o - 3	 - 433 - -	 - 0 0 0 0 0 1
15 e u cn a t 3- 3 3- 4 - -	 - 0 0 0 0 1 0
30 g a rliv 5- - 5- 2 - -	 - 0000 1 0
10 lecfra 4 4 4 4 5 2 - -	 - 0 0 0 0 1 1
25 p a v s p h 2	 - - -	 - 2 - -	 - 0 0 0 0 1 1
40 a ca ly p 2 3 3 3 4- - -	 - 0 0 0 0 1 1
48 triem 2	 - - -	 - 2 - -	 - 0 0 0 0 1 1
53 cleace 2 2 - -	 - 0 0 0 0 1 1
24 co rg o e 2 3	 - -	 - 4 - -	 - 0 0 0 1 0
31 hunzyl 5 2	 - -	 - 2 - -	 - 0 0 0 1 0
35 rin	 ell 3	 - 3 3	 ----- 0 0 0 1 0

9 h ib v it -	 - 3 ------ 0 0 0 1 1
13 m a esu b - 2 3 ------ 0 0 0 1 1
14 a Ilru b 3 3 3 - 2 - -	 - 0 0 0 1 1
32 m im fru 6 3- -	 - 2 - -	 - 0 0 0 1 1
33 a ca rov 3	 -------- 0 0 0 1 1 2
34 d io a by 3	 -------- 0 0 0 1 1
36 salm ad 2	 -------- 0 0 0 1 1
39 xim a m e - 2	 ------- 0 0 0 1 1
45 cad fa r - 5 4- - 2 - -	 - 0 0 0 1 1
46 thytom 5 3 4 ------ 0 0 0 1 1
47 la m za n - -	 - 0 0 0 1 1
50 m eytet -	 - 3 - - - -	 - 0 0 0 1 1
55 blefru - 3	 ------- 0 0 0 1 1
11 a ca ela 4 8 8 4 6- - 4- 0 0 1
12 m a y h et 333- - 2 - 3- 001 3
17 ca psep 3 3	 - -	 - 2 - 3	 - 0 0 1
27 g rew ia 3- 3 3- 2 - 3- 0 0 1

3 th ed a n - 3 3 - 4 2 - - 40 1 0
4 secvir 3 6 5 3 4 5 - 5 4 0 1 0 4

1 9 sp iv en 3- - 776 - 5- 0 1 0
22 p rev e I -	 - - 3- 2 - 3- 0 1 1 5
26 ph y so m - 2- 4 5 3 4 4- 0 1 1

5 dobg la 4 4	 6 -	 - 6 - 9 1 0 6
21 oncspi 2 2	 - -	 - 3 4 -	 - 1 0

6 co rs in - 3- 5	 - 255- 1 1 0
8 te rb re -	 - - 4 4 4 5 5 4 1 1 0 7

16 salper 4 3- 3 4- 5 6- 1 1 0
1 ce p co r ------ 5 3 7 1 1 1
2 cy a co r ------- 3 5 1 1 1
7 a ca za n ------ 9 5 6 1 1 1 8

37 g reten ------- 4 	 - 1 1 1
38 m a em a c ------ 4 3	 - 1 1 1
49 co m ca n ------- 3- 1 1 1

0 0 0 0 0 0111
0 0 0 1 1 1

Site C lass I Il Ill
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Securinega virosa, Thespasia danis, and Thylachium thomansii.

Decreases in density (stems per ha) occurred in plot 6 in the following species;

Dobera glabra, Hunteria zeylanica, maerua macrantha, Populus ilicifolia, Spirostachys

venenifera and Terminalia brevipes. However, between 1987 and 1992, there was an

overall increase in tree density and basal area.

4.6 DISCUSSION AND CONCLUSIONS

Vegetation data from the Tana River floodplain have been classified using several

methods; for the entire data set, the upper, middle and lower canopies, and the

regeneration layer. The fact that these classifications have been corroborated through

ordinations, confirms that there is an ecological basis for the existence of the various

classes produced by TWINSPAN. However, some of the classes were not distinct as

explained in earlier sections. The middle canopy in particular is not well structured as

was confirmed by the indistinct location of plots belonging to various classes on the

ordination diagram. It is also clear that the ordering of plots and the species, is influenced

by elevation of each vegetation plot above river, and consequently the frequency and

duration of flooding. There is also some correlation between the ordering of the species

and soil texture, which is also influenced by the hydrology of the river. Changes in river

hydrology as a result of river development activities such as dam construction, is

therefore likely to change the structure of the forest.
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It is clear through the analyses of the different canopy layers that there are

different species assemblages from one layer to another. Results from classifications and

ordinations indicate that the different canopy layers have different species compositions.

It is also evident that many of the upper canopy species do not even appear as major

constituent species in the classes obtained for the middle and lower canopies. An

examination of regeneration data also revealed that there were many canopy species not

regenerating to any significant level. The occurrence of 24 dominant species of the upper

canopy are shown in Appendix 10, with occurrences in the entire data set, the upper,

middle, lower canopies and the regeneration layer, respectively . The appendix is shown

by: (i) number of plots and percentage of plots a species is present, (ii) number of trees

and shrubs of each of the 24 species present as a percentage the total number of trees and

shrubs recorded for all species.

Primary succession species begin at the first point-bar "beaches" created by the

deposition of river sediment on the convex bank of the bend. The sedimentation leads to

the stabilization of the point-bar and to the addition of new ridge to the developing

meander bend (Salo and Kalliola, 1991). In the Tana riverine forests, the front of the

point-bar may be dominated by species such as Pluchea dioscoridis, Tamarix nilotica and

Populus ilicifolia.

Ox-bow lakes are formed following the cutting off of meanders. Meander cutting

and abandonment of river channels leads to the development of geomorpho logically

diverse floodplain, and consequently the development of a highly complex forest.
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Meander cutting and abandonment of river channels has several consequences for forest

dynamics: (1) it initiates a new type of primary succession along the sites of the ox-bow

lakes, and (2) where channels have been abandoned, successional forest of different ages

occur side by side. Most of the ox-bows are filled through their upper mouth with sand,

and this is followed by the silting of the rest of the lake during floods. For this reason, the

oxbow lake is already diverse and will result in the development of a mosaic structure of

successional species.

It appears that most of the forest species on levees and backswamps have to go

through some growth in the gap phase of the forest before they can attain maturity.

Species will react differently to the creation of gaps, with the size of the gap strongly

influencing the composition of the species and spatial patterns in the forest. In the Tana

riverine forests seedlings of some species will grow very little under shade cover and may

even progressively die off until a gap opens up and boosts their growth. More research is

required to identify what species fall in this category but candidate species will probably

include Sterculia appendiculata, and Ficus sycomorus. In contrast, some other species are

extremely shade tolerant, grow very slowly and perish if exposed, as in a large tree-fall

gap. This may be true for many of the levee and clay-evergreen forest species. The

behavior of the different forests species to the creation of different gap sizes needs to be

studied further in order to understand and be able to better predict what may happen

under different management scenerios.
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In the preceding four sections, I have examined species assemblages in the upper,

middle, and lower canopies, and in the regeneration layer of the Tana riverine forests, by

using classification and ordination techniques. This time-specific multi-canopy

interpretation of stand structure was performed to better understand the regeneration

status of the riverine forests.

It is well known that the regeneration status of populations may be interpreted

from time-specific analyses of stand structures (Daubenmire, 1968; Heft and Loucks,

1976). Stable species must be present as both juveniles as well as adults and these species

typically have a reverse J-curve of age distribution. The use of size class analysis to

assess the regeneration status of the population requires a significant positive relationship

between stem-size and age. It has been shown for many tropical forest species that girth is

not a reliable guide to ages of trees (Ogden, 1981; Swaine and Hall, 1986). Age estimates

of trees have been made by calculating how long the average tree would take to pass

through the various size-classes leading to the present size of the tree (Ogden, 1981).

Unfortunately, there can be great variation in the annual growth rates between individual

trees of the same species even when the trees are growing within a stand with minimum

microsite differences. In such a situation, we can speculate that the diverse growth rates

probably stem from genotypic differences. The slowest growth is usually found among

the smallest trees, and therefore a large part of the age of many trees will be spent as

seedlings and saplings. The absence of proven size-age relationship means that

population size structures must be treated with caution when used to infer temporal
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patterns of regeneration. Interpretation of the regeneration status of a forest stand through

the examination of species assemblages at different canopies, assumes that any tree in the

upper canopy must have passed through the smaller sizes during growth to its present

size, and that we may expect future canopy trees to be drawn from the existing population

of smaller trees.

It is clear from the multi-canopy analyses that the composition of the Tana

riverine forests differs radically from the upper canopy through to the regeneration layer.

Many of the dominant tree species in the upper canopy are either absent or poorly

represented in the middle canopy and lower canopies. An examination of the regeneration

layer also confirms that with the exception of a few species, most of the upper canopy

species show very poor regeneration. Figure 37 shows the frequency of occurrence of 24

tree species at different canopy levels (upper, middle, and lower canopies, and the

regeneration layer), in 73 sample plots from the Tana riverine forests. It can be seen from

these figures that with the exception of a few species, far fewer plots were found to

contain species in the regeneration layer compared to the upper, middle and lower

canopies.

Spirostachys venenifera shows the widest ecological tolerance and occurs at all

canopy levels, and in the regeneration layer. Spirostachys venenifera is present in over

56% and 67% of all sample plots in the upper and middle canopies, respectively. The

species regenerating in the widest range of sites is Garcinia livingstoneia, and occurs in

the regeneration layer of over 70% of all sample plots. It is the only species whose
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occurrence in the regeneration layer far outstrips that in all other canopy layers. We can

therefore conclude that, under present conditions, Garcinia livingstoneia does not appear

to be under any immediate threat of disappearing from the Tana riverine forests.

Acacia elatior is well represented in all canopy layers, but has the heaviest

concentration in the upper canopy (about 42% of all plots). The occurrence of Acacia

elatior in the middle canopy, lower canopy, and in the regeneration layer is about 18%,

19%, and 14% of all plots, respectively. This observation is surprising and contradicts the

suggestion by Hughes (1985) that Acacia elatior would become more prevalent on many

floodplain sites (especially around Bura) as a result of reduction in annual floods

following the construction of Masinga Dam.

Diospyros mespiliformis shows reasonably good regeneration as its occurrence in

the lower canopy and regeneration layer of sample plots is almost double that in the upper

and middle canopies. Both Mimusops fruticosa and Trichilia emetica show little

regeneration, although both appear to be fairly well represented in the upper, middle and

lower canopies (Figure 37).

Dobera loranthifolia, Hunteria zeylanica, and Euclea natalensis, are well

represented in the both the middle and lower canopies, and in the regeneration layer. The

lighter presence of these three species in the upper canopy suggests that they are not

really upper canopy species, but rather middle and lower canopy species.

Salvadora persica occurs more commonly in the transitional woodlands than in

the riverine forest. Regeneration of this species is therefore likely to be influenced more
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by local rainfall conditions than flooding of the Tana River. Salvadora persica is well

represented in both the middle and the lower canopies, but is poorly represented in the

regeneration layer. This species is found more commonly in the middle, and lower

canopies and less so in the upper canopy.

Acacia robusta, and Lepisanthes senegalensis are well represented in all canopies

and in the regeneration layer (Figure 37). However, both species occur in less than 15%

of all sample plots. This observation should not necessarily be seen as negative in the

future of Acacia robusta and Lepisanthes senegalensis, but rather as a reflection of the

narrower ecological range of the species.

No Ficus sycomorus seedlings were found to occur in any of the sample plots

(Figure 37). The species occurs in twice as many plots in the upper canopy than in the

middle and lower canopies. The fact that there were no seedlings of Ficus sycomorus

observed growing in any of the sample plots, suggests a threatened continued existence of

the species in these forests.

Term inalia brevipes is found mainly in the middle and lower canopy, although a

few individuals make it to the upper canopy. Although Terminalia brewpes seedlings

were found in far fewer plots compared to the occurrence of the species in the middle and

lower canopies, there was still an impressive number of seedlings found (over 3% of all

seedlings observed). The wider distribution of Terminalia brevipes in the middle and

lower canopies, suggests that ideal conditions for its regeneration may have prevailed in

the past. However, the narrower spatial distribution of Terminalia brevipes seedlings
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suggests that relatively fewer sites remain ideal for regeneration. Terminalia brevipes is

commonly found in regularly flooded sites such as ox-bow lakes and point-bars. These

sites are some of the lowest-lying areas on the floodplain and therefore still experience

flooding even after construction of dams in the upper river basin. As a result, these areas

are still the preferred sites for flood recession agriculture by the Malakote. Development

of ox-bow lakes and point-bars for agriculture may be contributing to the observed

decline in the regeneration of the regeneration of Terminalia brevipes.

Sterculia appendiculata seedlings were only found in one plot compared to six

plots in the upper canopy. The occurrence of this species in the middle and lower canopy

was also restricted to one plot. Distribution of Sterculia appendiculata has not only been

limited to specific sites, but it appears that there have even been fewer opportunities for

regeneration of this species in recent days. This species is also likely to disappear from

the Tana riverine forests if the current trend in regeneration persists.

Populus ilicifolia is classified as an endemic species by IUCN (1978). There are

43 individuals of this species in the upper canopy, occurring in five sample plots

(Appendix 10). The middle canopy contains 21 trees in two plots, while the lower canopy

has 77 saplings in one sample plot. There were 54 Populus ilicifolia seedlings restricted

to three sample plots. Populus ilicifolia has a very narrow ecological amplitude and is

restricted almost exclusively to point-bars. The continued existence of Populus ilicifolia

in the Bura riverine forests is in doubt as the only healthy stand of this species was found

in the Ghamano area between Bura East and Wadesa (Figure 4). The only other site that
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had Populus ilicifolia was at Aratole, and in that case, only mature and dying individuals

of this species were found. This species is generally short-lived and in most cases does

not live beyond 50 years.

No seedlings of Kigalia africana, and Markhamia zanzibarica were found in any

of the sample plots (Figure 35d). These two species are certainly in danger of

disappearing from the riverine forests of Bura. The worst possible situation of all the

species is possibly that of Albizzia gummifera. Only three mature individuals of this

species were found, and they were present only in the upper canopy. Although this

species has literally disappeared from the Bura forests, it is much more common in the

downstream riverine forests of the TRNPR (Medley, 1990).

Analysis of the 1987 and 1992 permanent data sets revealed the same general

structure obtained with the more recent (1995) vegetation sample plot data set. The

permanent sample plot data could have been more useful had measurements been

repeated carefully at the same point on the trunk of the trees and shrubs during the

different measurements. The major constraint with these data was the fact that it was

impossible to follow the growth of individual trees and shrubs. The problem with growth

measurements from permanent sample plots is that trees grow under seasonally variable

moisture conditions, so that the trunks of trees expand and contract depending on the

water stress in the xylem. Trunks measured in the dry season will be thinner than in the

previous wet season. The difference in shrinkage may be as great as that due to growth in

a whole year.
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CHAPTER V

5.0 REMOTE SENSING

5.1.0 Introduction

Recent concern over the condition of the riverine forests of the Tana River

following a sustained program of dam-building in the upper river basin, and the

development of the Bura Irrigation Scheme adjacent to the riverine forests indicated a

need to assess and monitor this important resource. These developments coupled with an

increasing local population in the study area have lead to increased pressure on the

riverine forests.

This part of my dissertation research focuses on the use of remote sensing for

mapping and monitoring land-cover within the study area. Analysis of historical remote

sensing data provides the means to quantitatively document the extent of change in the

riverine forest over a twenty year period (Figure 38). Each satellite image analyzed in this

study was subset to cover an area approximately 40 km x 60 km. The study area covers a

stretch of the river south of Nanighi and north of Makere (Figure 39).

The specific objectives of this part of my study are to produce land-cover maps

from satellite images for the following years; 1975, 1984, 1989, and 1996. An additional

task related to this first objective is to perform classification accuracy assessments of the

1975, 1989 and 1996 land-cover classifications utilizing available aerial photography and

ground truth data.
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Figure 38. Location of Study area (boxed), towns, and, settlements along the Tana River.
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Figure 39. Extent of study area and the Burn Irrigation and Settlement Scheme.
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The second objective is to produce land-cover change maps for 1975-1984, and

1989-1996 periods. The multi-temporal and multi-sensor data used are from the Landsat

Multispectral Scanner (MSS), Landsat Thematic Mapper (TM) and SPOT High-

Resolution Visible (HRV) sensors.

5.2.0 Background

In tropical regions, satellite remote sensing may be the only feasible means of

monitoring forest clearing, shifting cultivation, and land use conversion trends. Many

tropical regions are located in remote areas that are difficult to access by road, and aerial

photography is non-existent or out-dated. Given these conditions, high resolution satellite

imagery can be a valuable source of information about current and changing land use

(Sader, 1995).

There have been many remote sensing studies of tropical and subtropical regions

since the launch of the first Landsat satellite (e.g Eden and Parry, 1986; Sader et al.,

1990). Salo et al. (1986) used multi-date Landsat MSS images to quantify lateral

migration rates of meandering and anastomising stretches of the Ucayali and the Amazon

Rivers in Peru, between 1979 and 1983. Remote sensing provided the only practical

method of mapping forest on previous floodplains in an area covering over 500,000 Km 2

in the headwaters of the Peruvian Amazon. In the Savannah River swamp of South

Carolina, Jensen et al. (1986) were able to differentiate large vegetated wetlands using a

Landsat MSS scene acquired in spring, whereas a Landsat TM image obtained during the
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growing season was found to be of limited use.

Satellite data have been used to map forest resources since the inception of the

Landsat satellite program in 1972 (e.g Newland et al., 1980; Khorram, 1982, Likens and

Peterson, 1981; Kouris and Baker, 1982; Lillesand eta!., 1985; Brockhaus and Khorram,

1992). The use of multi-spectral satellite images to extract forest attribute information

(such as species composition, crown closure, age, and forest productivity) has yielded

mixed results, ranging from highly successful (Tom and Miller, 1980; Congalton et al.,

1993) to marginally successful (Niemann, 1993), depending on the nature of the terrain,

forest cover, and study objectives. Forest mapping in areas with steep topography have

been complicated and require the use of digital elevation models.

Singh (1987) found that Landsat MSS data could usually be used to distinguish

forest from non-forest, but further subdivisions resulted in lower classification accuracies.

The only sub-division of the forest that could be achieved reliably was that for a closed

forest and a mixed bamboo forest (Singh, 1987). Grassland and shifting cultivation; scrub

and open forest could also not be reliably separated. This was attributed to the presence of

grasses and vegetation regrowth in areas of shifting cultivation (Singh, 1987). Landsat

MSS data has also been used to assess deforestation in the Guinea Highlands of West

Africa (Gilruth and Hutchinson, 1990). One conclusion drawn from this study was that

Landsat MSS data could not consistently be used to distinguish between gallery forests

and dense stands of dry forest because of their spectral similarity.
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A study to evaluate the utility of SPOT (HRV) and Landsat TM data for

inventoring forest resources was conducted in North Carolina (Brockhaus and Khorram,

1992). Six forest cover types and a water category were mapped with an accuracy of

74.4% for SPOT (XS) data, and 70.8% for the three Landsat TM bands corresponding to

the SPOT (XS) bands. However, when all six visible and reflective infrared Landsat TM

bands were used, the classification accuracy increased to 88.5%. In another study, Bauer

et al. (1994) used Landsat TM data to conduct an inventory of forest resources in

Minnesota. The classification resulted in six forest and five non-forest classes. A

classification accuracy of up to 75% was achieved, with most of the mis-classifications

occurring between similar or related classes. Area estimates for total forest land was

within 3% of that obtained in an independent estimate made by the US Forest Service

(Bauer et al., 1994).

Data acquisition from optical satellites is restricted in many tropical regions of the

world because of the presence of heavy cloud cover. The joint use of data from different

operational satellite sensors such as Landsat MSS, Landsat TM and SPOT (HRV) may

provide a solution to partially overcome the acquisition problems, but the multiplicity of

data sources complicates operational procedures for data analysis.

The ability to use remotely sensed data to classify land cover accurately is

dependent on a robust relationship between the remote sensing signature and actual

surface conditions. However, factors such as sun angle, earth-sun distance, detector

calibration differences between the various sensor systems, atmospheric condition, and
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sun-target-sensor (phase angle) geometry will affect pixel brightness value (Jensen,

1996). Image normalization reduces variation in pixel DN (digital number) variation

caused by non-surface factors, so that variations in pixel DNs between dates may be

related to actual changes in surface conditions. Since quantitative comparisons are

mandatory for monitoring changes in earth's reflectivity, multiple sensor approaches

require radiometrically calibrated images (Hill and Aifadopoulou, 1990).

Digital images obtained through multi-temporal satellite remote sensors have been

used successfully to map land-cover changes from year to year and season to season

(Robinove et al., 1981; Jensen and Toll, 1982; Fung, 1990; Chavez and MacKinnon,

1994).

5.3.0 Radiometric Calibration and Correction of Atmospheric Effects

The amount of electromagnetic energy sensed by an imaging system's detectors is

influenced by the atmosphere. Atmospheric effects are wavelength dependent; are both

additive and multiplicative in nature; and include scattering, absorption, and refraction of

light (Curcio, 1961; Turner et al., 1971; Sabins, 1978; Slater et al., 1983).

Quantitative studies using multi-temporal satellite data are complicated because of

the need to account for the effects of the atmosphere, illumination, and sensor differences

between acquisitions. Atmospheric attenuation is caused by scattering and absorption in

the atmosphere. When trying to extract biophysical information from surfaces such as

vegetation (e.g., biomass, net primary productivity, or percent canopy closure), the subtle
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differences in reflectance among the important constituents may be so small that

atmospheric attenuation makes them inseparable (Jensen, 1996).

Rectifying image data to remove, as much as possible, the degrading effects of the

atmosphere entails modeling the scattering processes that take place and establishing how

these determine both the transmittances of the various paths and the different components

of sky irradiance and path radiance (Richards, 1993). When available, atmospheric and

radiometric correction models can be used to relate digital counts for given pixels in each

band to the true reflectance of the surface being imaged.

A problem associated with using historical remotely sensed data for change

detection is that the data are usually non-anniversary dates with varying sun angle,

atmospheric, and soil moisture conditions. Ideally, the multiple dates of remotely sensed

data should be normalized so that these effects can be minimized or eliminated (Eckhardt

et al., 1990; Hall eta!., 1991).

The problem of correcting images for atmospheric differences between dates has

been addressed by many researchers. These efforts have resulted in several approaches

for removing atmospheric attenuation from remotely sensed data (Cracknell and Hayes,

1993). Some of these involve the use of : (1) in-situ biophysical measurements and

radiative transfer codes (RTC), (2) RTC and simulated model atmospheres, (3) image-

based approaches such as the dark-object subtraction technique.

The first method requires that in situ biophysical measurements be made at the

time that the remote sensing data are acquired (Jensen et al., 1989). Atmospheric optical
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depth on the day of satellite overpass is measured and a radiative transfer code (RTC)

used to compute the relationship between surface reflectance and radiance at sensor. This

procedure has proved to be accurate (Holm et al., 1989; Moran et al., 1990) but is usually

too expensive and time-consuming to be used on an operation basis.

There are a number of atmospheric radiative transfer codes that can provide

realistic estimates of the effects of atmospheric scattering and attenuation on satellite

imagery (Fraser, 1990; Kaufman, 1988; Kneizys et al., 1988; Tanre et al., 1990).

However, the application of these codes to specific scenes and times requires a

knowledge of sensor calibration parameters and atmospheric properties (which include,

vertical profiles of atmospheric water vapor, aerosols, and molecular composition) during

each satellite overflight. Atmospheric properties may be difficult to acquire even when

planned, and are unavailable for most of the historical images (Hall et al., 1991).

The second method requires the use of a model atmosphere to correct the

remotely sensed data. An assumed atmosphere is calculated using the time of the year,

altitude, latitude, and longitude of the study area. This method may be successful when

atmospheric attenuation is relatively small compared with the signal from the terrain

being sensed (Cracicnell and Hayes, 1993).

The last method for atmospheric correction derives information about atmospheric

conditions directly from the image itself, thus making it unnecessary for on-site

measurements of the atmospheric and site conditions. Image-based approaches to

atmospheric correction generally use scene-derived information about the atmosphere, in
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combination with RTC, to retrieve surface reflectance factors (Ahern et al., 1977). An

approximate correction for atmospheric effects could be carried out by first assuming that

each band of data for a given scene should have contained some pixels at or close to zero

brightness value but that atmospheric effects, and especially path radiance, has added a

constant value to each pixel in a band. Consequently, if histograms are taken of each

band, the lowest significant occupied brightness value will be non-zero. Moreover,

because the path radiance varies as a function of the wavelength (path radiance c<

where a varies between zero and 4 depending on the extent of Mie scattering), the lowest

occupied brightness value will be further from the origin for the lower wavelengths.

Correction takes the form of identifying the amount by which each histogram is "shifted"

in brightness away from the origin and then subtracting that amount from each pixel

brightness in that band. This procedure of atmospheric correction is frequently referred to

as haze removal (Richards, 1993). Unfortunately, this technique attempts only to remove

the additive scattering component caused by path radiance. Another similar technique is

the simple image-based dark-object subtraction (DOS) (Vincent, 1972; Chavez, 1975;

Ahern et al., 1977; Marsh and Lyon, 1980; Chavez, 1988; Chavez, 1989). The DOS

method allows path radiance information to be extracted using the darkest object in the

scene, not necessarily a clear body of water, and circumvents the need for a RTC by

ignoring transmittance and downwelling irradiance terms. Again, this technique does not

address atmospheric transmittance, which has a multiplicative effect caused by scattering
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and absorption. To accurately correct for the multiplicative effect due to transmittance

usually requires in-situ field measurements of atmospheric optical depth (Slater, 1985;

Slater, 1988; Holm et al., 1989).

Many remote sensing applications such as change detection involve the use of

historical remotely sensed data. It is difficult to locate atmospheric attenuation for

historical dates of imagery. In such cases, the only way to radiometrically correct or

adjust the multiple-date images so that they have approximately the same radiometric

characteristics is to use one of two techniques to normalize the data; empirical

normalization or deterministic normalization.

In order to maximize the benefit, change detection procedures must be performed

automatically in an operational environment, and the results must be related to physical

ground units (Chavez, 1996). This requires the implementation of an operational

radiometric correction procedure for both sensor and atmospheric effects. There are

several different methods to convert image digital counts to reflectances, but these do not

correct for atmospheric effects. The most straightforward method converts digital counts

to "apparent" or "at-satellite" reflectances" by correcting for sensor gains, offsets, solar

irradiance, and solar zenith angle (Markham and Baker, 1986; Price, 1987; Leprieur et

al., 1988; Hall et al., 1989; Hall et al., 1989; Chavez, 1989; Moran et al., 1992).

