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ABSTRACT

On the slope West and North o f Mt Kenya, population increase has lead to rapid 

land use change and increased demand for water resources. In this area. Water 

resources are limited and fragile To achieve socio economic development, 

advisory and utilisation tools are required to guide sustainable development o f 

water resources. As a contribution to this challenge, the influence of vegetation on 

the water resources of the Naro Morn river was investigated through a water 

balance approach

The Naro Moru river, an important water source within the upper Ewaso Ngiro 

basin, extends from the peak region o f Mt. Kenya (5200 meters above sea level) 

and moves out Westwards traversing five ecological zones to the confluence with 

the Ewaso Ng'iro at 1800 meters above sea level.

The study covered the Alpine, Moorland, Forest and Foot zones of the catchment. 

Climatic and soil water measurement were made during the study period.

Measurement of rainfall, windspeed, temperature, humidity and sunshine hours 

were made on daily basis and evapotranspiration calculated from the climatic data 

using the Penman method. The climatic water balance was hence calculated as the 

difference between rainfall and evapotranspiration.

Soil water content was determined gravimetically on monthly intervals in the Alpine 

and Moorland zones and using a neutron probe on weekly intervals in Forest and 

Footzone From the soil water measurements, the available soil water for different 

vegetation systems and its change with time and space was evaluated

The influence o f vegetation, on the w-ater resources was hence investigated by 

evaluating the climatic water balance, the available soil water and the vegetation 

water balance.
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The climatic water balance of the four zones was found to be significantly different 

in the five zones In the Is1 wet and dry periods, the climatic water demand was met 

only in the Alpine and Moorland zones. In the 2nd wet period, the climatic water 

demand was met in all the zones except in the Footzone

The available soil water for different vegetation, ecological and slope conditions 

was found to be significantly different The Potato and grass vegetation showed 

higher and less varied soil water compared to the natural Forest vegetation and 

cypress plantation vegetation The Moorland zone showed higher available soil 

water content compared to the Alpine zone. The lower Forest showed higher 

available soil water compared to the upper Forest and Footzone.

From the vegetation water balance analysis, the vegetation water requirement was 

higher for the natural Forest and Cypress plantation compared to the Potato crop 

and Grass vegetation. In the Alpine and Moorland zone, the latter vegetation 

showed high water use. Weather conditions wet and dry period) were found to be 

important for the differences observed in the vegetation water balance. Vegetation 

water requirement was generally higher than water use in the dry period and lower 

than water use in the wet periods.

It is recommended that when planning for water resources, weather, ecological and 

vegetation differences should be considered Further, future research activities 

should aim at developing practical water balance models which could be transfered 

to other similar areas This could be achieved through field measurements of soil 

water, deep percolation and surface runoff
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CHAPTER ONE

INTRODUCTION

1.1 Introduction

On the slopes West and North of Mt Kenya, small scale mixed farming is the 

dominant land use (Kohler, 1987). 70% of the plots are between 1 and 4 acres and 

are too small to support the households which average 6 to 7 persons (Kohler and 

speck, 1983; Kohler, 1987; Flury, 1987). Most farmers cite water as a priority for 

development and see irrigation as a means to intensify land production (Kohler and 

Speck, 1983).

In extreme dry periods, water availability becomes fatal to humans and their 

production systems (Decurtins et al, 1988). The importance of water resources is 

seen in terms of recurrent crop failure, low production on grazing land and 

continued soil loss (Liniger, 1991).

Population increase, estimated at 7.8% per annum in the 1989 Laikipia District 

development plan, as been rapid due to natural births and immigration from 

adjacent densely populated districts. The population increase has lead to an 

increased demand for water resources However, water resources are only enough 

for domestic use and livestock watering with irrigation being possible only at a 

kitchen garden, approximately 10m2, scale (Wiesmann, 1992b; Flury, 1987).