In multiple-date empirical radiometric normalization, targets that do not change

spectrally from image to image (called pseudo-invariant ground targets) are used to

normalize multi-temporal data sets to a single reference scene (Jensen et al., 1995). Image
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normalization would be achieved by applying a regression equation to the non-referenced

scene which predicts what a given brightness value would be if it had been acquired

under the same conditions as the reference scene. This regression equation would be

developed by correlating the brightness normalization of targets present in both the scene

being normalized and the reference. Targets used for normalization are assumed to be

constant reflectors, so any changes in brightness values are attributed to detector

calibration, astronomic, atmospheric, and phase angle differences. Once these variations

are removed, changes in brightness values are assumed to be related to changes in surface

conditions (Eckhardt et al., 1990).

In multiple-date deterministic normalization, additive term (path radiance

correction) from a constant, near zero reflectance target in the image is obtained and a

calculation of the multiplicative term for detector calibration, solar zenith angle, and

Earth-sun distance data is made (Eckhardt et al., 1990). The deterministic normalization

requires less analyst interaction with the image than the empirical technique, because

scene brightness values are used only to develop an estimate of path radiance.

Unfortunately, this approach ignores differences in atmospheric attenuation and phase

angle between dates (Eckhardt et al., 1990).

A method that converts digital counts to "at-satellite" reflectances and at the same

time corrects for atmospheric effects has been developed by Chavez (1996) and is the

method used in this study. This method has been adopted here because all the

atmospheric corrections are image-based, making it most ideal for change detection
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studies. A description of the Chavez correction method will be presented in the methods

employed section.

5.4.0 Change Detection

There are several techniques available for change detection. In a multi-date visual

change detection, two or more dates of remotely sensed data are examined and areas of

change noted (Price et al., 1992; Jensen et al., 1993). This technique is non-quantitative

and does not produce information on which land-cover classes change from one class to

another. In a multi-date composite image change detection, rectified multiple dates of

remotely sensed images are placed in a single data set. This composite data set can then

be analyzed in a number of ways to extract change information. One method is to perform

an unsupervised classification to produce change and no-change clusters. The analyst

must then label the clusters accordingly (Jensen, 1996). Another method is to use

principal component analysis (PCA) to detect change (Fung and LeDrew, 1987, 1988;

Eastman and Fulk, 1993; Bauer et al, 1994). The resulting PCA image data set contains

one or several bands with information related to change. The difficulty arises when trying

to interpret and label each component in the image. The advantage of this technique is

that only a single classification is required. The biggest disadvantage is difficulty in

labeling the change classes, and the unavailability of the "from-to" change class

information (Jensen, 1996).



253

Another change detection technique for two images from different dates is band

ratioing/image differencing the same bands in two images that have been previously

rectified to a common base map (Green et al., 1994). In image differencing, imagery from

one date is subtracted from another resulting in positive and negative values in areas of

radiance change and zero in areas of no change. Band ratioing results in an image in

which areas of no radiance change have a value of 1 in the change image. A critical

element of both differencing and band ratioing change detection is deciding where to

place the threshold boundaries between change and no-change pixels displayed in the

histogram of the change-image (Jensen, 1996). This decision subjective and is often

based on familiarity with the study area. Another disadvantage of this technique is that it

provides no information on the nature of change (no "from-to" information).

Post-classification comparison change detection is the most commonly used

method of change detection (Jensen et al., 1993a). It requires the rectification and

classification of each remotely sensed image. These two classified images are then

compared on a pixel-by-pixel basis using a change detection matrix. The major

disadvantage with this technique is that every error in the individual classification maps

will also be present in the final change detection map (Rutchey and Velcheck, 1994). It is

therefore very important to insure that the individual classification maps used in the post-

classification change detection be as accurate as possible (Augenstein et al., 1991).

Advantages of post-classification comparison change detection include the detailed

"from-to" information that can be extracted and the fact that the classification map for the
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next base year is already complete (Jensen, 1996).

5.5 METHODS

5.5.1 Data

Three remote sensing digital data types were used for this study. These were

Landsat MSS, Landsat TM and SPOT (HRV) data. Most of the archived MSS and TM

images over the study area had heavy cloud cover. Only two Landsat MSS and one

Landsat TM images were found not to have significant cloud cover and these were

acquired. The limited availability of usable images for the study area meant that it would

be impossible to obtain usable anniversary date images (the most ideal for change

detection studies). The discrepancy in seasonal coverage is bound to complicate the

change detection process, especially in areas away from the floodplain which are most

greatly impacted by the changing seasons. Fortunately, the riverine forest is mostly

evergreen and was not affected significantly by seasonal differences in acquisition dates.

Two Landsat MSS and one Landsat TM data set were selected. There was one

cloud-free SPOT (XS) image available for 1989 and this was acquired. Another SPOT

(XS) image was acquired in 1996, three months after the conclusion of the fieldwork for

this study. Table 16 summarizes the type of digital satellite imagery used in this study.

Due to the spectral and spatial resolution differences between the Landsat MSS and

SPOT, only pairs of data from the same sensor were utilized for classification change

detection. The Landsat TM data were used in an analysis of changes in the river channel.
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Table 16. Satellite data used in present study.

Data Type Sensor Pixel Resolution Acquisition Date

Landsat MSS Landsat 2 56.5 m X 79.0 m 2" June 1975

Landsat MSS Landsat 5 56.5 m X 79.0 m 23"I April 1984

Landsat TM Landsat 5 28.5 m X 28.5 m 22" January 1985

SPOT XS SPOT 1 20.0 m X 20.0 m 12th May 1989

SPOT XS SPOT 3 20.0 m X 20.0 m 28th March 1996

5.5.2 Satellite Data Processing

5.5.2.1 Radiometric and Atmospheric Correction

All image processing work was performed using ERDAS IMAGINE software

(ERDAS, 1996). As a first step each satellite image was subjected to radiometric and

atmospheric corrections. The atmospheric and radiometric correction method used in this

study was based on the dark object subtraction (DOS) technique discussed by Moran et

al. (1992) and the COST method proposed by Chavez (1996). This method is entirely

image-based and has been found to be as accurate as those generated by models that used

in-situ atmospheric field measurements and radiative transfer codes (Chavez, 1996).

The following equation by Slater (1980) expresses spectral reflectance of the

surface (pg.)) as a function of spectral radiance of a surface and the irradiance reaching the

surface:

pg), = Lgx * it / (Ea. * cos 0,* e(-8k * sec 0 
z
 ) ± E(p)\
	

(1)
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Ea is the solar spectral irradiance on a surface perpendicular to the sun's rays outside the

atmosphere (W 111-2 1.1m-1 ). Ea contains the Earth-Sun distance term (d2) imbedded and is

in astronomical units (astronomical units are a function of time of year)

Ea = Esua / d2

where

EsunX = Mean solar exoatmospheric irradiances

d = Earth-Sun distance in astronomical units (which can be obtained from a

nautical handbook)

A satellite-based sensor detects the radiance transmitted through the atmosphere to the

sensor (L). This term is a function of the spectral radiance at ground level, the

transmittance through the atmosphere, and the upwelling atmospheric spectral radiance

due to scattering (Lgx). This can be expressed as

Lsx = Lgx e(-8), * sec O) ± T 	 (2)

Combining equations (1) and (2), we have the following equation which describes

the interaction of in-coming solar irradiance with the atmosphere and the surface,

pgx = ( it ( L sx, - La ) / to,))/ (Ea * cos 0,* ,r+ Ea)	 (3)

where tzx and Ldx are atmospheric transmittance along the solar and sensor viewing paths,

approximately equal to ea * sec 02 and e(-5?,* sec ow), respectively, for scattering and weak

absorbers at Oz and 0, values less than 700 (Moran et al., 1992).

The values of La can be computed from the output of the sensor (digital counts

(DC)) using data from in-flight of the satellite data. Values of Ea have been published for



257

the response functions of filters in Landsat MSS and TM sensors (Markham and Baker,

1986). Those for SPOT have been provided in SPOT Users Notes. The geometric

parameter 0, can be computed from date and time of satellite overpass, and O„ can be

acquired from header data accompanying an image scene (Moran et al., 1992).

Equation (4) was used to compute spectral radiance at satellite (L s)),

= (K x BV) + Ln„, n 	(4)

where

= radiance recorded by sensor for the given spectral band ov m-2 s -1

K = radiance per bits of sensor count rate

BV = brightness value of a pixel

Cmax = range of brightness values of pixels (e.g 7-bit = 128 and 8-bit = 256)

Lm ax = radiance measured at detector saturation (W m' sr')

Lmm = lowest radiance measured by a detector (W m 2 sr 1 )

and

K — (Ln. -	 Cmax

Values for L. and Lmin were obtained from EOSAT Technical notes (Markham and

Baker, 1986) and SPOT Users Notes(1996).

The first step in atmospheric and radiometric correction of the satellite images

used in this study required the estimation of path radiance (La) Path radiance was

estimated from each image by using the lower bounds of the histogram generated for each

band covering my study area. The lower-bound of the histogram (or "dark object") was

assumed to be indicative of the amount of upwelling path radiance in that band. The
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surface reflectance of the dark object is assumed to be 0.01 for all scenes and bands used

(Moran et al., 1992). Thus, path radiance (La) was assumed to be the dark-object

radiance minus the radiance contributed by 0.01 surface reflectance. The steps involved

are summarized below:

(1) determine histogram minimum DN values for each band

(2) convert the minimum histogram DNs to radiances using gains and off-set values for

the sensor, solar zenith angle, and Earth-Sun distance for the time of satellite overpass

(we will call this term L ima ).

(3) assume dark object has a surface reflectance of 0.01 and work back from this

reflectance value to determine its radiance (lets call this term A).

(4) calculate path radiance (La) by subtracting the radiance contributed by the dark object

from the minimum histogram DN values Lhistornia (already converted to radiances) i.e.,

Lax = Lhistominx - A
	

(5)

The next step in the atmospheric and radiometric correction of satellite images

required the use of Chavez's model (Chavez, 1996). Chavez's image-based atmospheric

correction model made the following assumptions:

(i) tzx = cos 0

where

0 = solar zenith angle, (0 = 900 - solar elevation angle). This information was

obtained from file header of each data set.

(ii) tvx = 1.0 because 0, is 0 ° from nadir (this assumption was also made for the two
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SPOT (HRV) scenes since each was acquired close to nadir (less than 5 0), and

(iii) E = 0 (downwelling was ignored).

Thus, Chavez's radiometric and atmospheric correction equation became,

pgx = ( IL I„x - La )/ (Ea * cos 0,* cos 0 )
	

(6)

All radiometric and geometric corrections were implemented in one model constructed in

ERDAS Imagine Modeler, by combining equations (4) and (5).

5.5.2.2 Geometric Corrections

Raw digital images of remotely sensed data contain numerous systematic and

non-systematic geometric distortions. Jensen (1996) has discussed sources of systematic

and non-systematic distortions in remotely sensed data. Some of the important sources of

systematic distortions are: scan skew caused by the forward motion of the sensor platform

during the time required for each mirror sweep; mirror-scan velocity not being constant

across a given scan; panoramic distortions because the area being imaged is proportional

to the tangent of the scan angle rather than to the angle itself, therefore producing along-

scan distortion; platform velocity changes; Earth rotation; and perspective distortions

introduced when projecting images to represent points on the Earth.

Since systematic distortions are constant over time, they are predictable, and

geometric transformations are relatively simple to design and inexpensive to run. The

purposes of these transformations is to correct pixel locational errors, thereby placing

ground features in their correct positions throughout the image (Avery and Berlin, 1992).
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Most commercially available satellite images already have much of the systematic error

removed. Unless otherwise processed, however, non-systematic error remains, making

the image non-planimetric (Jensen, 1996).

Altitude and attitude variations (roll, pitch, yaw) and topographic elevational

differences are responsible for non-systematic (random) distortions in a digital image.

Correction of these distortions requires the use of well-distributed ground control points

(GCPs) that are identifiable in the distorted image and a reference map or control base

(Avery and Berlin, 1992). Image pixel coordinates (row and column) are selected with

their map coordinate counterparts (e.g., meters in northing and easting in a Universal

Transverse Mercator map projection (UTM)). These values are used to establish the

geometric transformations required to match the image to the map.

Image-to-map rectification requires that polynomial equations be fit to the GCP

data using least squares criteria to model the corrections directly in the image domain

without explicitly identifying the source of the distortion (Novak, 1992). Depending on

the distortion in the imagery, the number of GCPs used, and the degree of topographic

relief displacement in the area, higher order polynomial equations may be required to

geometrically correct the data. The order of the rectification is the highest exponent used

in the polynomial. Generally, for moderate distortions in a relatively small area of an

image (e.g., a quarter of a Landsat TM scene), a first-order, six-parameter, affine

transformation is sufficient to rectify the imagery to a geographic frame of reference

(Jensen, 1996).
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Because the new locations of the transformed pixels will rarely coincide with the

locations of input or source pixels, digital numbers (DNs) for the transformed pixels must

be interpolated from the neighborhood surrounding source pixel. This process is called

resampling, and three algorithms can be used (US Geological Survey, 1983); nearest-

neighbor resampling, bilinear interpolation, and cubic convolution.

In the nearest-neighbor resampling, a DN value equal to that of the nearest input

pixel is assigned to the output pixel. Linear features in an image that has been resampled

using this technique tend to have a blocky, step-like appearance because the true location

of an output pixel may be offset by as much as one-half pixel in the output matrix (Berlin

and Avery, 1992). This is a computationally efficient procedure, and preferred by many

users because unlike the other two techniques, it does not alter the pixel brightness values

during resampling (Duggin and Robinove, 1990).

For the current study, an image-to-map rectification was performed for a Landsat

MSS sub-scene covering the study area. This image was acquired on June 2nd 1975. A

total of 28 GCPs with a total root-mean-square error (RMS error) of 0.474 pixel were

located both in the image and on a set of four 1:50,000 topographic maps covering the

study area. These reference maps were prepared in 1979 based on aerial photography

acquired in 1975, and were therefore current with the 1975 Landsat MSS image. The four

maps used were for Tula, Nanighi, Bura, and Hola. A first-order polynomial and the

nearest-neighbor resampling technique were used to rectify the Landsat MSS image.
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The rest of the images were all rectified to the georeferenced Landsat MSS sub-

scene using a first-order transformation and the nearest-neighbor resampling technique.

The Landsat MSS image for 1984 was georefernced using 30 points and a total RMS

error of 0.269. The SPOT (XS) image for 1989 was georeferenced using 29 points and a

total RMS error of 0.230, while the 1996 image was registered using 27 points and a total

RMS error of 0.281.

5.5.3 Land Cover Classification

An unsupervised classification of the digital satellite images was used to produce

land cover classes. Supervised classification techniques were found to be inadequate

because of the extreme complexity of the forest cover. Multitemporal Principal

Components Analysis (PCA) was also performed but the resulting principal component

images were not easily interpretable.

In an unsupervised classification, numerical operations that search for natural

groupings of spectral properties of pixels, as examined in a multi-spectral feature space,

are performed. The user allows the computer to select the class means and covariance

matrices to be used in the classification. Once these data are classified, the analyst then

attempts a posteriori to assign these natural or spectral classes to the information classes

of interest (Jensen, 1996). Some clusters may be meaningless because they represent

mixed classes of the Earth's surface materials. The analyst is required to understand the

spectral characteristics of the terrain well enough to label certain clusters as representing
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information classes.

The Iterative Self-Organizing data Analysis Technique (ISODATA) (Tou and

Gonzalez, 1977; Sabins, 1987; Jain, 1989) was the clustering algorithm used in the

unsupervised classification. ISODATA is self-organizing because it requires relatively

little human input. In ERDAS Imagine software, the analyst specifies: (1) the maximum

number of clusters to be identified by ISODATA; (2) maximum percentage of pixels

whose class values are allowed to be unchanged between iterations before the ISODATA

algorithm terminates; (3) the maximum number of times ISODATA is to classify pixels

and recalculate cluster mean vectors before terminating. ISODATA is iterative because it

makes a large number of passes through the remote sensing data set until specified results

are obtained (Jensen, 1996).

Before land cover classification could begin, clouds and shadows present in the

Landsat MSS data had to be removed. An unsupervised classification of the Landsat MSS

images with eight clusters resulted in optimum discrimination of cloud and cloud

shadow. Both SPOT images were cloud free and therefore did not require cloud masking.

Each Landsat MSS and SPOT image was then subjected to an unsupervised

classification using ISODATA. An initial 16 and 20 clusters were requested for Landsat

MSS and SPOT HRV (XS) images, respectively. The maximum percentage of pixels

remaining unchanged from one iteration to the next and the maximum number of

iterations specified were 95%, and 15, respectively. In all cases, however, the desired

classes were obtained in under 12 iterations.
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After the initial classification of an image, spectral clusters were evaluated and

where possible, information classes assigned to them. In all data sets, the majority of

clusters were from the area away from the floodplain, and only up to three classes were

within the floodplain. Even when the number of classes requested in the unsupervised

classification was raised to 30, the majority of the resulting classes were still non-

floodplain. It was found unnecessary to specify such a large number of clusters since 16

clusters were found adequate to classify the non-floodplain area. The few clusters that

included the floodplain were re-coded and used to mask out the non-floodplain classes

from the original 4-band and 3-band Landsat MSS and SPOT images, respectively. The

resulting images now only included the floodplain area and were classified separately into

12 classes. For the Landsat MSS classifications, aerial photographs acquired in 1975 at a

scale of 1:50,000, were used to aid in assigning class names to the clusters. In addition, a

modified soil-adjusted vegetation index (MSAVI) was computed for each image (Qi et

al., 1994). The resulting MSAVI image was used to calculate the mean and standard

deviation of MSAVI values of each cluster. This would further aid in identifying clusters

representing various levels of vegetated and non-vegetated areas.

A major goal of the land cover characterization was to map cultivated areas within

the riverine forest. Although spatially distinctive, cultivated areas within the riverine

forest were found to be spectrally indistinct, and were invariably classified as dense

scrub. However, because such cropped areas are always next to the river or around ox-

bow lakes, a 100 m buffer was applied to the river class in the SPOT images. Any dense
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scrub class that fell within this buffer was reclassified as cultivated land. Because of the

coarser Landsat MSS spatial resolution, it was not possible to try to separate cultivated

areas from dense scrub in the manner described for the SPOT HRV (XS) images.

Nine land cover classes were targeted for mapping in the SPOT (XS) data and

eight for Landsat MSS data. Eight of the classes were common to both data types but the

SPOT classified images had an extra class: cultivated riverine areas. These original nine

classes were:

(1) River

(2) Closed riverine forest

(3) Open riverine forest

(4) Transitional woodlands

(5) Dense Scrub (Acacia-Commiphora Scrub) / Bushland

(6) Low scrub / Herbaceous vegetation

(7) Bare ground

(8) Flooded areas / Earth dams

(9) Cultivated riverine areas

Closed riverine forest have a higher density of trees than the open riverine forest. In

addition, little light filters to the forest floor. For this reason, closed riverine forests have

little herbaceous vegetation in the understory. The open riverine forest class, as the name

suggests, has a lower stand density compared to the closed forest, and has more sunlight

reaching the forest floor. For the most part, closed riverine forests lie in between the river
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channel and the open forest class.

Transitional woodlands form the outer boundary between the forest class and the

Acacia-Commiphora scrub / Bushland class. This zone contains species both typical of

the riverine forest and the savanna bushland / scrubland. The ground layer for this class is

mostly covered with perennial grasses, and therefore this class is a favorite grazing

ground for Orma and Somali livestock for most of the year (up to 8 months) when the

annual grasses in the non-floodplain area have been exhausted.

Acacia-Commiphora scrubland class is found almost exclusively in the area away

from the floodplain. This class contains almost pure stands of Acacia spp. and

Commiphora spp., growing up to 3 m in height and with dominant species including:

Acacia reficiens, Acacia zanzibarica, Commiphora candidula and Commiphora

campestris. The ground layer is mostly covered by grass.

The "bushland" sub-category of the "Acacia-Commiphora / Bushland" class

describes an impoverished woodland occupying the outer edge of the Tana River

floodplain. These areas receive flooding mostly from the ephemeral streams but rarely

from the Tana River. Species dominating this class include: Salvadora persica, Acacia

tortilis, Dobera glabra, Lawsonia inermis, Termialia brevipes, Cordia sinensis, Grewia

spp., and Commiphora spp. Tree species in this class are generally less than 4 m in height

and the ground is mostly covered by annual and perennial grasses.

The low scrub / herbaceous class is mostly covered by low-lying scrub species,

e.g. Acacia mellifera, Acacia reficiens, and Salsola dendroides. These scrub species are
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usually less than 1 m in height and are sparsely distributed. The rest of the ground is

mostly covered by annual grass. The bare ground class has mostly the soil exposed and is

only very briefly covered by herbaceous vegetation immediately following the bi-annual

rains.

Various parts of the floodplain get flooded from the river or through the

ephemeral streams. Other non-floodplain areas along the lagas (ephemeral streams) also

briefly (for a couple of weeks) hold water after the rains. There are also water storage

reservoirs at the irrigation scheme and earth dams in other areas. These are mostly

shallow and contain muddy water and were in many cases mapped as flooded areas.

Freshly watered fields at the irrigation scheme were also mapped as flooded ground. The

cultivated riverine area class is only present in maps derived from SPOT data, and is

restricted to sources of water (river and ox-bow lakes).

5.5.4 Classification Accuracy Assessment

To correctly perform accuracy assessment, it is necessary to compare two sources

of information: (1) the remote-sensing-derived map and (2) reference information. The

relationship between these two sets of information is commonly summarized in an error

matrix. An error matrix is a square array of numbers laid out in rows and columns that

express the number of sample units assigned to a particular category relative to the actual

category as verified in the field or some other source of reference data (e.g aerial

photographs and topographic maps). The columns normally present the reference data,
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while the rows indicate the classification generated from the remotely sensed data. An

error matrix is a very effective way to represent accuracy because the accuracy of each

category is clearly described, along with both the errors of inclusion (commission errors)

and errors of exclusion (omission errors) (Jensen, 1996).

Overall accuracy is computed by dividing the total correct (sum of the major

diagonal) by the total number of pixels in the error matrix. Computing the accuracy of

individual categories, however, is more complex because the analyst has the choice of

dividing the number of correct pixels in the category by the total number of pixels in the

corresponding row or column (Jensen, 1996). Traditionally, the total number of correct

pixels in a category is divided by the total number of pixels of that category as derived

from reference data (i.e column total). This statistic indicates the probability of a

reference pixel being correctly classified and is a measure of omission error. The statistic

is called "producer's accuracy" because the analyst of the classification is interested in

how well a certain area can be classified. If the total number of correct pixels in a

category is divided by the total number of pixels that were actually classified in that

category, the result is commission error. This statistic is called "user's accuracy" or

reliability, and is the probability that a pixel classified on the map actually represents the

category on the ground (Story and Congalton, 1986).

KAPPA statistic is a discrete multivariate technique used in accuracy assessment

(Congalton and Mead, 1983). KAPPA analysis yields a Khat statistic (an estimate of

KAPPA) that is a measure of agreement or accuracy (Rosenfield and Fitzpatrick-Lins,
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1986; Conga1ton, 1991). KAPPA statistic Khat is used to assess how much better a

classification is compared to one in which class values are randomly assigned to pixels

(Verbyla, 1995). Khat is computed as:

Khat = (Overall classification Accuracy - Expected Classification Accuracy) ±
(1 - Expected Classification Accuracy)

The expected classification accuracy is the accuracy expected based on chance, or the

expected accuracy if class values were randomly assigned to each pixel. It can be

calculated by first using the error matrix to produce a matrix of products of row and

column totals. The expected classification accuracy is then computed as the sum of the

diagonal cell values divided by the sum of all cell values (Verbyla, 1995).

Results of overall classification accuracy may be different from those of an

overall Khat statistic because the two measures incorporate different information. The

overall accuracy only incorporates the major diagonal and excludes the omission and

commission errors. Conversely, Khat computation incorporates off-diagonal elements as a

product of row and column marginals. Therefore, depending on the amount of error

included in the matrix, these two measures may not agree (Congalton, 1991). Congalton

suggested that the Khat statistic could also be used to determine whether the results

presented in the error matrix are significantly better than a random result, and to compare

two similar matrices (consisting of identical categories) to determine if they are

significantly different.



270

Once the final land cover classes were obtained, each image was filtered using a

3 x 3 majority filter in order to reduce noise in the classification. A classification

accuracy assessment was then performed on the land cover maps for 1975, 1989 and

1996. The accuracy assessment for 1975 was carried out using aerial photographs

acquired in 1975 at a scale of 1:50,000. Another set of photographs acquired in 1989 at a

scale of 1:20,000 were used for accuracy assessment of the 1989 SPOT land cover map.

The accuracy assessment for the 1996 land cover map was performed by using ground

control points selected in the 1995 field season and located using a hand-held GPS. From

this set of ground control points, a sample was randomly selected and used in the

accuracy assessment.

A decision was made to concentrate the accuracy assessment on floodplain land

cover classes as they were the focus of this research. In addition the riverine forest, being

mainly evergreen, was not as greatly affected by seasonal changes between images, as the

non-floodplain vegetation. The accuracy assessment was carried out for the river, the two

forest classes, the transitional woodland, one general scrub class (the dense scrub class

merged with the low density scrub class), bare ground and cultivated area (for the 1989

and 1996 images only). Twenty random points were generated for each class to conduct

the accuracy assessment. This brought the total number of random points in the Landsat

MSS image to 120, and that for each of the two SPOT land cover images to 140 points.

The result of the classification accuracy assessment was a matrix showing errors of

omission (producer's accuracy) and commission (user's accuracy), and a KAPPA
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coefficient (Congalton, 1986).

Next, each pair of land cover images obtained from the same sensor were

compared class by class for changes using the matrix routine found under the GIS module

in ERDAS IMAGINE (1996). The resulting change image was color coded to display

changes that were of interest in this study. These changes were those that involved the

forest classes, the transitional woodlands and cultivated areas within the floodplain. Areas

(in hectares) occupied by the different classes in the change image were imported into an

EXCEL spreadsheet (Microsoft, 1997) and summarized. It was therefore possible to tell

what classes remained unchanged from one image to the next, and those that changed

from one class to another. Change images for 1975 and 1984 and those for 1989 and 1996

were produced separately because of the great differences in spatial resolution of Land sat

MSS and SPOT (XS).

Output from image processing software (ERDAS IMAGINE) were exported into

ArcView (ESRI, 1997) for subsequent GIS analysis and production of layouts for various

views. All hardcopy products displayed in the results section were made in ArcView. In

addition, illustrations of changes in river morphology between 1975 and 1996 were also

produced in ArcView.
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5.6 RESULTS

5.6.1 Classification Accuracy Assessment

Results for classification accuracy assessment of three maps of 1975, 1989 and

1996 are given in this section. The following key is for interpreting the land cover classes

for all maps derived from the satellite imagery:

KEY

1 = River

2 = Closed Riverine Forest

3 = Open Riverine Forest

4 = Transitional Woodlands

5 = Acacia-Commiphora Scrub / Bushland

6 = Bare Ground

7 = Cultivated Riverine Areas

An error matrix was produced for the classification map derived from 1975

Landsat MSS data (Table 17). The overall classification accuracy was 85% and the

overall Kappa statistic was 0.82. Although the producer's accuracy for the closed forest is

high (93.3%), the user's accuracy is much lower (70%). This means that, although 93.3%

of the closed forest pixels were correctly identified as closed forest, only 70% of the areas

called closed forest were actually closed forest. The open riverine forest class has a

producer's accuracy of 73.9% but a higher user's accuracy (85%). This can be interpreted

in the same way as that for the closed forest class. The implication of these figures is that

there are a significant amount of mis-classified pixels in the forest class with a larger

number of such pixels in the closed forest class. As a result, the area classified as closed
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Table 17. Error matrix of the classification map derived from the 1975 Landsat MSS data

Reference Data

Classified Data 1 2 3 4 5 6 Classified Total

1 20 0 0 0 0 0 20

2 0 14 6 0 0 0 20

3 0 1 17 2 0 0 20

4 0 0 0 20 0 0 20

5 0 0 0 0 20 0 20

6 0 0 0 0 9 11 20

Reference Total 20 15 23 22 29 11 120

riverine forest is exaggerated. This result has implications in the results obtained from the

change detection procedure discussed in the next section.

Although the bare ground class has a perfect user's accuracy (100%), it has the

lowest user's accuracy (55%). This means that all pixels belonging to the bare ground

class were correctly identified as bare ground, but only 55% of the areas called bare

ground were actually bare ground. This explanation makes much sense since areas with

wet soils or with flooding, especially along ephemeral streams, were most probably mis-

classified as bare ground.

A summary of the producer's and user's accuracy (a measure of errors of

commission and omission, respectively) is given in Table 18.
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Table 18. Summary of classification errors for land cover map derived from the 1975
Landsat MSS data.

Land Cover

Class

Reference

Totals

Classified

Totals

Number

Correct

Producer's

Accuracy (%)

User's

Accuracy (%)

Kappa

Statistics

1 20 20 20 100 100 1

2 15 20 14 93.3 70.0 0.66

3 23 20 17 73.9 85.0 0.81

4 22 20 20 90.9 100 1

5 29 20 20 69.0 100 1

6 11 20 11 100 55.0 0.50

Total 120 120 102

Overall classification Accuracy = 85.0%

Overall Kappa statistics = 0.82

Classification accuracy assessment results for the 1989 land cover map generated

from SPOT HRV-1 (XS) data are shown in Tables 19 and 20. The 1989 land cover map

has an additional class not present in the 1975 map - riverine cultivated areas. The overall

classification accuracy and Kappa statistics are very similar to those observed for the

1975 map. Producer's and User's classification accuracy for the closed and open riverine

forest classes are 90%, and 80%, respectively. Accuracy for the forest classes is therefore

better than was the case with the Landsat MSS derived land cover map. The lowest user's

accuracy is for the transitional woodland class (65%) and the bare ground class.
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Table 19. Error matrix of the classification map derived from the 1989 SPOT HRV-1
(XS) data.

Reference Data

Classified Data 1 2 3 4 5 6 7 Classified Total

1 20 0 0 0 0 0 0 20

2 0 18 1 0 1 0 0 20

3 0 2 16 1 I 0 0 20

4 0 0 2 13 5 0 0 20

5 0 0 0 0 20 0 0 20

6 0 0 1 0 5 14 0 20

7 0 0 0 0 1 0 19 20

Reference Total 20 20 20 14 33 14 19 140

Table 20. Summary of classification errors for land cover map derived from the 1989
SPOT HRV-1 (XS) data.

Land Cover
Class

Reference
Totals

Classified
Totals

Number
Correct

Producer's
Accuracy (%)

User's
Accuracy (%)

Kappa
Statistics

1 20 20 20 100 100 1

2 20 20 18 90.0 90.0 0.88

3 20 20 16 80.0 80.0 0.77

4 14 20 13 92.7 65.0 0.61

5 33 20 14 60.6 100 1

6 14 20 14 100 70.0 0.67

7 19 20 19 100 95.0 0.94

Total 140 140 120

Overall Classification Accuracy = 85.7%

Overall Kappa Statistics = 0.83
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Although 92.9% of all transitional woodland pixels were correctly identified as

transitional woodland, only 65% of the areas called transitional woodland were actually

transitional woodland. Likewise, 100% of bare ground pixels were correctly identified as

bare ground, whereas, only 70% of all areas called bare ground were actually bare

ground.

Results for classification accuracy assessment of the 1996 map derived from

SPOT HRV-3 (XS) data is shown in Tables 21 and 22. The overall classification

accuracy was higher (93.6%) than that obtained for the 1989 map. User's accuracy for all

land class categories was 85% and above. All classes are well classified as can be seen in

these tables. The most likely explanation for the higher classification accuracy compared

to that for the 1989 map, is the absence of flooded ground in the 1996 image. The 1996

image was acquired towards the end of the dry season (March). During that time, there

was neither local rainfall, nor was the Tana River flooded. These results confirm that the

best satellite imagery for mapping land cover along the Tana River floodplain is that from

the dry season.
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Table 21. Error matrix of the classification map derived from the 1996 SPOT HRV-3
(XS) data.

Reference Data

Classified Data 1 2 3 4 5 6 7 Classified Total

1 20 0 0 0 0 0 0 20

2 0 18 1 0 1 0 0 20

3 0 2 17 0 1 0 0 20

4 0 0 3 17 0 0 0 20

5 0 0 0 0 20 0 0 20

6 0 0 0 0 0 20 0 20

7 0 0 0 0 1 0 19 20

Reference Total 20 20 21 17 23 20 19 140

Table 22. Summary of classification errors for land cover map derived from the 1996
SPOT HRV-3 (XS) data.

Land Cover
Class

Reference
Totals

Classified
Totals

Number
Correct

Producer's
Accuracy (%)

User's
Accuracy (%)

Kappa
Statistics

1 20 20 20 100 100 1

2 20 20 18 90.0 90.0 0.88

3 21 20 17 86.0 85.0 0.82

4 17 20 17 100 85.0 0.82

5 23 20 20 87.0 100 1

6 20 20 20 100 100 1

7 19 20 19 100 95.0 0.94

Total 140 140 131

Overall Classification Accuracy = 93.5%

Overall Kappa Statistics = 0.93
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5.6.2 Sample Size For Accuracy Assessment

An additional task related to the classification accuracy assessment described in

the previous section was to determine the confidence intervals on the overall accuracy

values obtained for each land cover map. An equation based on binomial probability

theory that relates classification accuracy assessment sample size to overall classification

accuracy and allowable error, was used to calculate error on the accuracy of each land

cover map (van Genderen and Lock, 1977; Fitzpatrick-Lins, 1981, Marsh et al., 1994).

The equation is:

N = Z2 (p)(q) / E2

where,

p = expected or calculated accuracy (in percentage)

q= 100-p

E = Allowable error

Z = Standard normal deviate for the 95% two-tail confidence level (1.96)

In this case, what needed to be determined was the allowable error, E, for the sample

points used and the calculated overall classification accuracy assessment. For the 1975

land cover map, 120 sample points were used for classification accuracy assessment,

while 140 sample points per land cover map were used for the 1989 and 1990 maps.

Allowable errors (at the 95% confidence interval) for the classification accuracy

assessment samples of the various land cover maps were:
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E = ((1 .962 X 85.0 X 15.0)! 124°5 = 6.39% 	(1975 land cover map)

E =((1.962 X 85.7 X 14.3)! 140) -" = 5.80% 	(1989 land cover map)

E = ((1.96 2 X 93.5 X 6.5)! 140) -" = 4.08 %	 (1996 land cover map)

Determination of the overall classification accuracy of each land cover map, at the 95%

confidence interval, is therefore:

85.0 ± 6.39 % (1975 land cover map)

85.7 ± 5.80 % (1989 land cover map)

93.5 ± 4.08 % (1996 land cover map)

5.6.3 Land Cover Classification

False color images for Landsat MSS data are displayed with bands 4, 2, and 1

assigned to red, green and blue colors, respectively (Figures 40 and 41). Each Landsat

MSS false color image is illustrated at a scale of approximately 1:250,000.

Intense red tone on the false color images indicate areas with significant amounts

of actively growing vegetation. The Tana River floodplain with the bulk of the vegetation

in this study area stands out in these false color images. The river does not appear black

as would be expected of a deep clear body of water, when displayed in false color,

because of the heavy silt load it carries. Instead, the river appears with a greenish tone on

the false color displays. The black spots represent areas where cloud and cloud shadow

were masked during image classification. Green and blue tones indicate areas with little

actively growing vegetation or those that may be flooded or with wet soils. Areas with
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SCALE = 1:250,000

Figure 40. False Color Composite of a June 1975 Lanclsat MSS image:
Bands 4,2,1 are displayed as R,G,B.
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SCALE = 1:250,000

Figure 41. False Color Composite of an April 1984 Landsat MSS iinage:
Bands 4,2,1 are displayed as R,G,B.
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light tones occurring at the edge of the floodplain and especially more prominent east of

the river indicate bare ground (usually covered with sand).

Land cover maps derived from Landsat MSS data for the years 1975 and 1984,

are presented (Figures 42 and 43). As can be seen from these figures, closed and open

riverine forest and the transitional woodlands are restricted to the floodplain, which runs

diagonally across the map in a northwest-southeast direction. The area away from the

floodplain is dominated by scrub vegetation. In most cases, areas of dense scrub are

characterized by various species of Acacia and Commiphora species and therefore, the

dense scrub species can be considered as an Acacia-Commiphora association. The

dominant acacia species are Acacia reficiens and Acacia zanzibarica.

Classification of the non-floodplain area was complicated by the differences in the

seasons of the images. It is for this reason, that the area was classified into four broad

classes. The 1975 image was acquired on June 2' which represents the end of the rainy

season, whereas the 1984 image was acquired on April 23' which was just after the

beginning of rains.

Land cover classes in the two images (1975 and 1984) were compared and a

change matrix produced. A summary of the change matrix is shown in Table 23, while

the overall class changes between the two images are summarized in Table 24.

Results from the Landsat MSS 1975-1984 change analysis indicate that, closed

riverine forest decreased by almost 32% while open forest increased by 20%. On

examining the change matrix on Table 23, it clearly emerges that most of the changes are
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Figure 42. Land Cover Classes from an unsupervised classification of a 1975
Landsat MSS image.
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Land Cover Classes 1984
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Figure 43. Land Cover Classes from an unsupervised classification of a 1984
Landsat MSS image.
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Table 23. Land cover change matrix for the 1975 and 1984 maps derived from Landsat
MSS data (areas are in hectares).

1984

1975

I 2 3 4 5 6 7 8 Total

I 466.4 80.3 134.8 59.8 241.9 87.9 28.6 43.3 1,143.1

2 134.8 1,146.2 1,190.4 260.2 187.5 25.4 6.2 18.3 2,969.1

3 137.0 488.8 1,789.4 840.0 519.1 103.1 6.2 141.9 4,025.6

4 35.3 92.8 982.0 1,481.9 808.3 154.4 4.9 452.2 4,011.8

5 180.3 215.6 615.1 960.5 49,889.4 25,125.5 16,660.9 824.0 94,471.3

6 10.7 5.8 69.6 185.2 19,240.8 14,014.5 10,437.4 1,697.5 45,661.6

7 4.0 0.9 6.7 7.1 7,591.5 8,571.7 11,781.9 114.3 28,078.1

8 5.8 1.3 40.2 370.0 3,216.4 2,335.3 381.2 1,506.9 7,857.1

Total 974.4 2,031.8 4,828.2 4,164.9 81,695.0 50,417.9 39,307.4 4,798.3 188,217.8

Table 24. Summary of change in Land cover classes between 1975 and 1984 Land cover
maps derived from Landsat MSS data (areas are in hectares).

LAND COVER TYPE 1975 1984 CHANGE % CHANGE

River 1,143.1 974.4 -168.7 - 14.8

Closed Riverine Forest 2,969.1 2,031.8 937.3 -31.6

Open Riverine Forest 4,025.6 4,828.2 802.5 19.9

Transitional Woodland 4,011.8 4,164.9 153.1 3.8

Acacia-Commiphora Scrub / Bushland 94,471.3 81,695.0 -12,776.3 -13.5

Low Scrub / Herbaceous Vegetation 45,661.6 50,417.9 4,756.3 10.4

Bare Ground 28,078.1 39,307.4 11,229.3 40.0

Flooded Ground / Earth Dams 7,857.1 4,798.3 -3,058.8 -38.9

Total Forest (Closed and Open) 6,994.8 6,860.0 -134.8 -1.9

between the two forest classes. It is highly unlikely that there was an actual reduction or

increase in either of the forest type, based on the history of land use in the area (the area
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was still sparsely populated and the demand for fuelwood and building material was still

low). The most likely explanation for the change in area between the two forest classes is

the inability of Landsat MSS data to accurately discriminate between them. An

examination of the classification accuracy assessment table indicates that the errors of

omission and commission in these classes are high, therefore supporting the contention

than changes from closed to open forest are exaggerated as a result of mis-classification

between the two forest types. The overall decline in riverine forest area remained small

(about 2%). The overall change in the riverine forest area appears to reflect the situation

on the ground more realistically than the movement observed between the forest classes.

An examination of aerial photographs taken in 1975, revealed several sections

along the river, and especially those between the villages of Langoni and Rhoka (Figure

4), that were not covered by forest. The most likely explanation for this, are the large

floods of 1968 that caused the river to change its course along that section, and in the

process destroyed a portion of the forest. The 1989 aerial photographs indicated that these

sections were already regenerating into a forest. It is therefore plausible that the areas that

were mapped as transitional woodland or dense scrub in 1975 had regenerated into forest

by 1984.

Transitional woodlands show an increase of 3.8% between 1975 and 1984. Most

of this increase is from open riverine forests changing to transitional woodland and some

of the dense scrub areas within the riverine forest developing into open riverine forests.
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There was a 13.5% decline in the dense scrub / bushland class between 1975 and

1984. Most of these areas changed in the dense scrub / bushland class in 1975 were now

mapped as either low scrub / herbaceous vegetation or bare ground. One likely

explanation for the decrease observed in the dense scrub / bushland class in 1984 is the

construction of the Bura Irrigation and Settlement Project. Contractors for the project

cleared about 7300 ha of dense scrub / bushland class to make way for the irrigation

scheme. Another factor likely to contribute to the apparent reduction in the dense scrub

class is the prevailing drought towards the end of 1983 and in the beginning of 1984.

The area classified as bare ground increased by about 40% between 1975 and

1984. Most of this increase is from the low scrub / herbaceous vegetation. However,

because of the low user's accuracy for this class (55%), it is clear that there are many

areas incorrectly identified as bare ground. The most likely explanation is flooding within

various land cover types causing them to be mis-classified. Where increases in bare

ground are real, the likely explanation is the construction of Bura Irrigation Scheme, and

the prevailing dry conditions in 1984. When I spoke to farmers and workers at the

irrigation scheme during my fieldwork, they recalled frequent dust-storms that were

prevalent in the 1981-1985 period.

A change matrix map for the 1975-1984 period is shown on Figure 44. For better

illustration of change, only a sub-section of the river floodplain lying between Bura East

and Masabubu is shown (Figure 39). The change map shows three types of changes: (i)

"negative forest change" refers to a loss of forest (either dense or open) to any other class,



Change Map 1975-1984
Background
1984 River Channel
Negative Forest Change
Negative Change in Transitional Woodland

Mil Positive Change for All Classes 

o 1

SCALE= 1:100,000

Figure 44. Enlarged view of Change Map for Land Cover Maps Derived from
Landsat MSS Images (1975 and 1984).
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(ii) "negative change in the transitional woodland" refers to a loss of transitional

woodland to any class other than forest thereby resulting in a decrease in overall biomass,

(iii) "positive changes for all classes" refers to any change that involved an increase in

biomass. Class categories 2-7 are arranged in a decreasing order of biomass (from dense

forest to bare ground), and therefore, any change from a lower class (for example the

Bare Ground) to a higher class (any class from Dense Forest to the Low Scrub /

Herbaceous Vegetation) would be considered a positive change. It is worth noting that the

positive changes shown in Figure 44 mostly involve the non-forest classes.

False color images for SPOT HRV data are displayed with bands 3, 2, and 1

assigned to red, green and blue colors respectively. Figure 45 is a false color image from

SPOT HRV-1 (XS) obtained during peak flooding season and in the middle of the rainy

season in 1989. This image was acquired during the wet season when vegetation away

from the floodplain is lush. The floodplain area and the ephemeral streams were either

flooded or had adjacent actively growing vegetation. The 1996 SPOT HRV-3 (XS) false

color image is shown on Figure 46. This image was acquired on 28th March 1996, at the

end of the dry season. Many of the non-floodplain areas have little actively growing

vegetation. One notable change in the irrigation scheme area is the increase in the red

tone especially along the agricultural fields and the irrigation canals. This increase

reflects the spread of the exotic tree species, Prosopis juliflora. This species has become a

serious weed throughout the irrigation scheme, and has constrained delivery of irrigation

water along the irrigation canals, and their maintenance.
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Figure 45. False Color Composite of a 1989 SPOT HRV-1 (XS) image:
Bands 3,2,1 are displayed as R,G,B
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SCALE = 1:250,000

Figure 46. False Color Composite of a 1996 SPOT HRV-3 (XS) image:
Bands 3,2,1 are displayed as R,G,B
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Unlike the Landsat MSS derived land cover maps, the SPOT land cover maps

(Figures 47 and 48) include an additional class - cultivated riverine areas. An enlarged

view for the 1989 and 1996 land cover maps is shown in Figures 49 and 50, respectively,

at a scale of approximately 1:100,000. The enlargement is for a section of the river

between Bura East and Masabubu (Figure 39).

A change matrix map was generated from the two land cover maps and the results

are presented in Table 25. A further summary of this table, including percentage changes

between the different land cover types is shown in Table 26.

Table 25. Land cover change matrix for the 1989 and 1996 maps derived from SPOT
HRV (XS) data (areas are in hectares).

1996

1989

1 2 3 4 5 6 7 8 9 Total

1 843.4 52.2 85.1 43.5 40.1 16.0 17.6 0.5 87.3 1,185.8

2 83.6 1,246.8 678.7 183.0 143.6 46.8 1.0 0.1 82.2 2,465.9

3 35.3 535.6 2,341.9 1,933.0 682.4 48.9 0.5 0 33.0 5,610.5

4 13.8 25.8 523.0 1,799.0 1,964.1 736.9 7.9 0 22.5 5,093.0

5 20.0 96.2 242.2 889.0 28,714.4 30,597.5 4,988.6 13.6 29.6 65,591.1

6 1.2 4.1 14.1 134.0 18,782.0 49,822.3 17,305.7 1.1 5.4 86,069.9

7 0.5 1.1 0.6 6.3 1,199.1 4,129.5 10,260.1 1.5 3.8 15,602.6

8 6.2 7.9 12.0 47.4 2,271.6 3,327.8 526.0 1.4 4.9 6,205.2

9 26.4 11.4 60.3 25.3 25.7 14.5 1.8 0 63.0 228.4

Total 1,030.4 1,981.2 3,958.0 5,060.5 53,823.0 88,740.2 33,109.1 18.3 331.7 188,052.3

Approximately 20% of closed forest was lost between 1989 and 1996. However,

most forest loss occurred in the open forest class, with about 30% forest lost between
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Figure 47. Land Cover Classes from an unsupervised classification of a 1989 SPOT
HRV-1 (XS) image.
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Figure 48. Land Cover Classes from an unsupervised classification of a 1996
SRN HRV-3 (XS) image.
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Figure 49. Close-up of Land Cover Classes from an unsupervised classification
of a 1989 SPOT HRV-1 (XS) image.
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Figure 50. Close-up of Land Cover Classes from an unsupervised classification
of a 1996 SPOT HRV-3 (XS) image.
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1989 and 1996. This loss was mainly to the transitional woodlands, and to some extent

the dense scrub / bushland class. The total area of the transitional woodland class

remained virtually unchanged between 1989 and 1996. However, when we examine the

change matrix table (Table 25), we find that there were changes in pixel classes between

the transitional woodland class and the dense scrub class, with changes taking place in

Table 26. Summary of change in Land cover classes between 1989 and 1996 land cover
maps derived from SPOT HRV (XS) data (areas are in hectares).

LAND COVER TYPE 1989 1996 CHANGE % CHANGE

River 1,185.8 1,030.4 -155.4 -13.1

Closed Riverine Forest 2,465.9 1,981.2 -484.8 -19.7

Open Riverine Forest 5,610.5 3,958.0 -1,652.5 -29.5

Transitional Woodland 5,093.0 5,060.5 -32.5 -0.6

Acacia-Commiphora Scrub / Bushland 65,591.1 53,823.0 - 11,768.1 -17.9

Low Scrub / Herbaceous Vegetation 86,069.9 88,740.2 2,670.2 3.1

Bare Ground 15,602.6 33,109.1 17,506.6 112.2

Flooded Ground / Earth Dams 6,205.2 18.3 -6,186.9 -99.7

Cultivated Riverine Areas 228.4 331.7 103.3 45.2

Total Forest (Closed and Open) 8,076.4 5,939.1 -2,137.3 -26.5

both directions. The overall change in area of the transitional woodland class is negligible

(-0.6%).

A change matrix map for the 1989-1996 period is shown on Figure 51. The

change-map is a sub-set of the study area and covers the same area shown on the 1975-

1984 change-map (Figure 44). Using the same criteria applied to the Landsat MSS data,
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Figure 51. Enlarged View of a Change Map from Land Cover Maps Derived from
SPOT HRV Images (1989 and 1996).
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the change map shows three types of changes: (i) "negative forest change" refers to a loss

of forest (either dense or open) to any other class, (ii) "negative change in the transitional

woodland" refers to a loss of transitional woodland to any other class other than forest,

thereby resulting in a decrease in overall biomass, (iii) "positive changes for all classes"

refers to any change that involved an increase in biomass. It is worth noting that the

positive changes shown in Figure 51 mostly involve the non-forest classes, this indicating

little forest regrowth.

The dense scrubland / bushland class showed an 18% decline between 1989 and

1996. Most of the loss was to the low scrub class. Area occupied by the low scrub class

increased by 3.1% in the same period, with most of the increase coming from the dense

scrub / bushland class. In addition, some areas that had been mapped as bare ground in

1989 were now mapped as low scrub in 1996.

There was a large increase (112 %) in area mapped as bare ground between 1989

and 1996. The bulk of the increase was from low scrub / herbaceous vegetation and to a

lesser extent from the dense scrub / bushland class. Another class showing a big change

between 1989 and 1996 was the flooded class. There was very little area mapped as

flooded in 1996. This is expected because the 1996 image was acquired at the end of the

dry season.

The large changes observed between the two images (1989 and 1996) in the non-

floodplain area could be attributed to seasonal differences, as vegetation here is sensitive

to such changes. However, the changes are too large to be attributed entirely to seasonal
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differences. Also, the increase in bare ground especially around the irrigation scheme

suggests that degradation has clearly occurred.

Cultivated riverine area has increased by 45% between 1989 and 1996. In the

past, the Malakote farmers would only cultivate on suitable areas along point-bars and

ox-bow lakes as the floods subsided. While, in the field, I noticed that the farmers have

little faith left in natural flooding of the river and have turned to using small diesel pumps

to irrigate their crops. As a result, farmers are clearing increasingly larger areas of forest.

Since these farmers have fewer resources to purchase fertilizers, it is likely that once

nutrients are exhausted in these farms, they will be abandoned for new ones. Cropped

areas as mapped in this study represent areas that had actively growing crops at the time

the images were acquired. Most of the disturbed forest areas were also mapped, but in the

general category of scrub. The new trend toward irrigated agriculture represents a major

threat to the survival of the riverine forest ecosystem.

5.6.4 River Channel Changes (1975 - 1996)

There have been significant changes in the river channel between 1975 and 1996.

The river class in land cover maps derived from Landsat MSS 1975, Landsat TM 1985

and 1996 SPOT HRV-3 (XS) were brought into ArcView (ESRI, 1997) where the river

class was converted to polygons. The reason the Landsat TM river polygons were used as

a base rather than one derived from 1984 Landsat MSS image is the higher spatial

resolution of the Landsat TM. River polygons derived from Landsat MSS images were
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discontinuous (in areas where clouds and shadows had been masked) and also had a

jagged appearance because of the coarse spatial resolution. Figure 52 shows polygons

representing various sections of the river in 1975 overlaid with those derived from the

1985 map.

Figure 53 shows the 1985 and 1996 river channel polygons overlaid. It can be

seen from these two figures that changes in river position between 1975 and 1985 are

more pronounced than those for the 1985-1996 period. I did not overlay river channel

polygons derived from the two SPOT images (1989 and 1996) because river channel

position remained more or less unchanged. The greater change in channel position

observed in the 1975-1985, compared to the 1985-1996 period, could be best explained as

an effect of construction of the Masinga Dam. The 1975-1984 period is mostly the pre-

Masinga Dam period (Masinga Dam was completed in November 1981) and is

characterized by an active river channel meandering across its floodplain. The fewer

changes in channel position observed in the 1985-1996 period is a commonly observed

effect of damming a river - less meandering.

As is often the case below dams, a river lowers its bed and deepens its channel

(incised), as a result of the upstream dams capturing most of the rivers sediment. Incision

of a river that already has vertical clay banks up to 5 m (as is the case with the Tana), may

not be easy to detect in some rivers, especially when they do not look or behave like an

entrenched river, as lateral migration of the stream channel may continue. Lateral

migration of the Tana River appears to have been reduced in the 1985-1996 period. It is
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Figure 52. Comparison of river channel locations in 1975 and 1985.
Polygon of 1985 river channel is overlaid onto the 1975
river polygon.



River
Channel

Il 	1996

1985

5 Km0	 1	 2	 3	 4

INSET LOCATIONS

303

Figure 53. Comparison of river channel locations in 1985 and 1996.
Polygon of 1996 river channel is overlaid onto the 1985
river polygon



304

most likely that some incision has taken place already. A new, deeper channel would

require a higher discharge to overtop its banks and spill out onto the floodplain. This, in

turn would result in a shorter duration of inundation, even assuming that high flows were

not altered by dam operations. I have already documented in chapter III that high flows in

the Tana have been reduced by construction of the Masinga Dam. Reduced peak flows,

coupled with incision of the Tana River is likely to exacerbate an already reduced

duration and extent of flooding on the floodplain. A reduction in areal extent and duration

of floodplain inundation often results in decreased species diversity. A decrease in the

lateral migration of the river channel across the floodplain eventually leads to a lower

heterogeneity (as the variety of geomorphic units formed through channel migration

processes, e.g., ox-bows lakes become reduced), eventually leading to a more uniform

and less diverse riverine forest ecosystem.