Sustainable development of the limited water resources is hence a prerequisite for 

social economic development o f this area

1.2 Statement of the research problem

Research on social economy and ecology has continued for the last two decades on 

the slopes West and North o f mount Kenya This research, carried out by the
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University of Berne, Switzerland in collaboration with the University of Nairobi has 

revealed that the Social economic development of this area is limited by their fragile 

and limited water resources

Advisory and utilization tools are required to guide the sustainable development of 

the water resources (Liniger, 1992a) and thus the social economic development of 

this area.

Towards this need to provide tools to guide the development of water resources, 

several studies have been carried out at three (site, catchment and basin) levels of 

research (Liniger 1992a). Further contributions are required to provide processes 

to link the three research levels and understand the interaction between the social 

and natural resources systems. Towards the latter, the influence of land use and its 

change on water resources is o f importance and is addressed in this study.

Rainfall is an important water source in this area. Among the various uses into 

which rain water is put, the vegetation water requirements is important. To plan 

rainwater, information on vegetation water requirements is thus necessary.

The Forest zone forms a vital water recharge area and is important in sustaining 

water resources in this area (Liniger 1992a, Decurtins, 1992). The Forest however 

comprises of different vegetation types whose influence on the water resource 

should be investigated

Within the small scale farming system, irrigation is recommended at a kitchen 

garden scale due to limited water resources. The influence of the different landuse 

systems practised in this area on the water resource should be investigated so as to 

effectively manage the water resources.

As an effort to meet these challenges, the influence of vegetation on the water 

resources of the Naru Moru catchments is investigated.

2



1.3 Conceptual Framework

Climatic water requirements, evapotranspiration, is meet from the water availed 

through rainfall The balance between climatic water input (rainfall) and output 

(evapotranspiration) gives important first information on the water resources of any 

area This information on the climatic water balance, though a valuable 1st step 

when investigating water resources, does not take into account soil and vegetation 

conditions which are of importance to the water resources system. A 

comprehensive water balance evaluation, referred to in this study as the vegetation 

water balance, should hence consider climatic, soil and vegetation conditions.

A simple vegetation water balance equation for a situation with no lateral 

subsurface water flow in and out of the area under study is presented by Liniger 

(1991) as:

P=S Wc+Ro+Dp+ET a............. (1)

This equation is presented in a simplified model as shown in Figure 1.1.

Figure 1.1: The water balance model.
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In the vegetation water balance equation, the water availed from rainfall (P) goes to 

meet soil water change (SWc), surface runoff (Ro), ground water recharge (Dp) 

and the actual evapotranspiration (ETa).

In this system, rainfall forms the input component, soil water change the storage 

component while runoff, deep percolation and the actual evapotranspiration forms 

the output component Different vegetation types will influence the storage and 

output components of the vegetation water balance system differently and 

consequently the water resources of the area in which they are located

The influence of different vegetation types in different ecological zones on the 

water resources of the Naro Morn catchment is thus evaluated by investigating 

their influence on the storage and output component of the vegetation water 

balance system. As a first step, the climatic water balance within the zones is also 

evaluated.

The climatic water balance is calculated as the difference between rainfall and the 

potential evapotranspiration. Rainfall is measured in the field while Potential 

evapotranspiration is calculated from field monitored climatic data.

For the vegetation water balance, soil water storage is measured in the field and its 

change thus calculated Surface runoff, deep percolation and actual 

evapotranspiration which make up the output component are not measured in the 

field and are calculated together as the vegetation water use from the water balance 

equation by substituting the measured components in the above equation i.e -

P- SWc=ETa+Ro+Dp

Using data the climatic water balance, soil water storage and vegetation water 

use, the influence o f diff erent vegetation on the water resource is investigated The 

different vegetation types investigated include Grass, natural Forest, Cypress

4



plantation and Potato crop on typical and steep slopes. The zones covered in the 

study includes Alpine, Moorland, upper Forest, lower Forest and Footzone.

1.4 Hypotheses

Three hypotheses were initially formulated regarding the climatic water balance, 

soil water content and the vegetation water balance of the different vegetation 

systems investigated These are listed below.

1) Ho Rainfall and potential evapotranspiration and consequently the climatic

water balance does not show significant differences in the five zones.