5.6.5 Landscape Analysis

Much of the work that has sought to measure landscape pattern and habitat

fragmentation has come mainly from landscape ecology. Landscape ecology involves the

study of landscape patterns, the interactions among patches within a landscape mosaic,

and how these patterns and interactions change over time (McGarigal and Marks, 1997).

Landscape ecology is largely founded on the notion that the patterning of the landscape

patches strongly influences ecological characteristics. The ability to quantify landscape

structure is prerequisite to the study of landscape function and change.
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The multitemporal land cover maps allow for the quantification of the areal extent

and distribution of forest patches within the Tana riverine forest. Land cover maps for

1989 and 1996 (derived from SPOT HRV data) were converted from a grid to a polygon

coverage in ARC/INFO. Polygons were built from groups of contiguous cells (pixels)

that had the same cell values. The resulting vector coverage was then taken into ArcView

for analysis, and several landscape matrices computed for the closed and open forest

(Table 27).

As expected, changes in total area for the two forest classes in 1989 and 1996 are

about the same as those obtained in the change matrices uses raster images. While the

number of forest patches decreased by about 22% for the closed forest, that for open

forest increased by 2%. Mean patch size remained unchanged for the closed forest class,

Table 27. Landscape distance-and -area-based matrices computed for closed and open
forest classes in the 1989 and 1996 Arc/Info coverages (distances are in meters and areas
are in hectares).

1989 1996 Change Change 1989 1996 Change Change
Forest Type Closed Closed Closed Closed Open Open Open Open

NO of Fragments 1012 791 -221 -21.84 1636 1668 32 1.96
Mean Area (Ha) 2.47 2.54 0.07 2.97 3.49 241 -1.08 -31.03

Total Area (Ha) 2499.00 2011.24 -487.76 -19.52 5711.60 4016.48 -1695.12 -29.68
MaxAres (Ha) 127.36 111.76 -15.60 -12.25 935.64 249.68 -685.96 -73.31
SD of Area 847 8.67 020 2.39 32.25 1527 -16.97 -52.63

IVban Perimeter 747.98 773.55 25.57 3.42 938.88 759.52 -179.35 -19.10
lAn Perimeter 80 80 0 0 80 80 0 0
Mix Perimeter 28720 19640 -9950 -31.62 183880 63050 -129500 -65.70

SD of Perineter 1718.12 1749.05 30.94 1.80 6415.76 353428 -2881.48 -44.91
!dean AreaPerinebar ratio 14.82 14.87 0.05 0.33 11.39 10.95 -0.45 -3.91

Ian ArealPerirneter ratio 5.00 5.00 0.00 0.00 5.00 5.00 0.00 0.00
MaxArealPerineter ratio 72.04 79.01 6.97 9.68 61.29 51.73 -9.56 -15.60
SD of Arearerineter
ratio 11.18 11.16 -0.02 -0.20 7.87 7.85 -0.03 -033
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but decreased by 31% for the open forest between 1989 and 1996. Mean area-perimeter

ratio of forest patches decreased by about 4% in the open forest but remained unchanged

in the closed forest. Both mean patch size and area-perimeter ratio are interlinked and are

a good indicator of fragmentation. Fragmentation has occurred in the open forest and has

resulted in an increases in the amount of edges between the open forest and the non-forest

classes by changing the perimeter to area ratio of the fragment. As patch size (area)

decreases, the amount of edge (perimeter) increases. Maximum forest patch size of closed

and open forest decreased by 15.6% and 73.3%, respectively. Most of the statistics

computed above, indicate that more detrimental changes have taken place in the open

forest, compared to the closed forest.

It has been demonstrated in chapter III that construction of dams in the upper river

basin has resulted in a reduction in the magnitude and extent of floods in the lower basin.

Since the study area is arid, survival of the Tana riverine forest is therefore entirely

dependent on the river and the associated water table. A reduction in magnitude and

extent of floods is therefore likely to result in a drop in the water-table, and consequently,

a reduction in the extent of the forest from the river. Field observations in 1995 indicated

that some of the trees occurring near the edge of the floodplain showed signs of die-back

and that the forest may once have been more abundant in these areas.

Both open and closed forests, and the river class in the 1989 and 1996 land cover

maps were exported as a grid from ERDAS IMAGINE and subsequently converted to

polygon coverages in ARC/INFO. These coverages were then brought in ArcView and
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used to calculate the distances of each forest type from the river. These results are

summarized in Table 28.

Table 28. Summary statistics of distance of forest classes from the river in 1989 and
1996.

Distance from river
(m)

1989 1996

Closed Forest Open Forest Closed Forest Open Forest

Maximum 1,645.6 4,181.9 1,372.4 2,398.4

Mean 238.0 628.8 228.6 412.4

Standard Deviation 227.0 544.0 173.2 302.2

These results indicate that on average, the extent of the open forest from the river

has declined by about 200 m between 1989 and 1996. Dying-off of trees in the open

forest is most likely a reflection of increasingly xeric conditions occurring along this part

of the floodplain. The drier conditions can most probably be attributed to reduction in the

magnitude and extent of flooding, and the accompanying drop in the water table.

5.6.6 Human Impacts

Construction of the Bura Irrigation and Settlement Project (BISP) started in 1978

and involved the clearing of about 10,000 ha of Acacia-commiphora scrubland to make

way for irrigation infrastructure. More than 70,000 ha representing some of the best

grazing land for the local Orma pastoralists in the Bura area was gazetted for BISP

(Johansson, 1993).

The establishment of BISP resulted in a reduction of suitable grazing land for the
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Orma pastoralists, and many adopted a more sedentary life-style within BISP, although

they still maintained their livestock. There are several reasons why many of the normally

nomadic Orma pastoralists adopted a more sedentary lifestyle within BISP:

(1) year-round access to water in the earth-lined irrigation canals, and luxuriant

pasture that would grow along the canals due to water seepage,

(2) improved security from livestock rustling by Somali pastoralists following the

establishment of a police post,

(3) provision of health services, schools, and establishment of supply stores

throughout the BISP area.

The adoption of a more sedentary lifestyle has lead to local overgrazing within the BISP,

as was evidenced by the increase (112%) in the bare ground class between 1989 and 1996

land cover maps. Mobility had been the key element in the Orma pastoral strategies.

Movements of the Orma had been based on seasonally changing ecological conditions, an

intimate knowledge of their environment and livestock herds. Before the construction of

BISP, the Orma had been able to utilize the full range of environments open to them, and

therefore had managed to keep adverse impacts on the environment at a minimum.

However, following the reduction or limited access to this range of environments, local

environmental degradation has taken place.

Settler farmers and their families first moved into BISP in 1981. By 1989, the

population within the irrigation scheme had risen to over 30,000 people. It had been

predicted that the population within the BISP area would increase to over 60,000 by the
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time Phase I of the project was completed (Chapter II). The increased population was

expected to exert heavy pressure on the riverine forests as the new settlers sought to

satisfy their requirements for fuelwood, and building material.

Anticipating a growing demand for fuelwood and building poles, irrigated forest

plantations were initiated in 1984 by the FINNIDA sponsored Bura Fuelwood Project.

Among the important fuelwood species established were various varieties of Prosopis

juliflora, and Eucalyptus spp. In spite of the irrigated forest plantations being started

several years after the first settler farmers arrived, it was expected that fuelwood deficit

within BISP would be bridged quickly because of the fast growth of the fuelwood

plantations. Unfortunately, water supply was erratic and inadequate at best, and priority

for irrigation had to be given to the growing of cotton and maize. This development

resulted in serious cut-backs on the establishment of irrigated plantations.

Because of the poor performance of the irrigation scheme, many farmers were

forced to diversify their subsistence activities. One way they diversified was by either

keeping the livestock themselves or by making arrangements with the Orma for their

livestock to be kept on contract. The effect of this development would only lead to an

increase in environmental degradation within the BISP area as a result of overgrazing.

In a firewood survey conducted in 1982, Hughes (1985) estimated that 0.875 m3

of firewood was consumed per person per year. In this survey, Hughes found that the

families in the riverine forests used twice as much firewood compared to those living in

the irrigation scheme. A socio-economic study conducted in BISP in the 1985-1987
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period, revealed that firewood was the main source of fuel for the tenant farmers, and that

the bulk of it came from the riverine forest. Consumption of firewood was estimated at

1 m3 per person per year (Vainio-Mattila, 1987).

By 1992, yields from the irrigated plantations were estimated at 2, 800 m 3 per

year, while those from wild mesquite, which has spread virtually everywhere within the

irrigation scheme, were estimated at 1,700 - 2,200 in 3 per year (Pukkala, 1992). An

inventory covering the riverine forest, irrigated fuelwood plantations, and areas in which

wild Prosopis juliflora was growing, was conducted for the area within the BISP

(Pukkala, 1993). Results indicated that, the riverine forest, irrigated plantations, and wild

Prosopis juliflora, could annually produce 10,000 m 3 , 5,400 m3 , and 2,700 m3 , of

firewood, respectively on a sustainable basis. Total sustainable yield therefore came to

18,100 m3 , and taking a per capita firewood consumption of 1 rn3 per person per year, this

yield would have provided for about 18,000 people, against an estimated population of

35,000 people in 1989. These results imply that there was a fiielwood deficit of about

17,000 m3 in 1989 that could only have been met by unsustainable harvesting of the

riverine forest. This may partly explain the observed significant decline in the closed and

open riverine forest area.

Pukkala estimated that the mean volume of trees in the riverine forests to be 80 m3

ha-1 (1993). A formula for estimating the total wood volume per tree in tropical rain

forests developed by Dawkins (1963) and given in Synnott (1979) is:

v = 0.5*g*h
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where,

v = total above-ground wood volume, including branchwood down to 3 cm
diameter

g = basal area of main stem at breast height (1.3m)

h = tree height

incorporating diameter, d (cm), in the above formula, individual tree volume becomes:

v = 1.25*10 -7*d2 *h (m3)

This formula has been used before for volume estimates of the Tana riverine forests

(Hughes, 1985) and was used to compute the volume of each individual tree, and these

were then summarized by plot. The mean volume per hectare based on sample plots

measured in 1995 was 91.3 ± 8.9 (95% confidence intervals).

We have estimated that the fuelwood deficit in 1989 was approximately 17,000

m3 and that this must have come from the riverine forest. Using the mean volume

estimates for riverine forests of 80 m3 ha' from Pukkala (1993) or 91.3 m 3 he from this

study, between 187 and 213 ha of forest would need to be cleared to satisfy a 17,000 m3

fuelwood deficit. This calculation assumes the fuelwood was to be used only within the

irrigation scheme, and was not exported commercially to the nearby towns of Garissa and

Hola. However, this was not the case since riverine forests were already being exploited

commercially once it became clear that prospects for both irrigated agriculture within

BISP and flood recession agriculture along the Tana River were poor.

Although there is still a market for charcoal within BISP, most of charcoal is now
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being transported to nearby towns of Hola and Garissa. Riverine forests are also exploited

for building material but no data is currently available on this use. This means that the

rate of exploitation is bound to be much higher to satisfy this demand. According to the

analysis of the SPOT data, 2,137 ha of forest were lost between 1989 and 1996. This

means that on average, 305 ha were cleared per year. This number is quite plausible

considering that the deficit calculated is for fuelwood only, and the fact that by 1994, the

irrigated forest plantations were already dying through lack of water. There is also a

reluctance to harvest mesquite since it is a labor intensive exercise requiring great care

because of its large and sharp thorns.

Agricultural activity within the irrigation scheme came to a virtual stop in 1993

after irrigation pumps failed. At the time of my fieldwork, conditions had become so bad

for the settler farmers that they were destitute and relying entirely on food-aid for their

survival. Some of the enterprising farmers had joined hands with the Malakote flood

recession agriculturalists to cultivate the most suitable floodplain sites using small diesel

pumps. Other joint ventures between these groups of people also included commercial

production of charcoal and timber from the riverine forests.

Construction of Masinga, and Kiambere Dams in the upper river basin has

resulted in reduction of floods and sediment within the lower basin. This development

has disrupted agricultural activities of the Malakote flood recession agriculturalists.

Although no formal interview was carried out to quantify the reduction in crop yields

from Malakote agriculture, I had informal discussions with a number of farmers who
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admitted that they had not had good yields for many years. In the previous sections, I

have documented that there has been a reduction in meander cut-off and formation of

oxbow lakes. Oxbow lakes are some of the favorite sites for agricultural activities.

Furthermore, after large floods, these oxbows would fill with water and fish, and as the

waters receded, the farmers would be able to obtain the fish easily for their subsistence.

There has also been reduction in the deposition of sediment because of the

reduced flooding, and the trapping of sediment behind dams in the upper river basin. This

has meant a reduced opportunity for the replenishment of soil nutrients on cultivated sites

during floods, and subsequently a reduction in crop yields. This problem has been

aggravated by the fact that the Malakote farmers have traditionally not used artificial

fertilizers in their farming. Among the coping options that the Malakote flood recession

agriculturalists have adopted in attempt to satisfy their subsistence needs are:

(1) the cutting down of large trees, especially Acacia elatior in the open forest for

charcoal production,

(2) establishing pit-saws in several forest locations, for the production of

construction timber,

(3) commercial production of dug-out canoes for far away village sites along the

river, such as those around Hola and Masalani (Figure 39). These village sites

have to acquire canoes from other areas because most of their forests have been

cleared. Favored species for canoe construction include Mimusops fruticosa,

Garcinia livingstoneia, and Diospyros mespiliformis,



314

(4) game hunting (poaching) to supplement their diets and sell the surplus

informally within the irrigation scheme,

(5) clearing of larger tracts of forest (up to 20 ha at a time) for cooperative groups

of Malakote farmers to grow crops (especially vegetables such as tomatoes,

collards, and onions) using irrigated water from the river obtained using small

diesel pumps.

Most of the activities outlined above have in recent years become an integral part of the

Malakote livelihood rather than a short-term response to disruption of agricultural

activities. This change from exploitation of forest resources at a subsistence to a

commercial level is the main reason for the extensive destruction of riverine forests that

has been documented. It is reasonable that it is the open riverine forests that have been

impacted most (a 30% reduction between 1989 and 1996) because it is here that the most

suitable species for fuelwood are found.

5.6.7 Conclusions

Changes observed within the floodplain indicate a significant loss of the riverine

forest. Removal of forest trees in most parts of the riverine forest has been the result of

thinning rather than clear-cutting. However, during the fieldwork in 1995, I observed that

villagers were clearing increasingly larger portions (in tens of hectares) of the forest for

new farms to be irrigated using diesel pumps. Continued removal of some of the mature

forest trees was also observed, especially Acacia elatior for making charcoal.
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Commercial exploitation of the endemic Populus ilicifolia had been taking place as was

indicated by bench-saw stands and remnants of felled trees. Degradation in forest stands

is indicated by changes in stand density. The closed forest has the highest stand density,

followed by the open forest and lastly the transitional woodlands. Changes to a more

open forest and woodland has been demonstrated in this study. Another change observed

while in the field was a die-back of trees towards the edge of the floodplain, probably the

result of increasingly xeric conditions with the decline in floods and water table. This

would explain why some areas towards the edge of the forest were mapped as open

forests in 1989, but as transitional woodlands in 1996. The transitional woodlands have

also been under threat as destitute tenant farmers and villages in the riverine areas

cooperate to exploit this resource commercially, in the absence of other alternative.

Analysis of the land cover change information shows that little change occurred in

the total forest area between 1975 and 1984 (a decrease of about 2%). However, there

was a substantial decline in forest area between 1989 and 1996 (about 27% for a

combined closed and open forest). Direct comparison of estimated forest area between

Landsat MSS and SPOT HRV sensors was not made because of differences in spatial

resolutions. Estimates of total forest area using Landsat MSS were lower than those by

SPOT (1989) because of lower spatial resolution of the former and resulting sub-pixel

mixing of signal from different cover types.

River development activities of dam construction in the upper river basin and the

construction of the BISP in the downstream area have negatively affected the riverine



316

forests. Reduced floods and deposition of sediment have negatively impacted the

livelihood of Malakote flood recession agriculturalists. The failure of traditional

agricultural production system has forced the Malakote into unsustainable exploitation of

the riverine forests in an attempt to earn a livelihood. Where the focus is still agriculture,

increasingly larger patches of forest are being cleared to make way for irrigated

agriculture using small diesel pumps. The large settler population of farmers and workers

in the nearby irrigation scheme has increased the pressure on the riverine forest for

provision of fuelwood and building material. The collapse of the BISP has meant a much

lower than anticipated population, and consequently a lower pressure on the riverine

forests. However, the near destitute situation many settler farmers and Malakote families

have found themselves in, has forced them into activities that degrade the environment

within the riverine forests. Forest exploitation is no longer for provision of fuelwood for

domestic purposes, but rather a new and probably the only income generating activity the

farmers have left. This now represents the biggest threat to the continued survival of the

riverine forests.



317

CHAPTER VI

6.0 DENDROCHRONOLOGICAL POTENTIAL OF SOME TREE SPECIES
FROM THE TANA RIVER FLOODPLAIN

6.0.1 Introduction

In this chapter, I present the results of a qualitative evaluation of the

dendrochronologie potential of nineteen tree species sampled from the Tana riverine

forest. These efforts were directed towards gaining a better understanding of the age-

structure and dynamics of the forests. Currently, most of the information available on

age-structure of the Tana riverine forests is speculative in the absence of reliable age

estimates of the trees.

Past studies on the Tana riverine forests that have touched on forest dynamics

have relied mostly on repeat measurements of the same trees, but in most cases, time

interval between the measurements has been a year or less (Hughes, 1985; Medley,

1990). The only relatively longer term measurements of forest growth have been those on

nine permanent sample plots established in the riverine forests around Bura by

researchers from the University of Helsinki in collaboration with the Kenya Forestry

Research Institute. A major shortcoming of these measurements was a failure from the

beginning to give each tree a code so that growth between successive measurements

could easily be calculated. It would also have been necessary to carefully measure the

diameters of each tree at exactly the same point during each assessment. Unfortunately,

this was never done and measurements were instead taken either at ground level or at 1.3
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m but not necessary at the same point on the tree each time. In addition, some sample

trees were measured using only one set of caliper measurements in spite of the non-

circular stems in many of the species encountered. As a result, growth rate calculations

based on these measurements are bound to be riddled with errors.

There are additional disadvantages of basing age estimates on increases in girth or

diameter between successive measurements:

(1) If successive measurements are made under different soil moisture conditions,

the age estimates are prone to errors. This is because the trunks of woody species

expand and contract depending on water stress in the xylem. Trunks measured in

the dry season are likely to be thinner than in the previous wet season. The

difference due to shrinkage may be as great as that during growth in a whole year,

(2) using an average growth rate of a species to estimate age of a tree can be

misleading because individual trees of the same species can show great variability

in growth rates, especially if they occupy different canopy positions. Many

understory trees, show little or no increase in diameter over many years. Such

suppressed trees are inhibited from further growth by competition for light and

root space, and survive with minimal photosynthesis at or near compensation

point (Swaine and Hall, 1986). Even for trees of the same species, size, and

canopy position in moist forests, diameter growth rates have been found to be

highly variable (Wadsworth, 1995).

Because long and high quality growth measurements are frequently not available for
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many tropical areas, other techniques are necessary in order to derive the necessary

information on ages of trees. Dendrochronology offers a viable opportunity to infer tree

growth and ages of trees from sample cross-sections. However, this technique can only

succeed if sampled trees produced discernable rings. Dendrochronology is a science that

uses tree rings dated to their exact year of formation to analyze temporal and spatial

patterns in the physical and cultural sciences.

The first task in a dendrochronologie research in tropical regions requires

identifying species that produce distinct rings. Once these species have been identified, a

careful sampling to obtain cross-sections should be carried out across all tree sizes or

canopy stages of the species. These cross-sections can then be prepared in the laboratory

and attempts made to match ring-width patterns both within the tree, and between trees.

Ring synchrony or cross-dating, is evidence that a factor like microclimate, which varies

from one year to the next throughout the sampling area, has affected ring growth (Fritts

and Swetnam, 1989).

The basic procedure in the analysis and dating of tree-ring samples is the

comparison of ring series with one another and with dated master chronologies in order to

establish cross-dating (Stokes and Smiley, 1968). An explanation of terms and methods

commonly used in dendrochronology will be given in the methods section.

In many tropical regions, no master chronology exists, and therefore one has to be

constructed. Cross-dating is crucial to the dating of individual rings because it permits the

recognition and correct placement of double or locally absent rings, both of which render
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simple ring counts inaccurate (Dean, 1978).

If the rings are determined to be annual, a chronology could be constructed for the

species, and the ages of any trees from that species determined from this chronology. In

addition, more precise information on growth, and stand dynamics, can then be generated.

Even in the absence of an absolute chronology, it seems logical that information

generated from tree-rings would yield insights into growth rates and stand dynamics in

forest and woodland ecosystems.

6.0.2 Background

The measurement and description of forest population structure and dynamics is

still the focus of many ecologists as it a necessary step towards the formulation of

ecologically sound and effective management plans for the forests (Jackson et al., 1983;

Jacoby, 1989). Factors that influence population dynamics and distribution of plants

include; environmental conditions, resource availability, competitors, and disturbance.

These conditions are expressed in plant population by changes in reproductive output,

growth, branching pattern, and biomass (Barbour et al., 1987). Plant population

ecologists strive to understand and predict the responses of plant populations to external

and internal conditions.

The study of changes in forest population size with time (demography) requires

one to determine birth and death rates of individual trees of each age or age class. This

would then allow the demographer to project: (i) longevity of individual trees of the
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species, (ii) the timing of the reproduction and the number of offspring produced, and (iii)

the overall change in population numbers of the species with time. One approach to plant

demography is to describe the various changes in the life history of a plant and quantify

the numbers present at each life-stage (Harper, 1977). Regardless of life span, one can

recognize eight important stages in an individual plant or population (Rabotnov, 1969):

(1) viable seed,

(2) seedling,

(3) juvenile,

(4) immature, vegetative,

(5) mature, vegetative,

(6) initial reproductive,

(7) maximum vigor (reproductive and vegetative), and

(8) senescent.

Demographic studies will by necessity require the individual ages of the trees being

studied to be determined. The best chance to do this is provided by the use of

dendrochronologie techniques.

If a perennial population shows only the first four or five stages, it is obviously

invading and is part of a serial community. If a population shows all eight stages and no

further changes occur in the age-structure, it may be stable and replacing itself at the site.

If is shows only the last four stages, the population may be in a decline or replaced by

temporally infrequent cohorts (Barbour et al., 1987).
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The age-distribution of a population can be used as a predictive tool in community

ecology (Barbour et al., 1987). Size-structure would do equally well if trunk diameters of

trees were correlated with age. If a particular tree species has mature trees but no

seedlings or saplings, it may be a senescent population that is not reproducing itself and is

part of a serai community. Species that have many seedlings and saplings but no large

(mature) individuals may be invading populations, part of the community that will

replace the senescent species.

If a species shows a reverse J-shaped curve age distribution with many seedlings

and saplings and fewer larger, older trees, there is a high probability of the population

maintaining itself as part of a climax community. However, there are other species that

may not show the reverse J-shaped curve, yet still be considered stable. This is especially

so of long lived species that successfully maintain themselves even if their seedlings

become established only sporadically in time. Such species may require remarkable mesic

conditions for good germination and seedling development. Such remarkably wet

conditions are most likely a periodic phenomenon, and when they do occur would result

in mass germination and establishment of the species. Such long-lived species may only

be represented by mature individuals, yet one cannot conclude that the species will

become extinct once the remaining individuals die. This is because, it is highly likely that

during the species long-life-span, those favorable but rare conditions necessary for the

germination and establishment of this species are likely to return before the existing

mature individuals die out.
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Ecologists concerned with the dynamics of forest ecosystems know that in order

to describe and interpret the present status of forest and woodland communities at the

individual, population, or ecosystem level, it is not only important to catalogue existing

ecosystem attributes, but it is also essential to elucidate past disturbances as these will be

influenced by successional status and development (Banks, 1992). Determining tree ages

yields insight into effects of disturbances like fire, disease and insects on forest and

woodland dynamics (Harper, 1977; Brubaker, 1987; Fritts and Swetnam, 1989).

For greater understanding of the climate system (including better knowledge of

drought and flood occurrences) there is need for longer climate records from tropical

regions. Such records could be produced from tree rings If identifiable, cyclical ring

growth can be determined and related to climate (Fritts, 1976; Hughes et al., 1982). In

addition, tree ring-width sequences have also been used to study past hydrologic history

(Stockton et al., 1985). Old-aged trees from the tropics could be used to reconstruct

climatic history and provide data for a better understanding of the global climate system

(Jacoby, 1989).

The study of tree rings has been restricted mostly to temperate regions with

sufficiently well-defined seasonal patterns of growth (Fritts, 1976). Tropical trees are

among the least known forested ecosystems in the world. Understanding the history and

ecology of these forests could provide answers to questions that cannot be answered at

present because these forests were largely unstudied in the past. The difficulty in

understanding tropical forests is in part due to our current inability to accurately
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determine the age or growth rates of many tropical trees (Bormann and Berlyn, 1981).

Dendrochronological analysis of tropical trees with discernible annual rings may provide

otherwise unobtainable records of past climate and vegetation change (Ash, 1993). Such

analysis may help us understand how tropical tree species respond to canopy openings

and other changes in growing conditions (Ashton, 1981).

The primary problem in tropical tree-ring analysis is the frequent lack of well-

defined cyclical growth rings, mainly because of the absence of seasonality (which

induces dormancy and associated anatomical change). Where growth rings are present,

these often do not correspond with annual or even periodic cycles as is commonly the

case in temperate regions. In temperate regions the growth rings of dendrochrono logically

useful species correspond to a period of dormancy that is usually associated with a

combination of exogenous factors such as extreme temperature, lack of moisture, or day

length (Fahn et al., 1981).

In dendrochronologically useful temperate tree species and at

dendrochronologically appropriate sites, the growth of temperate trees is limited by at

least one of the above mentioned factors, hence the inter-annual variability can be related

to one of these factors. Under such limitations sufficient variability in tree-ring

parameters will permit cross-dating and the determination of exact calendrical age of any

given ring (Stokes and Smiley, 1968). The absence of a marked seasonality in tropical

regions causes an absence of dormancy or aperiodic dormancy that precludes either cross-

dating of growth rings, establishment of a relationship between variations in growth rings
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and periodic climate elements, or both (Garfin, 1992).