Hj Alternative.

2) Ho The soil water content under different vegetation types is not significantly

different within (for different vegetation types) and between (for similar 

vegetation types) the five zones.

Hi Alternative.

3) Ho The vegetation water balance for the different vegetation types is not

significantly different within (for different vegetation types) and between 

(for similar vegetation types) the five zones.

Hj Alternative.

1.5 Objectives

The broad objective for this study was to investigate the influence of vegetation on 

the water resources o f the Naro Morn catchment.
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The specific objectives of the study were as follows:

i) To quantify rainfall and the potential evapotranspiration and hence calculate 

the climatic water balance in five ecological zones

ii) To quantify soil water content under different vegetation types within and 

between the five ecological zones covered in the study.

iii) To calculate the vegetation water balance of the different vegetation types 

investigated in five ecological zones of the study area.

1.6 Literature review

1.6.1 Introduction

Water is necessary for life and has played a vital role in the development of human 

societies throughout the world In Kenya, rapid population growth has lead to land 

pressure in the high potential areas (Decurtins, 1985). This means that the vast arid 

and semi arid areas, which make up 80% of Kenya's land area, have an important 

role in meeting production demands for the increasing population (Liniger, 1991).

On the semi-humid to arid slopes west and North of Mt Kenya, human population 

has been increasing rapidly due to natural births and immigration from the 

neighbouring densely populated high Potential districts (Kohler, 1987). As the 

population increase, this area, formerly a ranching region, has been subdivided and 

placed under cultivation The problem that may arise from this land use change has 

been investigated for the last two decade by the university of Bem-Switzerland in 

collaboration with the university of Nairobi (Decurtins, 198$) The research has 

focused on land use and social economic dynamics (Kohler, 1987, Wiesmann, 

(992b) and soil and water resource utilization and management (Liniger, 1992a).
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From land use studies (Kohler and Speck, 1983, Kohler, 1987; Flury, 1987) it has 

been found out that small scale mixed farming is the dominant land use. From the 

studies, plot size distribution analysis has shown that 70% of the plots in the small 

scale farming sector are 1 to 4 acres In this dry environment, these plots are too 

small to support, at sustainable level, the household which averages 5 to 6 persons.

The status o f water resource and its utilization has shown to play an overriding role 

on the development process (Liniger, 1992). The farmers perceive irrigation as a 

means of increasing the production potentials of their small plots (Kohler, 1987). 

These fanners originate from higher potential areas where water resources are not 

limited and lack knowledge on water conservation farming techniques (Liniger, 

1991). As the population increase, estimated at 7.8% per annum (District 

development plan, 1989), water demand for domestic, livestock and irrigation 

purposes has been increasing (Wiesmann, 1992b, Flury, 1987).

The water resources o f this area have a unique setting. It is limited, limits the 

development process and calls for priority consideration when being allocated for 

various needs (Decurtins et al, 1988). Water resources are fragile and should not 

be looked at only in terms of availability but also as regards their best use and 

management (Liniger, 1991). During extremely dry periods, lack of water becomes 

fatal to both humans and their production systems (Decurtins at al, 1988). The 

importance o f the water resource is seen in terms of recurrent crop failure, low 

productivity in grazing land and continued soil loss (Liniger, 1991). River water 

discharges varies widely for the dry and wet periods and there is a consumption 

conflict between the upstream and downstream users (Decurtins et al, 1988).

There is hence a need to develop advisory and utilization tools (Roberts, 1961; 

Decurtins et al, 1988, Liniger, 1991) to guide the sustainable development of the 

water resources and hence achieve social and economic development in this area.
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1.6.2 W ater resources studies

The challenge to develop water resources advisory and utilization tools has lead to 

several studies at three (site,, catchment and basin) levels of research.

These studies includes hydrogeographic documentation (Leibundgut, 1986, 

Decurtins, 1992), water and soil conservation (Liniger, 1991), the potentials o f 

episodic stream (Ondieki, in preparation), river reach water balance (Gathenya, 

1992) and stream flow modelling (Thomas 1992) among others

These efforts have lead to:-

i) The establishment of an hydro-meteorological monitoring network and 

data base.

ii) Approaches to model soil and water resources and their utilization.

There is however need for further contribution to provide processes to link the 

three research levels and means to understand the interaction between the social 

and natural resource systems.

Towards an understanding of the interaction between the social and natural 

resource systems, the influence o f vegetation on the water resources of the Naru 

Moru catchment is investigated in this study.

Population increase on the slope West and North of Mt.Kenya has lead to rapid 

landuse and vegetation change (Kohler, 1985) with important implications on the 

natural resources especially soil and water resources(Decurtins et al, 1988).

Investigation on the slopes West and North of Mt Kenya (Liniger and Decurtins, 

1990) using short period climatic and soil water campaign data noted variation in 

the hydro-climatological conditions in this area Detailed climatic and soil water 

information is required to evaluate soil water change and the vegetation water
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requirement and use for different vegetation in this sensitive mountain environment 

and hence investigate the relationship between different vegetationVIanduse systems 

and the water resources.

From the above study, Liniger and Decurtins (1990), the Forest zone is 

documented as important for recharging the soil and the water table and thus 

ensuring a continuous base flow during the dry periods and soil and ground water 

recharge during the wet periods. Elsewhere, it has been noted that though Kenya 

has a very limited forest base, the conservation of this small forest base is the 

cheapest and most economically sound method of ensuring that enough water in 

controlled amounts is available for our generation and that to come (Owino, 1977). 

Within the Naru Moru catchment, the Forest zone however comprises of different 

vegetation types whose influence on the water resource should be investigated.

Within the small scale mixed farming, irrigation has been found to be possible only 

at a 10m2 kitchen garden scale (Decurtins et all, 1988; Decurtins, 1992) due to 

limited water resources. For effective management of the water resources, it is 

important to investigate how the different land use practices use the limited water 

resources.

This study hence takes up these challenges and attempts to contribute towards 

these knowledge gaps. To this end, the influence on vegetation on the water 

resources of the Naru Moru catchment is investigated

1.6.3 W ater balance evaluation

The evaluation of the water resources o f  any area requires an assessment of its 

hydrogeographic characteristics and further the development o f its water balance 

model (Decurtins, 1985). Such an assessment must take into account the
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interaction between the hydrogeographic systems with the whole ecosystem 

Dunne and Leopold (1978) notes that within the Amboseli national park, the death 

o f woodlands and replacement by saline tolerant grasses is due to hydrological 

changes in this area and notes that to understand this ecosystem, there is need to 

appreciate changes in rainfall, groundwater and the water balance o f the system 

Water resource evaluation thus calls for a balancing approach where all the various 

components of the hydrogeographic system and their interactions with the 

ecosystem are considered For this reason, many water resource studies have been 

achieved through a water balancing approach (see Liniger, 1991, Decurtins, 1992 ).

Mather (1978) defined water balancing as the accounting of all the water input, 

storage and outputs o f an area over a given period of time Franquin (1978) noted 

that the appropriate water balance equation can be constructed depending on the 

desired results and the data available. Liniger (1991) investigating rainfed farming 

performance under different management systems used a simple water balance 

model which assumed no lateral subsurface runoff and deep percolation. The water 

balance equation for the model is given in equation 1 section 1.3 as>

P= SWc+Ro+Dp+ETa

P presents rainfall, SWc presents soil water change, Ro presents runoff, Dp 

presents deep percolation and ETa presents actual evapotranspiration. P can be 

measured within standard meteorological stations while SWc and Ro can measured 

in soil water balance plot experiments. Dp can be measured in lysimeter studies. 

ETa is usually estimated from climatic, soil and plant data and is usually the most 

problematic variable o f five variables presented in this equation. Kiangi (1977) 

discuses various methods that have been used to estimate ETa within the East 

African region. Due to the type o f data available, the above water balance equation

10



is used in this study. Rainfall and soil water change are measured in the field The 

other parameter of the water balance equation are not measured and are calculated 

from the measured parameters as discussed in section 3.4.2.