Until recently many dendrochronologists were very pessimistic about tropical ring

analysis. One of the most difficult problem is the indistinct ring anatomy due to general

uniformity of seasons in the tropics. Ring boundaries are typically caused by some kind

of seasonality. In temperate regions, growth will cease in the fall season due to cold,

resulting in the formation of a ring marking the end of the growing season. In other

instances, it is the onset of the dry season that causes the ceasation of growth, and

consequently the formation of a ring boundary.

Some of this pessimism in tropical dendrochronology has resulted from a lack of

awareness of successful early work in tropical tree-ring analysis (Jacoby, 1989). Annual

growth rings, however, have been shown to occur in many tree species throughout the

tropical zone (Berlage, 1931; Mariaux, 1981; Worbes, 1986). Even as early as 1931,

(Berlage, 1931) went further by producing an accurate dendrochronological interpretation

of a chronology he developed from ring widths of teak (Tectona grandis) from central

Java. Ring anatomy of certain tropical species has been described by Alvim (1964),

Chowdhury (1964) and Mariaux (1967) indicating the potential for quantitative growth

rate studies of some of those species.

The absence of strong temperature seasonality has severely constrained the

application of dendrochronology to tropical forests. Nevertheless, there are a number of

climate mechanisms in the tropics which can induce seasonal growth rhythms in trees,

and several studies have documented the formation of annual rings in a few species
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grown under these particular climatic regimes. The most notable example is teak

(Tectona grandis) which is drought deciduous and forms an anatomically distinctive

annual growth ring associated with leaf fall during the dry season of monsoonal climates

(Berlage, 1931; Jacoby and D'Arrigo, 1990).

Cold is claimed to induce cambial activity cessation (Waisel and Fahn, 1965).

Photoperiodic events may play a role in number and size of elements (Larson, 1969;

Waisel and Fahn, 1965). Paliwal and Pradad (1970) stress timing of leaf fall in relation to

cessation of growth rings. Onset of drought leads to cessation of cambial activity and is a

prime factor in growth-ring formation occurring in some species and regions (Fahn,1958;

1962; Larson, 1960; 1964; Bass, 1973).

Marked dry periods do occur annually in many areas of the humid tropics. For

instance, Manaus, in the Amazon basin, experiences a phase of at least one or two months

with less than 50 mm precipitation. Similar dry periods also occur in tropical Africa and

parts of Southeast Asia (Worbes, 1981).

There are at least three climatic mechanisms in tropical East Africa that may

induce an absolute annual growth rhythm in selected indigenous tree species. These

mechanisms include the annual dry season of single-rain monsoon climates (i.e., parts of

southern Tanzania and portions of extreme northern Kenya), the dual annual dry seasons

associated with the long and short rainy seasons typical over much of Kenya and Uganda,

and the seasonal temperature minimums in high elevation forests. Temperatures may drop

to near freezing in many locations such as Mt. Kenya, Mt. Elgon, and the Aberdares
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Ranges, the Mau Ranges during the months of June and July.

A strongly seasonal climate, or perhaps stream-flow rhythms for wetland species

will be necessary to interrupt tree growth and form anatomically distinctive boundaries

between the cellular growth of adjacent years. Periodic inundation of large river systems

is one indirect effect of climate. Such floods may inundate large areas of forest such as

those on the lower Tana River floodplain in Kenya. In circumstances of long-term

flooding, anoxic conditions in the soil induce a donnant phase in tree growth and the

formation of annual rings.

A major difficulty facing tropical dendrochronologists is to establish the growth

periodicity of the trees. This applies where growth rings are present but it has not been

established whether they represent annual, biannual or some other growth cycle. In

addition, most tropical trees appear to lack circuit uniformity in growth rings (Francis,

1928; Lilly, 1977; Norton, 1990; Ogden, 1981; Worbes, 1989). As a consequence of this

anatomical characteristic, more often than not, cross-sections rather than cores must be

taken for most dendrochronology studies. Poor definition of annual ring boundary is a

feature of many tropical trees (Worbes, 1992). The often ill-defined rings of tropical trees

can become very small in slow growing trees, and may merge with adjacent rings to

effectively obscure any annual record. Intensive field collection and specialized

laboratory analyses of full cross-sections from all age classes at a site may be the only

practical strategy for surmounting ring definition problems. Another big problem facing

the development of tropical dendrochronology is the absence of information on how
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tropical trees respond to different seasons, moisture, and temperatures (Lilly, 1977;

Norton, 1990; Ogden, 1978; Villalba et al., 1987).

A number of African tree species have been shown to exhibit annual rings. These

species include Entandrophragma spp. in Ghana (Hummel, 1946; Mariaux, 1981),

Trip/ochiton spp. in Nigeria (Lowe, 1961; Mariaux, 1981). Mariaux (1981) also

demonstrated that several species including Terminalia superba, Acuomea spp., and

Afzelia spp., form annual rings in the countries of Gabon, Congo (Kinshasa), (formerly

Zaire),and Ivory Coast. Detiene (1989) reported annual growth rings in a number of

species in Guinean-Congolese Africa and French Guyana, by using dendrometric

measurements, cambial wounding and examination of whole disk sections. These species

included Cedrela odorata, Tectona grandis, Terminalia ivorensis and Entandophragma

cylindricum. Detiene (1989), however made no attempt to formally cross-date his

samples. In a more recent study Belingard et al. (1996) found it possible to determine the

age of Aucoumea klaineana in Congo (Brazzaville). In addition, they found a positive

correlation between ring-width series and rainfall records.

Jacoby (1989; 1992) demonstrated cross-dating in Vitex keniensis (an indigenous

ring porous species) and Cupressus lusitanica (exotic species) in Kenya. He found that

Cupressus lusitanica produced two growth rings per year, a wide one corresponding to

the long rains and a narrow ring corresponding to the short rains. Stahle et al. (1995) have

since developed a 56 and a 60 year-long chronology of plantation grown Vitex keniensis

and Premna maxima, respectively, both species from southeastern Mt. Kenya forests. The
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Premna maxima chronology is for 1935-1994, while the Vitex keniensis chronology is for

1938-1994. The Vitex chronology was found to be significantly correlated with rainfall

amounts in March and in November.

Stahle et al.(1997) have also been able to demonstrate annual growth ring

formation and to develop tree-ring chronologies for Canthium burtii and Pterocarpus

angolensis at Hwange National Park in Zimbabwe. The Canthium burtii chronology

extended from 1845-1995 and was significantly correlated with seasonal rainfall for the

period 1901-1994. The Pterocarpus angolensis chronology extended from 1876-1996

and was significantly correlated with precipitation totals for the months of December,

January and February for the period 1900-1990.

6.2 METHODS

Because no previous dendrochronological studies have been carried out anywhere

on the Tana River, it was necessary first, to establish what trees species produced

discernible rings. This proved a challenge because of lack of an on-site facility for

surfacing the samples. In fact most of the samples collected had to wait until their arrival

at the Laboratory of Tree-Ring Research in Tucson, to be polished and examined for

rings.

During the forest ecology study, I came across more than 110 different tree

species from the riverine forests. Since there is hardly any information on the wood

structure or phenology of the species, it was necessary to sample a wide range of species
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and especially those that appeared to have visible growth zones even on the unpolished

surfaces. This was considered to be a better strategy than an intensive sampling of only a

few species with no proven basis. It was hoped that one, or even several, of the species

sampled would later prove to be useful for dendrochronology. Again, any information

generated in this regard would prove useful to future researchers intending to conduct

ecological studies involving age-structure dynamics of the forests. This part of my study

therefore represents a first but also a necessary step that is essential to an effective study

of the age-structure dynamics of the Tana riverine forest.

Sample collection of cross-sections was confined to trees that had already been

felled. However, increment cores were taken from live trees. In the absence of

information on species that may be useful for dendrochronology, samples were obtained

from a variety of species. The decision to sample from a particular species was made after

an examination of a roughly prepared wood cross-section surface with a hand lens. Those

species that appeared to have growth zones were targeted for sampling.

For each sample collected, the following information was recorded:

(1) Name, location and site description; (2) species name; (3) when tree was cut (if not

freshly cut, I relied on information from local villagers); (4) tree characteristics (e.g

diameter, height).

Because, there was no on-site facility to prepare the collected material, all wood

samples were shipped to the Laboratory of Tree Ring Research in Tucson, for evaluation.

Each air-dried specimen was cut as thin as possible in order to minimize transportation
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costs. Since only a limited number of samples made their way to Tucson on account of

the high shipping costs, no comprehensive dendrochronologie evaluation of any of the

species was possible. For some of the species, only one cross-section was available.

On arrival in Tucson, each specimen was polished thoroughly. Once ready, each

species was examined systematically, and a brief description of the wood anatomy given.

6.2.0 Background Information on Wood Structure

The cellular structure of wood is specially designed to perform three functions: (1)

conduct water and dissolved minerals from the roots to the leaves, (2) act as a mechanical

support for the tree as a whole, and (3) store food materials during dormancy, for growth

in the early growing season. Broadly speaking, woody cells are also of three principal

types according to their adaptations for the function of conduction, mechanical support or

the storage of food (Rendle, 1971).

The following section gives a description of some of the commonly encountered

terms in wood anatomy. Most of this information is compiled from the report by Rendle

(1971), and the texts by Panshin and De Zeeuw (1964), Butterfield and Meyland (1980),

and Desch and Dinwoodie (1996). In addition, I list a number of characteristics that were

used to qualitatively evaluate each species in regard to potential for dendrochronology. A

table summarizing the results and an explanation of the descriptors is given at the end of

the results section.
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6.2.1.1 Description of Some Wood Anatomy Terms

Bark

This layer forms the outer covering of the bole of a tree, and serves to protect the

wood from extremes of temperature, drought, and mechanical injury. The inner layers of

the bark conduct the food manufactured in the leaves to regions of active growth, and into

places where it can be conveniently stored.

Cambium

The cambium lies between the bark and the wood. It is a thin delicate tissue

forming a complete, glove-like sheath covering the bole and branches. The cambium

tissue produces bark towards the outside and wood towards the inside of the tree. The

enlargement in girth of the trunk is brought about entirely by the activity of the cambial

sheath. The cambium produces bark and wood tissue during spring and summer months

in temperate regions. For some tropical species, cambial growth ceases at the onset of the

dry season.

Growth Rings

Growth rings are a series of concentric layers of tissue. Each growth layer

comprises the wood produced by the cambium in a single growing season. The rings are

actually layers of wood extending the full height of the tree, a new layer being added each

growing season, over the whole tree. Thus the wood nearest the outside of the bole is the
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youngest. The alternation each year of a growing season, followed by a resting period,

results in the growth rings being annual rings. Double (or multiple) rings consist of two

or more false rings, are caused by interruptions to growth during the growing period.

Growth rings are apparent because the wood produced at the beginning of the growing

season is different in character from that formed later in the season, and zones of early

wood and late wood may be distinguished. Early wood is generally softer and more

porous than late wood.

Sapwood

This consists of the outer, or youngest, growth layers where most food storage and

sap conduction is performed in most trees. The size of the sapwood varies widely,

depending on the species and age of the tree, and the mode of growth of individual trees.

In a plantation stand of the same species, trees will have a wider sapwood if grown in the

open stands than when grown in closed stands when there is close competition with the

other trees. The sapwood is usually lighter in color than the heartwood and is less

durable, and when green, contains much more moisture.

Heartwood

The heartwood forms the central part of the tree that is concerned solely with

providing mechanical rigidity to the stem and support for the crown. The line of

demarcation between sapwood and heartwood may be sharply defined or indefinite, and
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in some species there is no color differentiation between the two. In many trees the

conducting channels are blocked in various ways when the wood becomes heartwood.

Coloration of the heartwood in some hardwoods is due to the deposition of complex

organic compounds collectively known as extractives. The amount of extractives

deposited in the heartwood varies in composition among different species. Extractives are

responsible for imparting the natural durability of the heartwood, and thus the heartwood

durability will vary considerably among different species depending on the amount and

composition of extractives present.

Fibers

Fiber cells are primarily concerned with mechanical support of the tree. Fibers are

long, narrow, more or less thick-walled cells which usually constitute the bulk of the

woody tissue (Rendle, 1971). In hardwoods, most fibers are too small to be seen as

individually distinct by the naked eye, but under the microscope they are seen to be

similar in structure to the latewood tracheids of a typical softwood, though they are

generally shorter.

Fibers of various types usually form the bulk of the wood. They vary from long,

thick-walled libriform fibers in some woods to somewhat less thick-walled and shorter

fibers tracheids in others (Butterfied and Meylan, 1980). Fibers are generally found

throughout the growth ring and in the latewood they may be thicker-walled and have

smaller lumens than in the earlywood.
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Vessels

Vessels are water conducting elements, and consist of vertical series of open-

ended cells arranged one above the other. They are continuous for considerable distances

up and down the tree. When first formed, vessel members have end walls like other cells,

but early in their development the cells swell and the end walls split and are dissolved by

enzymes, so that the vessel members form a continuous tube, like a drain pipe, in a tree,

known as a vessel (Desch and Dinwoodie, 1996).

In a cross-sectional view, vessels are visible as small holes or pores. Hardwoods

have the water conducting vessel elements distributed throughout the growth ring (even

in ring-porous hardwoods, the latewood contains vessels). On the other hand, softwoods

have water conducting and strengthening tracheid elements segregated in the earlywood

and the latewood, respectively.

Vessels may be of similar diameter and distributed more or less evenly throughout

the growth ring forming diffuse-porous wood, or may be larger in the earlywood forming

a ring-porous wood (Butterfied and Meylan, 1980). The grouping of vessels varies

considerably from one species to another as does the diameter of individual vessels. In

addition, the diameter of the vessels of any one species usually varies within each growth

ring (Butterfied and Meylan, 1980). Many woods have a vessel arrangement that lies

somewhere between these two extremes. Within each growth ring, the vessels may be

solitary or grouped into pore multiples.
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Parenchyma

This is sometimes known as soft tissue, and consists of typically thin-walled,

brick-shaped cells. The cells are involved primarily in storage of food materials and to a

lesser extent in the conduction of carbohydrates. Parenchyma cells occur in the form of

rays, horizontal strands of cells running across the grain of the wood in a radial direction.

Grain refers to the direction of fibers relative to the axis of the tree. A cross-sectional

view, of the wood of species certain species such as oak and beach, has rays that are large

enough to be seen by the naked eye, and these appear as strands of varying width

radiating from the center of the tree (pith) at right angles to the growth rings.

Parenchyma cells also occur as vertical strands, among the vessels and fibers, or

in the form of a sheath surrounding the vessels, or grouped together in lines or bands at

right-angles to the rays. Collectively, they are often visible as lines or patches which are

generally light-colored in contrast with the darker background of the fibers. In some

hardwoods, the boundary of the growth ring is marked by a fine line of marginal

parenchyma. The various types of parenchyma are described below.

Axial Parenchyma

Axial parenchyma is generally more prolific in hardwoods than in softwoods.

When parenchyma cells are scattered throughout the woody tissue, it is described as

apotracheal. At other times, the parenchyma cells are closely associated with vessels, in

which case they are described as paratracheal. Occasionally, they are solitary, but usually
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they are grouped into aggregates (Butterfied and Meylan, 1980). Axial parenchyma cells

can occur throughout the growth ring in a diffuse or diffuse-in-aggregates pattern, or they

can be grouped in distinct rings. Sometimes banded parenchyma is boundary (also called

marginal parenchyma), meaning that it occurs either in the latewood of one growth ring

(in which case it is referred to as marginal parenchyma) or in the earlywood of the next

(in which case it is referred to as initial parenchyma).

The distribution of the axial parenchyma within the growth ring is usually

diagnostic for a particular wood and may be of value in its identification. There are three

broad types of axial parenchyma: (1) paratracheal axial parenchyma which is always

associated with vessels and vascular tracheids; (2) apotracheal axial parenchyma does not

have any relationship with vessels and vascular tracheids; (3) boundary parenchyma

always lying at the end or beginning of a growth ring.

Paratracheal Parenchyma

There are four types of paratracheal parenchyma: (1) scanty parenchyma which

may consist of the occasional isolated strand or strands associated with a vessel, but never

ensheathing it; (2) Vacicentric paratracheal parenchyma in which parenchyma strands

may completely ensheath the vessel; (3) aliform parenchyma is formed when vasicentric

paratracheal parenchyma is expanded into tangential wings on either side of the vessel or

vessel groups; (4) aliform confluent parenchyma is formed when aliform parenchyma

groups are linked.
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Apotracheal Parenchyma

Apotracheal parenchyma is of three types: (1) diffuse axial parenchyma which is

apotracheal parenchyma distributed as isolated strands of cells amidst the fibers, giving

the appearance in the transverse section of being isolated single cells; (2) diffuse-in-

aggregates parenchyma is formed whenapotracheal parenchyma is distributed in small

groups of strands usually in tangential rows; (3) banded apotracheal parenchyma

describes the extensive rings of apotracheal parenchyma found to alternate with fibers in

some hardwoods.

Boundary (Marginal) Parenchyma

Boundary parenchyma is described as either marginal or initial parenchyma

depending on whether or not it lies in the end of one growth ring or the beginning of the

next. Marginal and initial axial parenchyma are often difficult to separate even at the

electron microscope level. According to Carlquist (1988), marginal parenchyma is the

predominant form.

6.2.1.2 Wood Characteristics Evaluated

The following characteristics listed below were used to evaluate species potential

for dendrochronology:

(1) Distinctiveness of ring boundaries. Those specimens where the ring boundaries could

be identified with certainty were considered to have desirable characteristics. This
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characteristic is linked to the frequency, distribution and size of vessels and the type of

axial parenchyma present. Ring-porous woods would be easiest to identify growth ring

boundaries, followed by semi-ring porous woods. Diffuse porous woods are generally

much more difficult to locate growth ring boundaries. Where a marginal parenchyma

represented the ring boundary, its distinctness would depend on the nature of the axial

parenchyma. Along these lines, an evaluation of the distinctness of ring boundaries along

a wood cross-section, and between young and old specimens of the same species was

carried out. Great variations in the distinctiveness of rings create difficulties for a

dendrochronologist.

(2) Circuit uniformity of the ring boundaries. This refers to the consistency of ring-width

in the entire wood cross-section. Growth rings that were concentric were regarded as

representing a higher potential than those that were lobate since the former tend to show a

higher circuit uniformity. When attempting to cross-date samples with lobate growth

rings, one needs to locate the radii for crossdating only along the lobes where rings are

not too highly suppressed. For specimens showing eccentric growth rings, only one

direction would be available for crossdating since other directions would show varying

degrees of ring suppression.

(3) Specimens were examined for wedging of rings (partial or missing rings) along

various radii in a cross-section. This characteristic was evaluated categorically as

frequent, infrequent, or none. Those species without missing rings were considered most

desirable.
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(4) Ring-width sensitivity. Species showing sensitivity (i.e., ring width variability) across

a cross-section would increase the possibility for cross-dating compared to species that

showed complacent rings (i.e., low ring-width variability).

6.2.1.3 Explanation of Some Dendrochronological Terms and the "Skeleton Plot"
Method

Crossdating has been defined as the existence of identical patterns of ring-width

variation among sensitive ring-width series from different trees within a given area

(Dean, 1978). Crossdating can be used to identify rings that were produced

simultaneously by many trees over a wide area. If the rings are annual and the date of the

outermost ring in the sequence is known (this can be deduced from knowledge of when

the tree was cut). This means that the exact calender dates can be assigned to each ring in

the series, thereby producing an absolutely dated chronology of the ring-width vatiation

(Dean, 1978)

In crossdating, ring-widths must be matched among all radii within a stem and

among different trees in a given stand, as well as among ring width patterns of

neighboring stands. Fritts (1976) lists the following as the necessary steps in crossdating:

(1) matching of ring-width patterns among specimens,

(2) examining the synchrony, recognizing any lack of coincidences,

(3) inferring where rings may be absent, false, or improperly observed,

(4) testing the inference by examining carefully the ring structure in other
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specimens,

(4) finally arriving at the correct regional chronology with agreement among the

growth sequences of trees in neighboring stands.

Crossdating is possible because the same or similar environmental conditions

have limited ring-widths in large numbers of trees and the fluctuations in limiting

environmental factors that are similar throughout a region produce synchronous variation

in ring structure. Crossdating is evidence that there is some climatic or environmental

information common to the sampled trees.

Ring-width series from many trees could be combined into a composite ring

chronology in a technique called chronology building (Dean, 1978). This technique

involves minimizing from each ring-width series, variability caused by individual tree

and site factors, by averaging the yearly values in the crossdated ring-width sequences of

many trees from a large area.

Crossdating among samples from living trees is worked out through comparison

of tree sample cross-sections or cores, with known dates of the outside of the rings on the

samples serving as an initial match point for comparison. The most commonly used

dating technique, the "skeleton plot method" has been described in detail by Stokes and

Smiley (1968) and Dean (1978). The description that follows is drawn from the reference

by Dean.

A skeleton plot is a subjective representation of the pattern of ring-width variation

in a sample plotted at a standard scale so that different samples can be conveniently
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compared with one another. A skeleton plot is laid out over a strip of graph paper so that

each vertical line represents one ring on the sample. The rings that are smaller than their

neighbors are marked by pencil lines superimposed on the lines that correspond to those

particular rings. The length of each pencil line is inversely proportional to the relative

width of the ring it represents: the smaller the ring relative to its neighbors, the longer the

line up to a maximum of 10 units on the graph paper scale. Rings of average size receive

no special designation and are represented by unmodified lines on the graph paper.

All the tree-ring samples from a particular site are skeleton plotted, and the plots

compared with one another to establish crossdating. Once this has been done, a composite

skeleton plot which represents the visual average of the individual crossdated plots is

made. The skeleton plot is then compared ring by ring to the best available master

chronology until a point is found where the two match. At this point calender dates can be

assigned to previously undated composite chronology and every sample that is included

in that chronology.

Since age-trend and long-term changes in the ring width are not recorded using

the skeleton plot method, it can be used to synchronize ring series of the same age but

with different absolute ring-widths. In this way, samples from the same site can be

aggregated to form a composite. Master chronologies can be constructed from these local

series. Such chronologies show only those narrow rings that characterize the region or

site. Samples can then be dated by matching these plots with recent tree-ring series.

Although the skeleton plot method is subjective, experience has shown that plots



343

produced independently by researchers with sound basic training tend to be similar

(Schweingruber, 1988).

6.3 RESULTS

In the following section, I give describe general anatomical features of each

species examined, and give a qualitative evaluation of its potential for dendrochrono logy.

Family name of each species is put in parenthesis next to the species name. Each

description is complimented by a photograph of a transverse section of the species. Many

of the species examined had growth rings, but only a few appear to offer any real

possibilities for crossdating. However, it is clear that the growth rings observed in many

of the species could be used to estimate growth rates or even ages of sample trees.

6.3.1 Acacia elatior (Mimosaceae)

This species has a heartwood that is chocolate brown in color and a light brown

sapwood. The wood is diffuse porous with vessels associated with parenchyma (Figure

54). The parenchyma varies from aliform paratracheal parenchyma to banded confluent

parenchyma. The later parenchyma occurs at regular intervals and therefore when the

wood is viewed with the naked eye, the banded confluent parenchyma could be

incorrectly interpreted as the growth rings. The true ring boundaries can only be seen

under a microscope and only in highly polished cross-sections. A very thin band of

marginal parenchyma marks ring boundaries. This band can be very faint or even absent
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Figure 54. Growth ring boundaries in Acacia elatior formed by marginal parenchyma bands
(indicated by arrows).
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on some of the radii. This characteristic therefore made it necessary to match rings along

several radii if one is to identify sections that have missing rings. I had six samples of this

species, five of which were from young trees and had ring counts less than 60 (three of

the five had ring counts of about 30). Some of the cross-sections were fairly large (with

diameters up 50 cm), belying their relative youth. The sixth section is the third smallest of

the Acacia elatior samples but had almost 100 rings! However, growth was too highly

suppressed along some of the radii in this cross-section, to allow for successful ring-

matching within the sample. I therefore decided to concentrate on the other five cross-

sections which had growth rings ranging from near concentric to eccentric.

At the time of writing I had completed ring counts on six separate radii on one

sample and obtained a ring count of 27. I was able to match the ring-width patterns along

the six radii, this indicating that ring-width is consistent across the entire section. This

represented an essential step to cross-dating between tree samples. I intended to repeat

this exercise on each of the remaining four sections before I made an attempt to cross-

date cross-sections from the five trees. However, because this is a very laborious process,

I made a decision to postpone this work to a later period outside this dissertation. By far,

this species appears to be the most promising for cross-dating and eventually constructing

a chronology. The Acacia elatior specimens were from relatively young trees which

made them a suitable starting point for chronology-building.
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6.3.2 Acacia robusta (Mimosaceae)

This species has light brown to yellowish wood. To the naked eye, it has more

prominent streaks of white parenchyma than that of Acacia elatior (Figure 55). Acacia

robusta is diffuse porous with vessels associated with parenchyma. The parenchyma

varies from aliform confluent parenchyma to banded confluent parenchyma. There is no

apparent change in vessel size and frequency across a growth ring. The species is also

characterized by numerous and prominent wood rays. I only had three samples of this

species of which none had a heartwood. On highly polished specimen, a thin (and

sometimes faint) marginal parenchyma band could be seen marking the ring boundary.

The whitish concentric bands visible to the naked eye, were banded confluent

parenchyma.

Acacia robusta is yet another species that may be worth attempting tocross-date.

However, it appears more effort would be required than for Acacia elatior because the

marginal parenchyma in Acacia robusta is much more faint and may be much harder to

and may be much harder to see because of the more prominent confluent parenchyma. In

spite of these difficulties, this species has good potential for dendrochronology. Ring

counts from the four specimens I examined had ring counts of less than 40. One of the

samples had a diameter of 30 cm but had a ring count of only 22. This indicates that this

species can grow very fast as is indicated by presence of wide rings in some of the cross-

sections (some of the rings were up to 2 cm wide!).
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Figure 55. Arrows show marginal parenchyma bands indicating growth ring boundaries in
Acacia robusta.
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6.3.3 Albizzia gummifera (Mimosaceae)

Only one large cross-section was available for this species. Growth rings are

clearly visible but are very wavy (Figure 56). Although the cross-section is more or less

circular, the growth rings are eccentric. The heartwood has a brown color with shades of

yellowish-gray and occupies more than three-quarters of the cross-section. Vessels are

large enough to be visible to the naked eye. The wood is diffuse-porous and has

numerous vessels which mainly occur singly or in pairs. An aliform paratracheal

parenchyma (vasicentric parenchyma extending into tangential wings) is present. In

addition, aliform confluent parenchyma which links adjacent vessels is also present.

Vessels do not appear to change in size nor frequency across a growth band.

Ring boundary is marked by a narrow but very distinct marginal parenchyma. The

latewood has a brownish color which contrasts sharply with the yellowish-gray color of

the earlywood. Unfortunately, not all growth rings are as sharply defined. Growth rings

became indistinct towards the pith and frequently wedge out (i.e., rings become

progressively smaller around parts of the circumference until they disappear, or "wedge-

out" completely). Because of the eccentric nature of the growth rings and wedging out of

rings, especially towards the pith, I obtained a ring count of 60 and 40 rings on the two

longest radii of the cross-section. Clearly, if this single specimen is typical of this species,

then it has low potential for dendrochronology.
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Figure 56. Albizzia gummifera cross-section with arrows showing growth ring boundaries
marked by thin marginal parenchyma bands. Note the variable ring-widths displayed by this
species.
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6.3.4 Cordia goetzei (Boraginaceae)

Cross-sections from this species have eccentric to lobate growth rings. Although

the rings are wavy, they appear to be relatively consistent along a radii. The vessels are

barely visible even at the highest microscope magnification (Figure 57). The cross-

section is dominated by numerous parenchyma rings which are whitish in color and form

rings across the section i.e., banded confluent parenchyma. Rays are also prominent and

run from the direction of the pith towards the bark. They too are whitish in color and

together with the parenchyma bands form a whitish rectangular mesh with the areas in

between having a brownish color. Growth rings are marked by thin whitish bands of

parenchyma located in brown colored areas that are relatively free of vessels. At the

beginning of each growth band, the banded confluent parenchyma is much narrower,

contrasting sharply with the end of the previous growth ring characterized by thick rings

of parenchyma. Vessels are unevenly distributed across each growth ring, with the

majority found lining up along the ring boundary. Vessels are arranged along the

parenchyma bands.

Rings appear to wedge out frequently towards the bark. Some of the ring

boundaries disappear in several sections. The specimens have tight growth rings towards

the bark. Ring counts on the 3 longest radii in the first specimen were 40, 38 and 31. The

second specimen did not have a heartwood like the first and the growth rings were less

wavy. However, I encountered several sections in which the growth rings abruptly

stopped mid-way along the cross-section. The growth rings marked by the thin whitish
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Figure 58. A cross-section of Cordia goetzei with arrows indicating the location of ring
boundaries. The presence of banded parenchyma makes the identification of ring boundaries
more difficult.
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parenchyma bands appeared to be more intermittent towards the pith and it was difficult

to confidently identify ring boundaries. I only identified 23 rings in this specimen.

Because of the uncertainty in identification of ring boundaries and the wedging out of

rings, this species appears to offer little potential for dendrochronology.

6.3.5 Diospyros mespiliformis (Ebenaceae)

The wood is light brown to reddish brown in color. Vessels are tiny and can only

be seen under the microscope. They occur in groups of two to four. Vessels are not

associated with parenchyma, and the parenchyma is described as apotracheal (Figure 58).

There are rings of parenchyma (banded parenchyma) but this too are not associated with

vessels.

Growth ring boundary is marked by a dark brown band that contrasts sharply with

the lighter brown zone marking the beginning of the next growth band. The growth ring

boundary is free of banded parenchyma which characterizes the rest of the growth ring. In

addition, there are only a few vessels present within this boundary. Vessels vary between

samples from numerous to few. However, they do not change in size nor frequency

throughout the growth ring.

Unfortunately with this species, growth rings become very indistinct on some

sections of the wood cross-section. There is also frequent wedging out of rings and in

some sections(especially towards the pith), it is difficult to tell where a growth ring

begins or ends. The photograph of the wood section shown on Figure 58 appears to
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Figure 58. Diospyros mespiliformis cross-section with arrows indicating ring boundaries.
Rings in this cross-section appear more distinct because of the absence of banded
parenchyma.
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suggest that this species has desirable ring characteristics. Unfortunately, this appearance

is not maintained in the rest of samples examined. If the four samples examined here are

indicative of the species, then it has little potential for dendrochronology.

6.3.6 Euclea natalensis (Ebenaceae)

Only one sample cross-section of this species was available. It is diffuse porous

with the vessels occurring singly or arranged in groups along a ray (Figure 59).

Parenchyma is apotracheal as it is not associated with the vessels. The wood is light

brown in color whereas the vessels and apotracheal parenchyma form a whitish-yellow

mass. A thin apotracheal parenchyma, together with wood rays from a yellowish white

mesh.

Growth ring boundaries are marked by areas free of apotracheal parenchyma.

These rings are fairly distinct and appear to be sensitive (are variable in width). This

particular sample has growth rings that are more concentric than they are eccentric. One

disadvantage with this species appears to be the presence of false rings. Although careful

attempts to cross-date will help identify these rings, this adds more work to an already

laborious exercise.

Rings in this species appear to be consistent in that a narrow ring remains narrow

through out the cross-section where as a wide one remains wide throughout the cross-

section. There does not appear to be any wedging out of rings. However, some of the

rings are very narrow. A ring count along the three longest radii, starting with the longest,
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Figure 59. A cross-section of Euclea natalensis with arrows indicating two ring boundaries.
There are several other less distinct rings that could represent real or false rings.
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produced 36 rings each. If this only sample is typical of this species, then Euclea

natalensis represents some moderate potential for dendrochronology.

6.3.7 Ficus sycomorus (Moraceae)

The wood is soft and light grayish to yellow in color. It is diffuse porous with a

greater proportion of each band covered by banded confluent parenchyma (Figure 60).

Vessels are tiny and do not appear to change in size and frequency entire cross-section.

Vessels are associated with parenchyma, i.e., banded confluent parenchyma.

Growth rings are visible to the naked eye and appear as grayish areas at least two

cells wide that are devoid of parenchyma rings. However, an occasional vessel will be

found along this parenchyma-free dark band (Figure 60). The area between the rings is

occupied by banded confluent parenchyma which is whitish in color, and alternates with

areas about one cell wide that do not have banded parenchyma. These areas are also

grayish in color (just like the growth rings), but differ by being narrower, irregular, and

therefore less distinct. Unfortunately, the two zones become indistinguishable towards the

pith.

Some of the samples have more distinct growth rings compared to others.

Ficus sycomorus from this area would be difficult to work with because it is easy to

confuse the growth rings boundaries with the spaces between the banded

across the growth band. Both small and large vessels occur randomly across the

confluent parenchyma. I obtained a ring count of 26 on two radii on one sample, 25 and
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Figure 60. Ring boundaries on a Ficus sycomorus cross-section indicated by arrows.
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28 on another, and 22 and 24 on the third sample. Based on these results, this species has

some potential for dendrochronology but may require that the area towards the pith be

avoided, and that extra care be taken to identify false rings.

6.3.8 Garcinia livingstonei (Guttiferae)

Growth rings are eccentric and the vessels are diffuse porous (Figure 61). The

vessels are associated with parenchyma described as aliform confluent as it links adjacent

vessels. Vessels are numerous and evenly distributed. There is no change in vessel size

nor frequency across a growth band.

The boundary of the growth rings appears to be a marginal parenchyma.

Unfortunately, it is difficult to distinguish between this growth ring boundary (marginal

parenchyma) and the aliform confluent parenchyma. Growth rings also appear to wedge

out very frequently. As evidenced by the four samples of the species that I examined, it is

difficult to confidently identify the ring boundaries and the frequent wedging out of the

rings makes the species unsuitable for dendrochronology. This species therefore offers

very little potential for dendrochronology.
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Figure 61. A cross-section of Garcinia livingstonei showing very indistinct growth rings.
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6.3.9 Hunteria zeylanica (Apocynaceae)

Only one sample of this species was available. The wood is yellowish to tan color

and the cross-section is eccentric. The species is diffuse porous, with small vessels not

visible to the naked eye. Growth rings are visible but became indistinct towards the pith.

Vessels are numerous and are distributed more or less evenly throughout the ring (Figure

63). Parenchyma does not appear to be associated with the vessels and is therefore

described as apotracheal parenchyma. The majority of vessels occur singly. The vessels

are tiny but do not vary in frequency nor size across a growth band. The boundary of the

growth ring boundary appears to be marked by darker rings consisting of thick-walled

cells of flattened fibers. Growth rings are indistinct and therefore could not be identified

with certainty. I therefore made no attempt to count rings in this specimen. If this

specimen is typical for Hunteria zeylanica, then the species represents little potential for

dendrochronology.
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Figure 63. Hunteria zeylanica cross-section with numerous vessels (diffuse-porous) and
indistinct growth rings.
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6.3.10 Lepisanthes senegalensis (Sapindaceae)

This species has eccentric growth rings. Growth rings are visible to the naked eye.

Vessels are diffuse porous and are distributed more or less evenly throughout the growth

ring (Figure 63). Vessels are angular to oval in shape and occur in groups of variable size,

the most common being three. Vessels are associated with parenchyma (i.e. parenchyma

links adjacent vessels) and is described as aliform confluent parenchyma. Growth rings

are formed by fairly thick bands of marginal parenchyma. However, the marginal

parenchyma is indistinct in some sections of the cross-section and can easily be confused

with aliform confluent parenchyma.

The species also displays poor circuit uniformity. Ring width is inconsistent

across the entire cross-section; ring width varies along different radii. Towards the pith,

the distinctness of the ring boundaries diminishes, as the aliform confluent parenchyma

becomes more prominent. Ring boundaries appear to frequently wedge out as one traces

them across the cross-section. A ring count on two separate radii produced 57 rings on the

widest radius and 47 rings on the shorter radii. This therefore precluded this specimen

from any further attempts at matching rings widths within samples. The second sample

was less eccentric than the first and had 46 and 44 rings on the two longest radii. The last

specimen produced ring counts of 52, 51 and 46 on the three longest radii. Because of the

limited number of samples for this species (3), and the problem of rings wedging out, I

did not feel a ring-width matching would prove fruitful. There seems to be much

variation in the distinctness of the ring boundaries from one sample to another with
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Figure 63. A cross-section of Lepisanthes senegalensis with arrows indicating location of
growth-ring boundaries.
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some specimens showing more consistent rings than others. This species appears to

present many difficulties in cross-dating attempts, and I therefore considered it to be of

marginal potential for dendrochronology.

6.3.11 Mimusops fruticosa (Sapotaceae)

The wood is brown in color and diffuse porous with numerous vessels scattered

throughout the growth rings (Figure 64). Vessels are small and occur mainly in groups of

threes, although some occur singly or in larger groups. Vessels occur in groups and are

arranged in lines running in the direction of the wood rays. Thin and wavy rings of

parenchyma, together with the thin wood rays, intersect to form a mesh-like arrangement.

Vessels are not associated with the parenchyma and therefore, the parenchyma described

as "radially banded parenchyma".

Vessels are unevenly distributed. Some are arranged radially (forming concentric

rings of a whitish color. The whitish pattern resulting from the arrangement of vessels is

irregular discontinuous, and ill-defined in many sections. Generally more vessels are

found towards the bark than towards the pith.

Growth rings in Mimusops fruticosa appear as brown rings about two cells wide.

The reason for the brown color, is the absence of radially banded parenchyma which

occurs over most of the wood except within these narrow rings. These rings are sharply

defined in certain sections but also very indistinct in others. In fact, they disappear over

many areas or merge into other such rings. The presence of the radially banded
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Figure 64. Mimusops fruticosa cross-section with arrows indicating the position of ring
boundaries. One of the ring boundaries is less distinct and may represent a false ring
boundary.
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parenchyma over most of the wood makes the identification of this growth rings even

more difficult. Based on these observations, Mimusopsfruticosa does not appear to hold

much promise for dendrochronology.

6.3.12 Newtonia hildebrandtii (Mimosaceae)

Only four specimen were available for this species. The wood is very hard and

dense with a light to dark brown color. Growth rings varied from eccentric to concentric.

The species is diffuse porous. In some samples, there is a slight increase in the frequency

of vessels at the beginning of a growth ring than towards the end of the ring (Figure 65).

There is no apparent change in size of vessels across a growth ring. Some growth rings

have comparatively fewer vessels than others, this characteristic making them stand out

as light brown layers, but these do not constitute the growth ring boundaries. The growth-

ring boundary is characterized by a thin band of marginal parenchyma that is clearly

visible in all highly polished cross-sections. Wood rays also stand out.

The parenchyma present is described as apotracheal as it is not associated with

vessels. Of my three specimen, one is from a young tree whereas the other two are from

mature trees. The area around the pith for both sections from the mature trees has rotted

away. Ring widths are highly variable, therefore the species is sensitive. I did not observe

any discontinuities in the growth ring boundaries along the entire cross-sections. In one

of the samples I made a ring count on two radii and obtained 68 rings in each. The cross-

section however, had most of the area around the pith missing due to rot. The
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Figure 65. A cross-section of Newtonia hildebrandtii with arrows pointing at marginal
parenchyma forming the ring boundaries. Note another ring boundary just appearing at the
extreme top-right of this figure.
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cross-section from the sapling has eccentric growth rings and was approximately 4 inches

in diameter. I obtained ring counts of 17 on the two longest radii. The area around the

pith has indistinct rings and therefore I did not begin the ring count from the pith. This

species would definitely be worth attempting a cross dating if more samples from

younger trees were obtained. This species has good potential for dendrochronology.

6.3.13 Populus ilicifolia (Salicaceae)

The wood is brown in color and has numerous vessels. Axial fibers are visible and

have a lighter color than the rest of the cells. Vessels occur singly but can easily be

thought to be in groups without a closer inspection because of the high frequency of

occurrence. The parenchyma present is apotracheal as it does not seem to be associated

with the vessels (Figure 66). There is a very subtle decrease in vessel size across a growth

band. There are areas free of vessels therefore attaining a brown color) which form bands.

As far as I can tell, these brown bands do not have an accompanying marginal

parenchyma and therefore I did not consider them to represent ring boundaries. In some

cases, these (brown bands are absent along what I consider to be the "real rings" marked

by a marginal parenchyma. I believe the brown rings to be seasonal variations in growth

rather than marking the end of the growing season.

The wood is characterized by vessels which rarely occur singly but are more

commonly in groups of up to four. Typically, the growth rings appear to be very distinct

and are rings several cells thick which are free of vessels. There are areas within a growth
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Figure 66. Populus ilicifolia cross-section with arrows indicating the location of ring
boundaries.
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band that have little or no vessels in them and therefore appear brown in color just like

the "true" ring boundaries. However, the "true" rings are more distinct and less irregular

than the "false" rings and contain virtually no vessels. In many cases, the "false" growth

rings disappear whereas the others ("true" rings) persist. Even where the "true" growth

rings are not thick (may be only 2 cells wide), they are more sharply defined compared to

the "false" growth rings. Unfortunately, towards the bark, the characteristic growth band

marked by a zone free of vessels disappears. Instead, there is a narrower (about a cell

thick) and faint whitish zone formed by vessels arranged in a concentric pattern.

Because the ring characteristic varies from the pith to the bark, it is difficult to tell

which of the ring boundaries are true or false, therefore posing a problem for cross-

dating. One of the sections was more or less concentric and had 20 and 18 rings on the

two longest radii.

The area next to the pith does not appear to have any clearly defined ring

boundaries. The few that are present disappear after a short length and are rather

indistinct. One of the specimen I obtained was from a mature poplar tree which had died.

A ring count on the two longest radii yielded 30 and 28 rings respectively. It is quite

plausible that this species is short lived since accounts from villagers along the riverine

forests indicated that the mature poplar trees to be fairly young ( less than 40 years). This

species represents some potential for dendrochronology, but a large number of sample

cross-sections may be necessary to resolve the problem of false rings.
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6.3.14 Rinorea elliptica (Violaceae)

This species appears to be semi-ring porous. Growth zones are visible to the

naked eye. The earlywood has a whitish to yellow color and is characterized by larger and

more frequent vessels. The latewood has fewer and smaller vessels and has a reddish

brown color. The change in vessel size from earlywood to latewood appears to be very

subtle but the decrease in vessel size from earlywood to latewood is more pronounced

(Figure 67). Vessels are associated with parenchyma and in this case are described as

vasicentric.

Growth rings in this specimen are more or less concentric and the rays are

prominent. Unfortunately several rings wedge out. The second specimen has eccentric

growth zones that are not as distinct as in the first specimen. Many of the growth rings are

wavy and merge into each other. Vessels in the second sample are not associated with

parenchyma, and is therefore described as diffuse apotracheal parenchyma. Two other

samples of this species display similar characteristics to those of the first sample. Three

out of the four specimens examined seem to hold much promise for cross-dating. Because

of the semi-ring porous nature of the species, growth ring boundaries are easier to

identify, but numerous samples would be necessary to resolve the problem of rings

wedging out. This species appears to represent fair to good potential for

dendrochronology.
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41.

Figure 67. Rinorea elliptica cross-section showing two growth-ring boundaries. Ring
boundaries are generally well-defined with the exception of those near the pith.



373

6.3.15 Spirostachys venenifera (Euphorbiaceae)

This species is diffuse porous and has vessels that occur singly or in groups

arranged in lines in the direction of wood rays. Vessels do not appear to vary in size, and

are randomly distributed throughout the cross-section. Parenchyma is not associated with

the vessels and is therefore described as apotracheal. The parenchyma is wavy and occurs

throughout the growth zone. Growth rings appear to interrupt the almost regular wavy

parenchyma that occurs throughout the section (Figure 68).

There are two features in this species that appear to constitute a ring boundary;

zones up to three cells wide that are free of wavy parenchyma, and those formed between

alternating dark and lighter concentric parenchyma bands. The former are more common

towards the bark, whereas the latter appear to be confined towards the pith. Some cross-

sections had a faint marginal parenchyma along the wavy parenchyma-free areas.

Unfortunately, the alternating concentric bands of parenchyma become discontinuous in

several places. This can lead to some confusion as to what constitutes a ring boundary or

not. The concentric bands of parenchyma are the most prominent feature of the wood

cross-section when viewed with the naked eye, and appear as whitish rings.

The heartwood is dark gray in color contrasting with the yellowish-white

sapwood. Towards the pith, the growth rings become very indistinct and so it is difficult

to tell where one begins and ends. Spirostachys venenifera will be a difficult species to

work with because of the uncertainty in identification of ring boundaries. The poisonous

sap and dust from the green and dried wood, respectively, is also an added disadvantage.
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Figure 68. Spirostachys venenifera cross-section. Arrows indicate growth-ring boundaries.
Note the other broad light area towards the pith, which could be another growth ring
boundary or a false ring.
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This species is therefore of marginal or low potential for dendrochronology.

6.3.16 Sterculia appendiculata (Sterculiaceae)

Growth rings are visible to the naked eye, but are highly eccentric. This species is

characterized by a few unevenly distributed vessels, which are solitary, but occasionally

occur in pairs (Figure 69). The parenchyma is described as apotracheal as it is not

associated with the vessels. Wood rays are numerous and very prominent. The boundary

of the growth band is marked by thick-walled fibers which cause a variation in color from

the common grayish-pale yellow color to a pale brown color. There are many of these

growth rings that merge into each other. There are certain sections that indicate missing

rings (i.e., lack of marginal growth bands) because of their uncharacteristically wide

rings.

Growth rings are also very indistinct in certain sections. Both large and small

vessels occur together randomly within a growth ring. The first specimen had a ring count

of 68 along the longest radius. Because of the highly eccentric growth of this specimen, it

was not feasible to make another ring count to compare with the first because the rings in

the other sections were too highly suppressed. The second specimen had more distinct

growth zones than the first. Radially banded parenchyma (not associated with vessels) is

present. Towards the end of the growth zone, the banded parenchyma is packed much

more closely producing a light brownish color. This species appears to represent very

little potential for dendrochronology.
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Figure 69. A cross-section of Sterculia appendiculata with the arrow indicating the location
of the ring boundary.
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6.3.17 Tamarindus indica (Caesalpiniaceae)

This species is very slow growing and produces very hard and dense wood that is

light-brown to yellowish in color. The species is found growing towards the edge of the

riverine forests or on the cut-banks of meander cut-offs. Rings are visible to the naked

eye. Vessels appear as white specks to the naked eye. The cross-sections had eccentric to

more or less concentric rings. Rings are clearly distinct and are marked by a narrow band

of parenchyma (Figure 70). Vessels do not appear to change in size nor frequency across

a ring. Vessels are surrounded by parenchyma. This parenchyma is therefore called

aliform paratracheal parenchyma.

Unfortunately, in a number of cases, I came across rings that appear to stop

abruptly although they may reappear along other radii. There are also a number of narrow

rings that appear to merge into each other. These double rings would present a big

problem in attempts at cross-dating. It is essential that cross-sections rather than cores be

available for cross-dating attempts to be successful.

A ring count on the three longest radii yielded, 60, 57 and 54 rings on one of the

specimen. It is quite possible that with a great effort, which includes identifying each ring

along at least five prior marked radii may help overcome the problem of the

discontinuous (missing rings). However, the sections with very small rings would present

a problem. This species has rings that are quite variable in width i.e. sensitive rings. On a

second specimen I obtained ring counts of 79 and 82 on the two longest radii. A third

specimen had 91 and 90 rings on the two longest radii while a fourth yielded 82 and 77
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Figure 70. Marginal parenchyma bands (indicated by arrows) mark ring boundaries in a
Tamarindus indica cross-section. Note the variability in ring- width for this slow-growing
species.
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rings. Because identification of ring boundaries is so easy in this species, it certainly

seems worthwhile to pursue it for dendrochronology. Part of the problems with tightness

of rings could be solved by obtaining samples from younger trees, and especially from

less water stressed sites. This species has very good potential for dendrochronology.

6.3.18 Terminalia brevipes (Combretaceae)

The wood is diffuse porous with vessels occurring singly or in groups of up to

three. Vessel size and frequency does not change within a growth ring (Figure 71).

Vessels are associated with parenchyma. This parenchyma is more specifically described

as aliform confluent parenchyma. Vessels are numerous and evenly distributed

throughout the cross-section. Growth zones are visible as vessel-free zones to the naked

eye. They are wavy and frequently wedge out. Towards the pith, growth zones are absent

or very indistinct.

Ring boundary in Terminalia brevipes is marked by a vessel-free zone and a thin

marginal parenchyma (visible only in highly polished cross-sections) occurring towards

the edge of the zone. However, some of the cross-sections examined did not appear to

have a marginal parenchyma band. Growth zones are more distinct away from the pith

due to a more pronounced vessel-free zones. The size of the vessel-free zones can vary

considerably as indicated in Figure 72. Banded confluent parenchyma bands separating

the vessel-free zones could easily be confused for ring boundaries, especially in samples

without visible marginal parenchyma bands.
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Figure 71. Growth ring boundaries in Terminalia brevipes cross-section are indicated by
arrows.
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Figure 72. Growth ring boundaries in Terminalia brevipes cross-section indicated by
marginal parenchyma bands (shown with arrows). Note the high variability in size of the
vessel-free zone next to the marginal parenchyma bands.
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The first specimen examined (WACH1) had 50 rings and the ring widths appeared

to display sensitivity in that they varied frequently from narrow to wide. This species has

some potential for dendrochronology, but the area towards the pith needs to be avoided.

6.3.19 Trichilia emetica (Meliaceae)

The wood is light tan in color and diffuse porous. Vessels occur singly or in

groups of up to four. Frequency and size of vessels does not change throughout a growth

band. Wood rays are numerous and have a yellowish-brown color. Trichilia emetica has

aliform confluent parenchyma which is so narrow that it could easily be thought to be

apotracheal.

Growth ring boundaries are defined thin marginal parenchyma bands. In most

sections, where these bands occur, there are fewer vessels present. Unfortunately, the

marginal parenchyma bands become quite indistinct in some sections of wood and can be

easily confused with aliform confluent parenchyma. The three arrows indicate location of

marginal parenchyma (Figure 73). However, only the arrow in the middle appears fairly

distinct and therefore be confidently considered as the genuine ring boundary. Most of the

growth rings are poorly defined and discontinuous. Uncertainty in determining what

constitutes the true ring boundaries and what does not, makes this species unlikely to be

useful for dendrochronology.
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Figure 73. A cross-section of Trichilia emetica showing the ill-defined growth rings
(occurring at the bottom right of the figure). This species has large sections that do not
appear to have any rings.
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Of the 19 species examined, only three were found to have indistict ring

boundaries (Table 27), while 7 had very distinct ring boundaries. As can be seen from the

Table 27, all the descriptors are qualitative. An explanation of the descriptors is given

below the table.

Table 29. Summarizes the results of a qualitative evaluation of 19 tree species from the
Tana River floodplain for potential or lack of potential for dendroclu.onology.

Species Distinctness
of Ring
Boundary

Circuit
Uniformity

Ring
Wedging

Ring-Width
Variability

Cross-dating
Potential

Acacia elatior good good none moderate good

Acacia robusta good good none moderate good

Albizzia gummifera good fair frequent high poor

Hunteria zeylanica poor poor infrequent moderate poor

Cordia goetzei fair fair infrequent low fair

Diospyros mespiliformis fair poor frequent moderate poor

Euclea natalensis fair good none moderate fair

Ficus sycomorus fair fair frequent moderate poor

Garcinia livingstonei poor poor frequent low poor

Lepisanthes senegalensis fair poor frequent low poor

Mimusops fruticosa poor poor frequent low poor

Newt onia hildebrandtii good good none high good

Populus ilicifolia fair fair infrequent high fair

Rinorea elliptica good good frequent moderate fair

Spirostachys venenifèra fair fair infrequent moderate fair

Sterculia appendiculata fair poor frequent moderate poor

Tamarindus indica good good infrequent high good

Term inalia brevipes good poor frequent moderate fair

Trichilia emetica poor poor frequent low poor



Distinctness of ring boundary

good - if easily identified with little uncertainty

fair - rings generally identifiable but with difficulty in some sections (samples)

poor - indistinct rings, low degree of uncertainty in identifying ring boundaries.

Circuit Uniformity

good-ring width generally consistent throughout stem cross-section

fair - some inconsistencies in ring-width along cross-section circumference

poor- inconsistent ring-width along cross-section circumference

wedging out of rings

none- no wedging out observed

infrequent- some ring wedging out observed in a few cases

frequent - wedging out of rings frequently observed within a cross-section

Variability of ring-widths

high - Both large and very small rings observed within a cross-section, i.e., sensitive

moderate - There is some variation in ring widths but is not very striking

low - ring-widths appearing to show little or no change in width, i.e complacent.

Potential for dendrochronology

High - there is a good chance of cross-dating the species

Fair - cross-dating could be possible but is bound to be difficult or very difficult

Poor - numerous and almost insurmountable problems for cross-dating.

385
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6.4 DISCUSSION AND CONCLUSIONS

Although crossdating between trees within one species is yet to be demonstrated,

this appears to be a distinct possibility with Acacia elatior. This is because the ring

boundary is very distinct in highly polished sections and therefore there will be no doubt

as to its location. Also favorable with this species, is the fact that five of the six cross-

sections from different trees are fairly young and therefore rings are not as suppressed as

in older specimens. However, crossdating this species will be laborious because it is

necessary to make skeleton plots along at least four, if not more radii. This exercise helps

in locating rings that may be locally missing on certain sections. It is hoped that a cross-

dating between trees of this species will soon be demonstrated.

Some species (all rated as having good potential for dendrochronology in Tables

28) such as Acacia elatior, Acacia robusta, Tamarindus indica, and, Newtonia

hildebrandtii, that occur along the Tana River are known to shed their leaves during the

month of lowest river flow, in August and September. It is possible that water stress

(resulting from a drop in the water-table surface) during these months that induces a

cessation in cambial growth and consequently the formation of rings.

One of the problems with sampling wood for dendrochronology within this area is

the high variability within sites. A large number of samples may help overcome this

problem. It is also extremely important that the specific site conditions where each

species is collected be recorded in detail. Sampling across all age-classes of a species will

make the cross-dating exercise much more feasible as cases of absent rings in suppressed
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samples can be resolved more easily.

There is a need to study the phenology of various species in order to determine the

periodicity of growth rings observed in some of the more promising species. Studies

using dendrographs and injuring the cambium in trees (by using pins or nails) need to be

initiated in order to confirm when growth rings are formed and what exogenous factors

trigger their formation.

Kinnaird (1992) studied flowering and fruiting of some of the riverine species on

the Tana River floodplain, in an area about 100 km downstream of this study area. She

found that flowering in the majority of species appeared to be triggered more by dry

conditions created by low river levels than local rainfall. Leaf fall in species such as

Terminalia brevipes, and Spirostachys venenifera could be the result of creation of

anoxic conditions in the soil due to flooding. These two species are located in areas that

have a high frequency and duration of flooding, such as inside ox-bow lakes or other low-

lying sites with a high water-table. For such species, the main growth of the trees may

occur only during the non-flood period. When flooding starts, cambial activity of these

species may be reduced and finally stopped. As a result of this, a ring may be produced in

the wood, with the width varying according to the length of the dry season. It is yet to be

established that this indeed is what happens to Spirostachys venenifera, and Terminalia

brevipes species growing in ox-bow lakes. In addition, one would need to establish the

response of the species to the biannual floods along the Tana.

Most of the species in Caesalpiniaceae family (e.g. Tamarindus indica) and
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Mimosaceae (e.g. Acacia spp., Albizzia gummilera, Newtonia hildebrandtii) are drought-

deciduous and produce distinct rings marked by a marginal parenchyma. These species

merit further investigation and especially if a more intensive sampling across all age sizes

can be accomplished.

Determination of the age of trees is one of the most critical goals towards a better

understanding of the ecology of the Tana riverine forest. Determination of tree-age may

be used to estimate the minimum number of years since the formation of a various

floodplain geomorphic features, e.g. ox-bow lake. Dating of scars resulting from

infrequent flood damage on the trees may be used to extend the frequently short

hydrologic records currently available from many river gauging stations. The distribution

of such scars (or other unique growth ring feature) on trees along the floodplain could

give an indication as to the magnitude and extend of flooding in the past. Other ring

features such as change in ring size may be used to study environmental changes that

result in marked change in water or light availability (Phipps, 1970; Hupp, 1988).

This preliminary report identified several species in the Tana riverine forests that

have good prospects for dendrochronology. However, a more intensive sampling over a

wider part of the floodplain will be necessary for the development of a chronology.
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CHAPTER VII

7.0 CONCLUSIONS

This study, carried out in the lower Tana River floodplain near Bura Irrigation and

Settlement Project (BISP), focused on two broad goals: (i) assessing the relationships

between river basin development activities and observed changes in land use and

vegetation patterns in the Tana River floodplain forests, and (ii) broadening our

understanding of riverine forest ecology. Toward these goals the study drew upon results

from hydrology, ecology, remote sensing and GIS and dendrochronology.

In the first chapter, I reviewed literature on the impacts of dam construction in the

vicinity of dams, and in the downstream areas of rivers. This study, however, focused

only on: (i) downstream impacts of dam construction on the Tana riverine forests, and (ii)

effects of establishment of Bura Irrigation and Settlement Project in the vicinity of the

riverine forests.

In the second chapter I described a program of dam-building for hydro-electric

power generation in the upper river basin of the Tana, first began in 1964 and culminated

in 1981 with the construction of the largest dam to-date - the Masinga Dam. This dam

had been predicted to alter the hydrologic regime of the river but details on the expected

changes were not available. Completion of Kiambere Dam in 1988 had been predicted to

further exacerbate reduction in peak flows. The most ambitious development project on

the lower Tana River basin was the construction of the Bura Irrigation and Settlement

Scheme. Construction began in 1978, but it was not until 1981 that the first group of
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farmers arrived. BISP was anticipated to bring an influx of over 65,000 people to the

irrigation scheme area when it became fully operational, but it had collapsed by 1993.

In chapter III, I demonstrated the extent to which the hydrologic regime of the

Tana River had changed, as a result of the construction of Masinga Dam. This was

documented by performing flood frequency analysis for the pre- and post-dam period

using river discharge data for the Garissa gauging station. Several theoretical probability

distributions were used for fitting the observed sample distributions of annual maximum

floods for the pre- and post-Masinga Dam period. All the results from fitting these

distributions indicated that construction of the Masinga Dam had resulted in a significant

reduction of floods with a recurrence interval of 5 years or greater.

Mean and median discharges for the peak flow months of May and November

decreased significantly from the pre- to post-dam period. On the other hand, mean and

median discharges for the low flow months of March and September, increased

significantly within the same period.

Duration and frequency of flooding of 71 vegetation sample plots along the Tana

River floodplain, was estimated by running a hydrologic water profile simulation

program (HEC-RAS). This model required the use of data generated using surveyed

vegetation plot heights above dry season (September) river level, recorded channel cross-

section data, and recorded stream flow data from the Garissa gauging station. Once the

hydrologic model had been calibrated, the minimum discharge necessary to inundate each

of the surveyed vegetation plots was determined. The lowest- and highest-lying plots
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required a minimum flow of 150 m 3 s-1 and 1145 m's' respectively, to be inundated.

Results from the hydrologic simulation model indicated that any plot less than 1.75 m

above dry season river level experienced a significant increase in number of days flooded

from the pre- to the post-dam period. On the other hand, all plots lying above 1.75 m

above dry season river level experienced a significant decrease in number of days flooded

over the same period. Utilizing the discharge record with all 12 months, all but four of the

lowest lying plots (at an elevation equal to or less than 1.25 m above dry season river

level) showed a decrease in number of days flooded between the pre- and post-dam

period.

Peak discharges for May and November were affected rather differently by the

construction of Masinga dam. Utilizing just the May and November discharge records,

the five lowest lying plots showed a significant increase in number of days flooded

ranging from 0.1 to 1.4% from the pre-to the post-dam period, whereas the rest of the

plots showed a significant decrease in number of days flooded for the same period. This

reduction in number of days flooded ranged from 1.7% to 12.0%.

All November flows less than 650 m3 s-1 increased significantly from the pre-to the

post-dam period, while those above 700 m 3 s-1 , showed a significant decrease. Thirty five

plots showed an increase in number of days flooded ranging between 0.1% to 11.2%,

while the rest of the plots showed a decrease of 1.0%. Clearly, May flows have been

reduced more drastically than the November flows. In addition, the variability of

November flows decreased from the pre- to the post-dam period. The reason for this
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decrease is not clear but the likely explanation could be the higher incidence of ENSO

events since 1976. As explained in Chapter III, only the discharges for the months of

November and December are correlated with ENSO. As a result, reduction in November

flows as a result of the construction of Masinga Dam may have been mitigated by the

higher incidence of ENSO events in the November-December period. On the other hand,

low flows for the months of March and September have increased significantly from the

pre- to the post-Masinga Dam period. Results from chapter III clearly demonstrate that

not only has the hydrologic regime of the Tana River been significantly altered, but so

has the timing of the floods.

Detailed descriptions of vegetation sampling and data analyses techniques

adopted for this study were presented in chapter IV. Classification and ordination

techniques were used to describe the structure of the Tana riverine forests and explore

ways in which abiotic variables influence composition of the forests. Ten TWINSPAN

site classes were obtained when all the vegetation data was analyzed. TWINSPAN classes

were found to be correlated with the geomorphic units of the vegetation sample plots. Of

the ten TWINSPAN site classes, seven represented distinct classes in the ordination

diagrams derived from the same data set.

Species assemblages obtained for the forests were found to be influenced by

elevation of plots above the river, duration and frequency of flooding. Soil texture was

also found to influence the ordering of the species on the floodplain. It is therefore clear

that any changes in the hydrologic regime of the Tana is likely to result in changes in the
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structure of the forests.

Information on the age-structure of the Tana riverine forests is lacking, therefore

constraining our ability to understand successional processes and the regeneration status

of the forests. However, it is well known that regeneration status of populations may be

inferred from time-specific analysis of stand structures. It is for this reason that time-

specific multi-canopy analyses of forest structure and the regeneration layer were

conducted.

Results from the multi-canopy analyses of the Tana riverine forests using

classification and ordination, revealed the forests to have a fairly distinct structure except

for the middle canopy. Species assemblages that emerged from the upper canopy bore

little resemblance to those obtained for the middle and lower canopies, and the

regeneration layer. Many of the dominant upper canopy species were found to be either

absent, or poorly represented in the middle, and lower canopies. An examination of the

regeneration data confirmed that, with the exception of a few species, most of the upper

canopy species were regenerating very poorly.

Past studies on the ecology of the Tana riverine forests also documented a lack of

forest regeneration for a majority of the species. Hughes (1985) has attributed the lack of

forest regeneration to a combination of forest senescence coupled with over-use of the

forests. In my current study, I have documented over-exploitation of forest resources, and

a reduction in flooding of the Tana. These developments may already have had a negative

impact on the regeneration of most forest species. However, without a better
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understanding of the age-structure of the forest, we cannot effectively demonstrate that

the observed poor regeneration corresponds to the period in which the Masinga and

Kiambere Dams were constructed. The regeneration status of many of the forest species

is likely to continue to be inadequately understood unless studies focusing on forest

demography are initiated.

Remote sensing data were used to produce land cover maps and quantify land

cover changes in the study area for the period between 1975 and 1996. Details of these

analyses were presented in chapter V. Land cover change maps using Landsat MSS data

revealed minimal change in forest area between 1975 and 1984 (a decrease of about 2%).

However, land cover change maps derived from SPOT HRV data revealed a substantial

decline in forest area between 1989 and 1996. Total forest area declined by 27% while

cultivated areas within the riverine forest increased by 45% between 1989 and 1996.

There was a 112% increase in bare ground between 1989 and 1996, most of it

concentrated around the Bura Irrigation and Settlement Project. The increase in bare

ground was attributed to overgrazing within the Bura Irrigation Scheme.

Various forest landscape measures derived for the open and closed riverine forest

indicated increasing fragmentation for the former between 1989 and 1996. Mean patch

size and area-perimeter ratio of the open forest class decreased by 31% and 4%,

respectively. However, area of the closed forest, remained virtually unchanged within the

same period. Exploitation of the open forest for fuelwood was cited as the major reason

for the observed decline in area of this class. The average extent of the open forest from



395

the river channel declined by about 200 m between 1989 and 1996. This statistic was

supported by the observation that many of the large trees towards the edge of the forest

showed signs of die-back. The most likely explanation for this die-back is the

increasingly xeric conditions resulting from decreased flooding or a drop in the water-

table surface, or both. The change in average distance of the open forest from the active

river channel can be attributed directly to a reduction in frequency and magnitude of

floods, as a result of construction of dams in the upper river basin.

A comparison of overlaid river channel positions for the period 1975-1985 and

1985-1996, revealed greater lateral movement of the river channel in the former. The

decreased lateral movement of the river channel in the 1985-1996 period was attributed to

the construction of both Masinga and Kiambere Dams.

Estimates of fuelwood requirement within the Bura Irrigation and Settlement

Project at its peak operation in 1989 was about 35,000 m3 . Combined sustainable yield

from the riverine forest, irrigated plantations, and wild Prosopis juliflora, was about

18,000 m3 . This implied that there was a fuelwood deficit of about 17,000 m3 , and this

could only have been met by the unsustainable exploitation of the riverine forest. This

deficit translated to the clearing of 187-213 ha of riverine forest per year. However, it is

likely that more forest was cleared, as the burning of charcoal became the main economic

activity after the collapse of BISP in 1993. Commercialization of charcoal production had

expanded to such an extent as to include supplying the nearby towns of Hola and Garissa.

In addition, most of the irrigated plantations were already dying because of the lack of
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irrigation water. Estimates of forest loss between 1989 and 1996 from remotely sensed

data totaled 2,137 ha, averaging at about 305 ha per year.

In the sixth chapter I discussed the results of a qualitative evaluation of the

dendrochronologie potential of 19 tree species from the Tana riverine forests. Most of the

species examined had growth rings, but only a few seem to have potential for

dendrochronology. Species rated as having good potential included; Acacia elatior,

Acacia robusta, Tamarindus indica, and Newtonia hildebrandtii. The four species are

known to shed their leaves during low river flow months of August and September. The

periodicity of the growth rings in these species is not known for certain. If the periodicity

of these rings was determined to be annual or even biannual, then age and growth

estimates could be made by measuring the ring widths and cross-dating ring widths (for

precise aging of the trees) or simply ring counts (for a very rough age estimate).

Other species such as Terminalia brevipes and Spirostachys venenifera were

considered to have fair potential for dendrochronology. These species are common in

frequently inundated sites, and especially inside ox-bows. Both species shade their leaves

during inundation period, and this could be the result of creation of anoxic conditions in

the soil during floods.

It has been assumed that most tree species in the Tana riverine forest did not

produce distinct rings. I have demonstrated in this study that a surprisingly large number

of species actually produce rings. The biggest challenge is to determine the periodicity of

these rings. This could be achieved quite easily using cambial wounding techniques or
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better still, by using dendrographs. Attempts at crossdating should be made for some of

the more promising species identified in this study. Most samples collected were

opportunistic since I did not want to cut down any trees, but rather relied on those that

had already been cut. As a result, not all samples for the same species came from the

same site. This makes it much more difficult to crossdate such samples, because different

environmental factors may be operating on the sample trees. Future dendrochronologie

studies should concentrate sampling within specific sites and the samples carefully

labeled. Development of ring-with chronologies for some of these species will allow

precise aging of trees, and study of forest disturbance. Species growing on many of the

floodplain sites may have growth forms that reveal the effects of past floods either

outwardly evident in stem deformations or anomalous growth patterns in their serial tree

ring sequence.

7.1.0 Implications of Study

This study has clearly established that the structure and dynamics of the Tana

riverine forest is strongly influenced by the hydrologic regime of the river. The study also

demonstrated that the floods with return intervals of 5 years or greater had been reduced

significantly since the construction of the Masinga Dam. This reduction in magnitude and

extent of flooding may have been accompanied by a lowering of the water table

especially on forest areas furthest from the river. Using remote sensing data, I have been

able to show that the average extent of the open forest from the river channel has declined
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by at least 200 m between 1989 and 1996. Forest regeneration is poor as has been

documented in the current and previous ecological studies on the Tana. At this time, I am

unable to provide evidence that this lack of regeneration is linked to dam construction.

Future demographic studies may be able to demonstrate a pause in regeneration for a

number of species, since the construction of Masinga Dam. Such a pause in regeneration

may provide further evidence of direct impacts of dam construction on the Tana.

The Tana riverine forests are in transition as evidenced by the varied species

composition at the different canopy levels and the regeneration layer. However, reasons

for these differences warrant more detailed studies examining regeneration requirements

for some of the species.

While reduction in frequency and magnitude of floods since the construction of

Masinga and Kiambere Dams has had some of the negative effects pointed out earlier,

these impacts have not been immediately apparent as compared to human impacts. The

Government of Kenya has been facing severe economic problems in the last couple of

years, and has been forced to postpone further dam construction on the Tana. The next

two dams, Grand Falls and Mutonga are not due for construction until 2008 and 2012,

respectively. Meanwhile, heavy siltation in the dams already constructed is expected to

continue, further reducing the regulatory capacity of the dams. An indirect impact of

upstream dam construction has been the disruption of flood recession agricultural

activities of the Malakote, as a result of reduced floods and silt. This development has

forced the Malakote into activities that are degrading the riverine forests.
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Presently, the biggest threat to the continued survival of the Tana riverine forest is

human activities of clearing for farms and exploitation of forest resources for fuelwood

and charcoal. Results from the analyses of the latest satellite remote sensing data has

indicated that at least 305 ha of forest is cleared annually within the study area alone.

Human destruction of the forest in the downstream areas (outside the protected TRNPR)

is likely to be much greater because of the higher human population.

Construction of the Bura Irrigation Scheme has contributed the most to the

destruction of the Tana forests. The irrigation scheme introduced a large settler

population of settler farmers and workers, who have exerted a high demand for forest

resources from the nearby riverine forest. The subsequent collapse of the irrigation

scheme has left a large population relying almost entirely on exploitation of forest

resources for a livelihood.

This study could have been carried out more effectively and in a more timely

manner by a team rather than an individual. The required inputs are modest, but the

results can be critical to decision-making regarding future river development projects in

many developing areas. There is enough time left to perform comprehensive studies on

expected impacts of the construction of the Grand Falls Dam in 2008, and the Mutonga

Dam in 2012. The design of these dams could be implemented in such a way as to

produce minimal impacts in downstream areas. However, the most urgent issue now is to

stem the on-going wanton destruction of the riverine forest, especially near the collapsed

Bura Irrigation Scheme. Unless some meaningful economic activities are put in place so
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as to provide a source of income to people living in the area, continued or even wider

destruction of the forests is likely. Perhaps more controlled, smaller, and minimal impact

irrigated agriculture could be developed. Establishment of an industry to take advantage

of the large herds of livestock common in this part of the country would provide

additional jobs and income to the local residents.

The proposed rehabilitation of the BISP and Hola Irrigation Schemes should

address past problems that have affected both irrigation schemes. The need to provide

fuelwood for the farmers and workers should continue to be a priority, but more

important, the design of theses schemes should allow more effective use of waste water

from irrigated farms to irrigate fuelwood plantations. Rehabilitation of these projects may

not be profitable unless drastic changes in the management are made, including

privatization. Also, the many technical problems that contributed to the collapse of these

projects in the past need to be addressed.

There are landownership concerns that need to be raised. All land within the study

area is state-owned, with the riverine forest being administered as Trust Land by Local

Government Authorities (County Councils). The rest of the land is under the jurisdiction

of the District Commissioner on behalf of the Ministry of Lands. This means that the

Malakote do not have land ownership rights, although in practice, all the land along the

river has belonged to a particular family over many generations. Any future forest

management plans that do not involve and recognize Malakote land-ownership rights are

likely to be met with resistance and therefore stand little chance of succeeding.



401

7.2.0 Recommendations for Future Research

One of the most critical areas of research for the Tana riverine forests should be

age-structure dynamics using dendrochronologie techniques. Most tropical regions of the

world have previously been thought unsuitable for dendrochronologie research due in

part to the mistaken belief that tropical trees do not produce visible growth rings, and thus

their ages cannot be estimated. I have shown that there have been successful

dendrochronologie studies in several tropical regions, including Kenya. The research

described in Chapter VI indicated that a variety of the species from the Tana riverine

forest offer a distinct possibility for crossdating and therefore the ability to determine the

ages of the trees. Determining ages of trees would yield insights into effects of forest

disturbances such as fires, insects and floods. Determination of tree age may also be used

to estimate the minimum number of years since the formation of a new landforms on a

floodplain, and to provide more precise information on growth rates and stand dynamics.

Dendrochronologie analysis of trees with discernable rings may provide otherwise

unobtainable records of past hydrologic conditions and vegetation change. In addition,

such analysis may help us understand how trees respond to canopy openings and changes

in other growing conditions. Construction of an absolute chronology would allow past

disturbances that influence successional status and development of the riverine forests to

be elucidated.

The first step towards these studies using dendrochronologie techniques is to

determine the periodicity of the growth rings. This requires wounding of the cambium
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using pins or nails during the each dry season. One year or several years later of annually

or biannually wounding these trees, they could be felled and cross-cut at wounding

height. The scars resulting from the cambial wounding would act as pointers to the

periodicity of the observed growth rings. Another technique would require the use of

dendrographs or dendrometers, which could be mounted on suitably located tree species.

The dendrograms would be able to record cambial activity at a high precision (at least

0.2 mm) over a period of several years.

New permanent sample plots on a variety of sites need to be set up immediately.

These new plots should be set up to avoid the pitfalls associated with the nine permanent

sample plots set up by the Finnish researchers in collaboration with KEFRI scientists.

Growth and yields of the different tree species can be determined using these

measurements. This method is particularly suited to species that do not produce

discernable rings. Also, it is still the only option for estimating growth rates of various

species until dendrochronologie techniques can be successfully implemented in this area.

The major disadvantages of permanent sample plots include the long period that one must

wait before results can be produced, and the higher costs of maintaining and measuring

the plots.

The utility of the hydrologic model described in Chapter III for estimating

frequency and duration of flooding of vegetation plots, has been demonstrated. An

expanded research initiative utilizing additional river cross-sections that have been

surveyed more recently could be initiated. Such efforts would provide more precise
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estimates of frequency, and duration of flooding in forest sample plots.

There is still very little information available on the phenology of most of the

forest species. Studies examining the frequency, annual pattern of leaf sprouting, leaf fall,

flowering and fruiting, seed production and dispersal are critical for the Tana forests in

order to broaden our understanding on regeneration mechanisms of many of the species,

and help identify additional species that could be suitable for dendrochronology.

A number of forest species that currently dominate the upper canopy have been

found not to be regenerating. Germination requirements of various forest species under

conditions varying from shade to full sunlight should be initiated. Such studies should be

able to identify species that require canopy openings and those whose germination is

depressed in large clearings. This may help explain the current lack of regeneration in the

Tana forests. In addition, studies on flood tolerance and seedling establishment of some

of the most important species need to be carried out.

More elaborate land cover mapping projects utilizing remotely sensed data should

become part of an on-going monitoring program. As has been demonstrated in Chapter 5,

high resolution satellite data offers a viable and effective option for mapping land cover.

More detailed forest classification are possible using even higher resolution data from

more recently launched satellites such as SPOT 4. Use of high-resolution airborne color

video is highly recommended to support the interpretation of classified satellite data and

for classification accuracy assessments. Such a combination, may prove more effective,

and less costly than conventional mapping from aerial photographs.
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There is a need to document to what extent flood recession agricultural activities

of the Malakote has been disrupted, and the current household coping options they have

adopted. Also, it would be important to explore land tenure issues within the Tana River

floodplain since there are still many unresolved issues between the BISP, local county

councils, and the local people. Other areas of research could be to quantify woody

resources currently being extracted from the Tana riverine forests for charcoal production,

firewood, and building material.
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APPENDICES

Appendix 1. Species list and code names for 111 woody species encountered during the
vegetation survey for the Tana riverine forests.

SPECIES CODE SPECIES NAME
CAFASS Cadaba farinosa

MASUSS Maerua subcordata

SEVITS Sechrinega virosa

TAMIND Tamarindus indica

DOBLOR Dobera loranthifolia

LECFRA Lecaniodiscus fraxinofolius

EUCNAT Euclea natalensis

SALPER Salvadora persica

CAEDSS Carisa edulis (Kaka Mchangani)

ACAELA Acacia elatior

HUNZYL Hunteria zylanica

THYTHO Thylachium thomansii

CAPTOM Caparis tomentosa

PLUDIO Pluchea dioscoridis

THEDAN Thespasia danis

LEPSEN Lepisanthes senegalensis

PAVSPH Paveta sphaerobotrys

GRESTU Grewia stuhlmanii

GREDEN Grewia densa

MAEDEN Maerua denhardtiorum

ACALYP Acalypha spp

HILSEP Hildebrandtia sepalusa

SPI VEN Spirostachys venenifera

DEIBOR Deinbollia borbonica

SORMAD Sorindeia madagascarensis

CORGOE Cordia goetzei

GARLIV Garcinia livingstonia

HARABY Harrisonia abyssinica

RAUMOM Rauvolfia mombasiana

POLMIJL Polysphaeria multiflora

TRIEME Trichilia emetica

FICSYC Ficus sycomorus

TERBRE Terminalia brevipes

ALLRUB Allonhvlus rubifolius
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Appendix 1. Species list and code names for 111 woody species encountered during the
vegetation survey for the Tana riverine forests - Continued.

SPECIES CODE SPECIES NAME

INDSCH Indigofera schimperi

RINELL Rinorea elliptica

TAPFIS Tapura fischeri

DIOMES Diospyros mespiliformis

COMCON Combretum constrictum

PHYSOM Phyllanthus somalensis

UVALEP Uvaria leptocladon

XIMAME Ximenia americana

CORSIN Cordia sinensis

CLEACE Clerodendrum acerbianum

PRERES Premna resinosa

MANMOC Manilkaria mochisia

CAFATS Cadaba farinosa (kate gurate)

MIMFRU Mimusops fruticosa

KIGAFR Kigelia africana

CAEDTS Carissa edulis (Tall Shrub)

ONCSPI Oncoba spinosa

ACAROB Acacia robusta

SABCOM Saba comorensis

BLEFRU Blepharispermum fruticosa

NEWHIL Newtonia hildebrandtii

PREVEL Premna velutina

COCHIR Cocculus hirsutus

LA WINE Lawsonia inermis

SALMAD Salacia madagascarensis

STEAPP Sterculia appendiculata

PHOREC Phoenix reclinata

BOSCOR Boscia coriacea

HYPCOR Hyphaene coriacea

ANTVEN Antidesma venosum

ACAZAN Acacia zanzibarica

THYTHO Thylachium thomasii

DIOABB Diospyros abyssinica

COMPAN Combretum panniculatum
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Appendix 1. Species list and code names for 111 woody species encountered during the
vegetation survey for the Tana riverine forests - Continued.

SPECIES CODE SPECIES NAME

GRE VIL Grewia villosa

MAYHET Mytenus heterophylla

SPP071 Species 71 (Unknown)

SPP072 Species 72 (Unknown)

ACAROV Acacia rovumae

G RETEN Grewia tenax

AMPAFR Ampelocissus africana

CEIPET Ceiba petandra

PARNIG Parguetina nigrescens

PHYGUI Phyllanthus guinensis

MAETRI Maerua triphylla (Kalkacha Hare)

COMROS Comiphora rostrata

ACAREF Acacia reficiens

COMPAO Comiphora paoli

MAEMAC Maerua macrantha

ACATOR Acacia tortilis

GRETEM Grewia tembensis

OPICAM Opilia campestris

POPILI Populus ilicifolia

TAMNIL Tamarix nilotica

SPP89 Species 89 (Unknown)

FICCAP Ficus capreaefolia

SERPAL Sericocomopsis pallida

ERYMAL Erythrina malanacantha

AZAIND Azadirachta indica

CAFACL Cadaba farinosa (Kalkacha Hare)

TERPAR Terminalia pervula

ONCAMB Oncella ambigua

MOMTRI Momordica trifoliata

SIDOVA Sida ovata

ARIBRA Aristolochia bracteolata

CYACOR Cyathula coriacea

ERYKIR Erythrococca kirkii

SPP102 Species 102 (Unknown)
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Appendix 1. Species list and code names for 111 woody species encountered during the
vegetation survey for the Tana riverine forests - Continued.

SPECIES CODE SPECIES NAME

HIPAFR Hippocratea africana

DRYNAT Drypetes natalensis

MARZAN Markhamia zanzibarica

CAPTOM Capparis tomentosa (Namwaliko)

MAYSEN Maytenus senegalensis

SPP108 Species 108 (Unknown)

BALROT Balanites rotundifolia

ALBGUM Albizzia gummifera

SPP111 Species 111 (Unknown climber)
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Appendix 2. A species code and names of species found in nine permanent sample plots
from the Tana riverine forests around Bura in 1987 and 1992.

SPECIES CODE SPECIES NAME

CEPCOR Cephalocroton cordofanus

CYACOR Cyathula coriacea

THEDAN Thespesia danis

SECVIR Securinega virosa

DOBGLA Dobera glabra

CORSIN Cordia sinensis

ACAZAN Acacia zanzibarica

TERBRE Terminalia brevipes

HIBVIT Hibiscus vitifolius

LECFRA Lecaniodiscus fraxinofolius

ACAELA Acacia elatior

MAEDEN Maerua denhardtiorum

MAYHET Maytenus heterophylla

MAESUB Maerua subcordata

ALLRUB Allophylus rubifolius

EUCNAT Euclea natalensis

MAYSEN Maytenus senegalensis

SALPER Salvadora persica

CAPSEP Capparis sepiaria

HARABY Harrisonia abyssinica

SPIVEN Spirostachys venenifera

PHYGUI Phyllanthus guinensis

INDIGO Indigofera sp.

PLUDIO Pluchea dioscoridis

ONC SPI Oncoba spinosa

PREVEL Premna velutina

POPILI Populus ilicifolia

CORGOE Cordia goetzei

PAVSPH Pavetta sphaerobotrys

PHYSOM Phyllanthus somalensis

ERYKIR Erythrococca kirkii

GREWIA Grewia sp.

RAUMOM Rauvolfia mombasiana

COMCON Combretum constrictum
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Appendix 2. A species code and names of species found in nine permanent sample plots
from the Tana riverine forests around Bura in 1987 and 1992 - Continued.

SPECIES CODE SPECIES NAME

GARLIV Garcinia livingstonei

HUNZYL Hunteria zeylanica

MIMFRU Mimusops fruticosa

CAREDU Carissa edulis

ACAROV Acacia rovumae

DRYNAT Drypetes natalensis

DIOABY Diospyros abyssinica

RINELL Rinorea elIiptica

SALMAD Salacia madagascarensis

GRETEN Grewia tenax

MAEMAC Maerua macrantha

JATSPI Jatropha spicata

ACAREF Acacia reficiens

ASPAFR Asparagus africunus

ABUPAN Abutilon aff pannosum

CADGLA Cadaba glandulosa

XIMAME Ximenia americana

ACALYP Acalypha sp.

DIOMES Diospyros mespiliformis

HYPCOM Hyphaene compressa

VERHIL Vemonia hildebrandtii

NEWHI Newtonia hildebrandtii

JATDIC Jatropha dichtar

POLMUL Polysphaeria multiflora

ACAROB Acacia robusta

ECBSTR Ecbolium striatum

EUPGOS Euphorbia gossypina

CADFAR Cadaba farinosa

THYTOM Thylachium thomansii

LAMZAN Lamphrothamus zanguebaricus

TRIEM Trichilia emetica

COMCAN Commiphora candidula

SERPAL Seriococommis nallida
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Appendix 2. A species code and names of species found in nine permanent sample plots
from the Tana riverine forests around Burn in 1987 and 1992 - Continued.

SPECIES CODE SPECIES NAME

PRERES Premna resinosa

ACAMEL Acacia mellifera

MEYTET Meyna tetraphylla

STRMIR Stropanthus mirabilis

AZAIND Azadirachta indica

CLEACE Clerodendrum acerbianum

GRESTU Grewia stuhlmannii

BLEFRU Blepharispermum fruticosum

SPP77 unknown
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Appendix 3. Vegetation sample plot names, codes, and geomorphic unit sampled from.

PLOT NAME PLOT ID GEOMORPHIC UNIT
Kimilo oxbow 1 Inactive Levee
Kimilo oxbow 2 Inactive Levee
Kimilo oxbow 3 Inactive Levee

Chachanyala A 4 Point-Bar

Wachadone 5 Active Levee

Wachadone 6 Active Levee

Tune 7 Active Levee
Tune 8 Inactive Levee

Wacholo oxbow 9 Inactive Levee
Wacholo oxbow 10 Inactive Levee
Chachanyala A 11 Active Levee

Chachanyala A 12 Inactive Levee

Chachanyala A 13 Inactive Levee

Chachanyala A 14 Inactive Levee

Wacholo oxbow 15 Inactive Levee

Wacholo oxbow 16 Inactive Levee

Wachadone 17 Inactive Levee

Shikaadabu 1 18 Inactive Levee

Shikaadabu 2 19 Oxbow

Shikaadabu 3 20 Inactive Levee

Wadesa 21 Active Levee

Wadesa (Wayuni) 22 Active Levee

Wadesa (Wayuni) 23 Active Levee

Chachanyala B 24 Active Levee

Chachanyala B 25 Active Levee

Chachanyala B 26 Active Levee

Bahatini 27 Active Levee

Isakalya Jovu 28 Point-Bar

Isakalya Jovu 29 Inactive Levee

Isakalya Jovu 30 Inactive Levee

Bajabi 31 Inactive Levee

Hirimani Laga 32 Transitional

Ghamavere 33 Oxbow

Ghamavere 34 Backswamp

Ghamavere 35 Backswamp

Waradhe 36 Inactive Levee

Kakate 37 Point-Bar

Kakate 38 Point-Bar

Malkaodha 39 Active Levee
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Appendix 3. Vegetation sample plot names, codes, and geomorphic unit sampled from -
Continued.

PLOT NAME PLOT ID GEOMORPHIC UNIT

Shakini B 40 Inactive Levee
Shakini B 41 Inactive Levee
Shakini B 42 Backswamp
Malkaodha 43 Active Levee
Shakini A 44 Point-Bar

Shakini A 45 Inactive Levee
Langoni 46 Oxbow
Langoni 47 Inactive Levee
Langoni 48 Backswamp
Langoni 49 Backswamp
Kimilo ya Gaigopa 50 Point-Bar

Kimilo ya Gaigopa 51 Inactive Levee
Kimilo ya Gaigopa 52 Inactive Levee
Transition 1 53 Transitional
Aratole 54 Point-Bar

Ghamano 1 55 Oxbow
Ghamano 2 56 Point-Bar

Ghamano 3 57 Active Levee
Ghamano 4 58 Backswamp
Ghamano 5 59 Inactive Levee
Ghamano Island 60 Point-Bar

Ghamano Island 61 Active Levee
Ghamano 2b 62 Active Levee
Ghamano 3b 63 Active Levee

Ghamano 2a 64 Active Levee
Ghamano la 65 Active Levee
Shikaadabu 1 66 Oxbow
Shikaadabu 4 67 Inactive Levee
Marafa 1 68 Active Levee
Marafa 2 69 Inactive Levee
Marafa 3 70 Inactive Levee

Ghamano (BE) 1 71 Active Levee

Ghamano (BE) 2 72 Active Levee
Shakini North 73 Inactive Levee
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Appendix 8. Occurrence of species from the upper, middle and lower canopy layers
from the Tana River floodplain forests.

SPP trees	 per plot plots	 present %	 of all trees %	 of all plots

sevits 1303 58 8.5 79.5

spiven 1132 55 7.4 75.3

lecfra 1014 50 6.6 68.5

corsin 576 46 3.8 63.0

eucnat 568 43 3.7 58.9

acaela 172 42 1.1 57.5

catobu 301 38 2.0 52.1

corgoe 288 38 1.9 52.1

polm u I 1082 35 7.1 47.9
hunzyl 828 33 5.4 45.2

g red en 359 33 2.3 45.2

m im fru 201 32 1.3 43.8
diom es 144 32 0.9 43.8

rin ell 224 31 1.5 42.5

thedan 356 30 2.3 41.1

cafats 286 29 1.9 39.7

hereby 244 29 1.6 39.7

g a rliv 106 28 0.7 38.4

pavsph 349 27 2.3 37.0

doblor 312 27 2.0 37.0

terb re 499 26 3.3 35.6

deibor 207 26 1.4 35.6

boscor 224 25 1.5 34.2

acalyp 205 24 1.3 32.9

allrub 173 24 1.1 32.9

oncspi 217 23 1.4 31.5

m asuss 336 22 2.2 30.1

salper 221 22 1.4 30.1

triem e 120 21 0.8 28.8

sabcom 116 20 0.8 27.4

hilsep 147 19 1.0 26.0

caedss 58 17 0.4 23.3

salm ad 40 15 0.3 20.5

indsch 242 14 1.6 19.2

cleace 225 14 1.5 19.2

acarob 32 14 0.2 19.2

raum om 177 13 1.2 17.8

ficsyc 68 13 0.4 17.8

hypcor 51 13 0.3 17.8

corn pan 34 13 0.2 17.8

physom 297 12 1.9 16.4

swine 88 11 0.6 15.1

sorm ad 38 11 0.2 15.1

m aed en 66 10 0.4 13.7

cafes s 242 9 1.6 12.3

p revel 48 9 0.3 12.3

grestu 37 9 0.2 12.3

uvalep 26 9 0.2 12.3

cochir 29 8 0.2 11.0

steapp 13 8 0.1 11.0

m om tri 53 7 0.3 9.6

dioabb 44 7 0.3 9.6

tam in d 43 7 0.3 9.6

lepsen 26 7 0.2 9.6

corn con 26 7 0.2 9.6

caedts 12 7 0.1 9.6
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Appendix 8. Occurrence of species from the upper, middle, and lower canopy layers of
the Tana River floodplain forests - Continued.

SPP trees per plot plots app	 Is present %	 of all trees %	 of all plots
acarov 36 6 0.2 8.2

kigafr 14 6 0.1 8.2

popili 141 5 0.9 6.8

phorec 46 5 0.3 6.8

terpar 41 5 0.3 6.8

preres 24 5 0.2 6.8

tapfis 20 5 0.1 6.8

grevil 12 5 0.1 6.8

pludio 120 4 0.8 5.5

drynat 26 4 0.2 5.5

hipafr 18 4 0.1 5.5

blefru 14 4 0.1 5.5

m anm oc 14 4 0.1 5.5

acazan 8 4 0.1 5.5

spp071 8 4 0.1 5.5

cafacl 7 4 0.0 5.5

m arzan 96 3 0.6 4.1

phygui 27 3 0.2 4.1

m aysen 13 3 0.1 4.1

parnig 6 3 0.0 4.1

new h il 5 3 0.0 4.1

gretem 4 3 0.0 4.1

antven 57 2 0.4 2.7

g ratan 34 2 0.2 2.7

ficcap 22 2 0.1 2.7

acator 13 2 0.1 2.7

acaref 13 2 0.1 2.7

erykir 9 2 0.1 2.7

m aetri 8 2 0.1 2.7

thytho 7 2 0.0 2.7

xlm am e 7 2 0.0 2.7

am pafr 6 2 0.0 2.7

erym al 5 2 0.0 2.7

serpal 3 2 0.0 2.7

m aem ac 3 2 0.0 2.7

op icam 2 2 0.0 2.7

azaind 2 2 0.0 2.7

catocr 2 2 0.0 2.7

spp108 34 1 0.2 1.4

cyacor 14 1 0.1 1.4

dobgla 11 1 0.1 1.4

tam nil 6 1 0.0 1.4

sidova 5 1 0.0 1.4

balrot 5 1 0.0 1.4

spp111 5 1 0.0 1.4

alb g um 3 1 0.0 1.4

spp89 3 1 0.0 1.4

com pao 3 1 0.0 1.4

COM rOS 2 1 0.0 1.4

spp072 2 1 0.0 1.4

ceipet 2 1 0.0 1.4

m ayh et 1 1 0.0 1.4

on cam b 1 1 0.0 1.4

aribra 1 1 0.0 1.4

spp102 1 1 0.0 1.4
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Appendix 9. Occurrence of all upper canopy species from the Tana River floodplain
forests.

SPP trees per plot plots spp Is present % of all trees % of all plots
spiven 343 40 25.0 56.3
acaela 92 30 6.7 42.3
corgoe 128 25 9.3 35.2
corsin 151 23 11.0 32.4
m im fru 54 17 3.9 23.9
triem e 53 13 3.9 18.3
acarob 20 13 1.5 18.3
g a rliv 46 12 3.3 16.9
diom es 40 11 2.9 15.5
ficsyc 24 11 1.7 15.5
terb re 80 9 5.8 12.7
captom 25 7 1.8 9.r
sorm ad 21 6 1.5 8.5
hypcor 13 6 0.9 8.5
grad en 11 6 0.8 8.5
steapp 9 6 0.7 8.5
popili 43 5 3.1 7.0
sabcom 10 5 0.7 7.0
salm ad 6 5 0.4 7.0
haraby 22 4 1.6 5.6
tam ind 21 4 1.5 5.6
eucnat 10 4 0.7 5.6
hilsep 14 3 1.0 4.2
Rig afr 4 3 0.3 4.2
oncspi 15 2 1.1 2.8
acarov 15 2 1.1 2.8
m arzan 7 2 0.5 2.8
lepsen 6 2 0.4 2.8
cleace 5 2 0.4 2.8
new hil 4 2 0.3 2.8
cochir 4 2 0.3 2.8
dioabb 3 2 0.2 2.8
polm ul 2 2 0.1 2.8
m om tri 14 1 1.0 1.4

law in e 9 1 0.7 1.4
antven 9 1 0.7 1.4
com pan 5 1 0.4 1.4
acator 4 1 0.3 1.4
terpar 3 1 0.2 1.4

albgum 3 1 0.2 1.4
doblor 2 1 0.1 1.4

salper 2 1 0.1 1.4

deibor 2 1 0.1 1.4
allrub 2 1 0.1 1.4

ceipet 2 1 0.1 1.4
phygui 2 1 0.1 1.4
erym al 2 1 0.1 1.4
cafacl 2 1 0.1 1.4
lecfra 1 1 0.1 1.4

hunzyl 1 1 0.1 1.4
thedan 1 1 0.1 1.4
com con 1 1 0.1 1.4
manmoc 1 1 0.1 1.4

prevel 1 1 0.1 1.4
phorec 1 1 0.1 1.4

ficcap 1 1 0.1 1.4
hipafr 1 1 0.1 1.4

spp111 1 1 0.1 1.4
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Appendix 10. Occurrence of species in the middle canopy layer of the Tana River
floodplain forests.

SPP trees per plot plots spp is present % of all trees % of all plots

spiven 612 49 13.5 67.1

corsin 331 33 7.3 45.2

eucnat 151 29 3.3 39.7

lecfra 264 26 5.8 35.6

sevits 199 25 4.4 34.2

corgoe 98 23 2.2 31.5

polm ul 379 22 8.4 30.1

g reden 214 21 4.7 28.8

terb re 258 21 5.7 28.8

h u nzyl 439 20 9.7 27.4

captom 70 20 1.5 27.4

haraby 144 19 3.2 26.0

doblor 139 18 3.1 24.7

thedan 120 17 2.7 23.3

m im fru 46 15 1.0 20.5

oncs pi 107 15 2.4 20.5

salper 81 14 1.8 19.2

rinell 49 14 1.1 19.2

acaela 45 13 1.0 17.8

deibor 34 13 0.8 17.8

pavsph 66 11 1.5 15.1

h ilsep 24 11 0.5 15.1

salm ad 22 11 0.5 15.1

sabcom 28 10 0.6 13.7

trieme 28 8 0.6 11.0

com pan 17 8 0.4 11.0

hypcor 8 7 0.2 9.6

garliv 19 6 0.4 8.2

raum om 30 6 0.7 8.2

diom es 16 6 0.4 8.2

cafats 13 6 0.3 8.2

boscor 14 6 0.3 8.2

ficsyc 21 5 0.5 6.8

cleace 13 5 0.3 6.8

prevel 18 5 0.4 6.8

d ioabb 33 5 0.7 6.8

acalyp 36 4 0.8 5.5

sorm ad 6 4 0.1 5.5

com con 8 4 0.2 5.5

acarob 7 4 0.2 5.5

tam ind 4 3 0.1 4.1
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Appendix 10. Occurrence of species in the middle canopy layer of the Tana floodplain
forests - Continued.

SPP trees per plot plots spp is present % of all trees % of all plots

lepsen 10 3 0.2 4.1

grestu 25 3 0.6 4.1

allrub 5 3 0.1 4.1

tapfis 11 3 0.2 4.1

m anm oc 7 3 0.2 4.1

lawine 23 3 0.5 4.1

acazan 6 3 0.1 4.1
acarov 8 3 0.2 4.1

m om tri 6 3 0.1 4.1

m arzan 33 3 0.7 4.1

cafass 2 2 0.0 2.7

m asuss 4 2 0.1 2.7

caedss 10 2 0.2 2.7

pludio 4 2 0.1 2.7

uvalep 7 2 0.2 2.7

kigafr 5 2 0.1 2.7

cochir 7 2 0.2 2.7

acator 9 2 0.2 2.7

popili 21 2 0.5 2.7

h ipafr 7 2 0.2 2.7

indsch 3 1 0.1 1.4

xinn am e 1 1 0.0 1.4

caedts 2 1 0.0 1.4

steapp 1 1 0.0 1.4

phorec 5 1 0.1 1.4

antven 46 1 1.0 1.4

grevil 1 1 0.0 1.4

spp071 1 1 0.0 1.4

am pafr 2 1 0.0 1.4

parnig 3 1 0.1 1.4

phygui 7 1 0.2 1.4

m aetri 1 1 0.0 1.4

com pao 2 1 0.0 1.4

ficcap 9 1 0.2 1.4

erym al 2 1 0.0 1.4

azaind 1 1 0.0 1.4

cafacl 2 1 0.0 1.4

terpar 6 1 0.1 1.4

spp102 1 1 0.0 1.4

d rynat 3 1 0.1 1.4

balrot 2 1 0.0 1.4
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Appendix 11. Occurrence of species in the lower canopy layer of the Tana River
floodplain forests.

S PP trees per plot plots spp	 Is present % of all trees %	 of all plots

sevits 1094 57 12 78

lecfra 747 49 8 67

eucnat 407 37 4 51

captom 201 34 2 47

polm ul 697 34 7 47

hunzyl 388 32 4 44

cafats 273 29 3 40

thedan 235 27 3 37

greden 134 27 1 37
rinell 175 27 2 37

diom es 87 27 1 37

spiven 174 26 2 36

boscor 210 25 2 34

pavsph 283 24 3 33

deibor 171 24 2 33

corsin 88 24 1 33

acalyp 169 23 2 32

shrub 165 23 2 32

m asuss 332 22 4 30

doblor 157 21 2 29

corgoe 62 21 1 29

haraby 78 21 1 29

m im fru 101 18 1 25

oncspi 93 17 1 23

salper 136 16 1 22

caedss 48 16 1 22

terbre 166 16 2 22

garliv 41 15 0 21

acaela 35 14 0 19

indsch 235 14 3 19

cleace 207 14 2 19

hilsep 56 13 1 18

physom 316 12 3 16

sabcom 75 12 1 16

m aeden 66 10 1 14

raum om 147 10 2 14

triem e 39 10 0 14

cafass 239 9 3 12

law in e 52 9 1 12

grestu 12 8 0 11

uvalep 19 8 0.2 11.0

hypcor 30 8 0.3 11.0

com pan 12 7 0.1 9.6

caedts 10 6 0.1 8.2

prevel 29 6 0.3 8.2

cochir 18 6 0.2 8.2

m om tri 32 6 0.3 8.2

ficsyc 23 5 0.2 6.8

com con 17 5 0.2 6.8

preres 24 5 0.3 6.8

dioabb 8 5 0.1 6.8

acarov 13 5 0.1 6.8

terpar 32 5 0.3 6.8
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Appendix 11. Occurrence of species in the lower canopy layer of the Tana River
floodplain forests - Continued.

S PP trees per plot plots spp Is present % of all trees %	 of all plots
tam Ind 18 4 0.2 5.5
pludlo 116 4 1.2 5.5
lepsen 9 4 0.1 5.5
tapfls 9 4 0.1 5.5
blefru 23 4 0.2 5.5
salm ad 12 4 0.1 5.5
phorec 40 4 0.4 5.5
grevil 11 4 0.1 5.5
drynat 23 4 0.2 5.5
sorm ad 11 3 0.1 4.1

m anm oc 4 3 0.0 4.1
acarob 5 3 0.1 4.1
spp071 7 3 0.1 4.1
phygui 18 3 0.2 4.1
gretem 4 3 0.0 4.1
hipafr 10 3 0.1 4.1
m aysen 13 3 0.1 4.1

xim am e 6 2 0.1 2.7
kigafr 5 2 0.1 2.7
acazan 4 2 0.0 2.7
thytho 7 2 0.1 2.7

greten 34 2 0.4 2.7
parnig 3 2 0.0 2.7

acaref 12 2 0.1 2.7
opicam 2 2 0.0 2.7

serpal 3 2 0.0 2.7
cafacl 3 2 0.0 2.7
eryklr 9 2 0.1 2.7

m arien 56 2 0.6 2.7

captom 2 2 0.0 2.7
newhil 1 1 0.0 1.4

steapp 3 1 0.0 1.4

antven 1 1 0.0 1.4

m ayhet 1 1 0.0 1.4

spp072 2 1 0.0 1.4

am pair 4 1 0.0 1.4

m aetri 7 1 0.1 1.4

com ros 2 1 0.0 1.4

com pao 1 1 0.0 1.4

m aem ac 2 1 0.0 1.4

popili 77 1 0.8 1.4

tam nil 6 1 0.1 1.4

spp89 3 1 0.0 1.4

ficcap 13 1 0.1 1.4

erym al 1 1 0.0 1.4

azaind 1 1 0.0 1.4

oncam b 1 1 0.0 1.4

sidova 5 1 0.1 1.4

aribra 1 1 0.0 1.4

cyacor 14 1 0.2 1.4

spp108 34 1 0.4 1.4

balrot 3 1 0.0 1.4

spp111 4 1 0.0 1.4
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Appendix 12. Occurrence of species in the regeneration layer of the Tana River
floodplain forests.

SPP no. of seedlings % all seedlings no. plots spp is present % plots spp is present
GARLIV 1773 9.72 51 69.86-

LECFRA 2524 13.84 48 65.75
SEVITS 1372 7.52 48 65.75
EUCNAT 733 4.02 37 50.68
CAPTOM 616 3.38 31 42.47
HARABY 435 2.38 26 35.62
• • 	vu 7 25 34.25
DIOMES 367 2.01 25 34.25
HUNZYL 492 2.70 24 32.88
SPIVEN 1354 T.42 22 30.14
SALPER 303 1.66 22 30.14
PAVSPH 692 3.79 18 24.66
CAEDSS 156 0.86 18 24.66
THEDAN 414 2.27 16 21.92
MAS USS 260 1.43 16 21.92
HILSEP 221 1.21 16 21.92

21.92-CORGOE 140 0.77
ALLRUB 204 1.12 14 19.18
GREDEN 196 14 19.18
ONCSPI 396 2.17 13 17.81
DOBLOR 154 0.84 11 15.07
CAFATS 121 0.66 1 1 15.07
BOSCOR 185 1.01 10 13.70
RINELL 131 0. 10 13.70
ACAELA 6 10 13.70
DE1BOR 196 1.07 9 12.33
CAFASS 139 0.76 12.33
MIMFRU 133 0.73 9 12.33
HYPCOR 88 0.48 9 12.33
PHYSOM 100 0.55 7 9.59
INDSCH 242 1.33 6 8.22
SABCOM 83 -0745- 6 8.22
ACAROV 36 0.16 6 8.22
TERBRE 573 3.14 5 6.85
SORMAD 134 0.73 5 6.85
CLEACE 92 0.50 5 6.85
TAMIND 30 0.16 5 6.85
ACAROB 30 0.16 5 6.85
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Appendix 12. Occurrence of species in the regeneration layer of the Tana River
floodplain forests - Continued.

SPP no. of seedlings % all seedlings no. plots spp is present % plots spp is present
PHOREC 109 0.60 4 5.48
CORSIN 61 0.33 4 5.48
POPILI 54 0.30 3 4.11
ACALYP 51 0.28 3 4.11
MOMTRI 36 0.20 3 4.11
TRIEME 23 0.13 3 4.11
RAUMOM 138 0.76 2 2.74
MAEDEN 44 0.24 2 2.74
COCHIR 42- 0.23 2 2.74
FICSYC 0.12 2 2.74
ARIBRA 18 0.10 2 2.74
PRERES 17 0.09 2 2.74
LAWINE 13 0.07 2 2.74
LEPSEN 10 0.05 2 2.74
TERPAR 9 0.05 2 2.74
SPP071 9 0.05 2 2.74
GRESTU 6 0.0.3 2 2.74
SPP108 47 0.26 1.37
MARZAN 41 0.22 1.37
DRYNAT 3g 0.21 1.37
SALMAD 31 0.17 1.37
CYACOR 18 0.10 1.37
XIMAME 13 0.07 1.37
MAN MOC 13 0.07 1.37
BLEFRU 12 0.07 1.37
FICCAP 10 0.05 1.37
AMPAFR 9 0.05 1.37-

PHYGUI 9- 0.05 1.37
HIPAFR 8 0.04 1.37
NEWHIL 7 0.0( 1.37
PREVEL 7 0.04 1.37
CAEDTS 7 0.04 1.37
SERPAL 6 0.03 1.37
THYTHO 5 0.03 1.37
MAYSEN 5 0.03 1.37
STEAPP 3 0.02 1.37
THYTHO 2 0.01 1.37
COMPAN 2 0.01 1.37
AZAIND 2 0.01 1.37
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