1.6.4 Climatic and soil water measurements

Vegetation water requirement is influenced by temperature, windspeed, relative 

humidity and radiation (Liniger, 1991). These variables should be properly 

measured in the field for a successful water balance evaluation. The national water 

master plan (991 ) presents indicative values for these variables for different 

location in Kenya For this study, Rainfall, pan evaporation, temperature, 

w’indspeed, relative humidity and sunshine duration were measured in the field 

using standard Meteorological instruments as described by Mwebesa (1980).

Assessment o f soil moisture content and its change with depth and time is vital for 

the vegetation water balance calculation (Olembo, 1979; Liniger, 1991). Field soil 

water content assessment is however difficult and problematic (Liniger, 1991), 

Generally both direct and indirect methods are available (Smiley and Steed, 1983). 

Direct methods, such as gravimetric sampling, involve field sampling and laboratory 

analysis to determine soil water content. The indirect methods, such as the neutron 

attenuation, tensiometers and conductivity blocks, involve indirect soil moisture 

assessment which require a calibration to infer on the soil water content.

Smiley and Steed (1983) notes that the direct methods have a disadvantage in that 

require careful attention to eliminate error both during field sampling and 

laboratory analysis and are usually destructive to the soil profile. Their advantage 

is that they usually requires less financial input.

The disadvantage of the indirect methods is that they usually have a sensitive 

procedure, are expensive to finance and require an accurate calibration They are 

however relatively more accurate, less destructive to the soil profile and require a
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short sampling time thus allowing a routine soil water content monitoring 

programme For this study, the direct gravimetric method and the indirect neutron 

attenuation method were used

1.7 Operational definitions

Various operational terms are used in this study. These terms are defined below in 

the context of this study.

Field Capacity : The field capacity is usually taken as the upper limit of the 

available soil water. It is laboratory determined as the volumetric soil water 

content at a suction of between 0.1 and 0.33 bars (Brady, 1974). For this study, 

the field capacity was field determined as the volumetric soil water content 2 to 3 

days after saturation and after free drainage has ceased (Gardner, 1988; Liniger. 

1991).

Wilting P o in t: The wilting point is the lower limit of the available soil water and 

is the taken as the soil water content at which plants lose turgor beyond recovery- 

due to soil water deficit. It is laboratory determined as the volumetric soil water 

content at a suction of 15 bars (Brady, 1979; Weg et al, 1975). Since the study 

area was rather wet throughout the study period, no real wilting points were 

observed during the study period except in the drier Footzone (Munyaka). For this 

study, the wilting point was field determined as the lowest soil water content 

observed in a dry period (Gardner 1988).

Available W ater Capacity : Available water capacity is usually taken as soil water 

held between the upper (field capacity) and lower (wilting point) limits of the 

available soil water (Gardner, 1988).

Percolation soil water : This is the soil water content above the upper (field 

capacity) soil water limit (Gardner, 1988). This water goes into ground water
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storage and or subsurface runoff depending on the drainage conditions o f the 

profile.

Reference Crop Evapotranspiration : This is a climatic indicator o f the 

vegetation water requirements under different climatic conditions. It is defined as 

the rate of evapotranspiration from an extensive surface of 8 to 15 cm tall green 

grass cover of uniform height actively growing, completely shading the ground and 

not short of water (Doorenbos and Pruitt, 1977).

Vegetation water requirem ent: The maximum water requirement of a vegetation 

system and defined as the depth o f water needed to meet water loss through 

evapotranspiration of a disease free crop growing in large fields under non­

restricting soil conditions including soil water and fertility and achieving full 

production potential under the given growing environment (Doorenbos and Pruitt, 

1977).

Actual Evapotranspiration : The actual amount of water used to meet the 

climatic water requirement for evaporation and transpiration under limited water 

conditions (Doorenbos and Kassam, 1986).

Vegetation Coefficient : This term is used for this study to refer to a coefficients 

used to calculate the maximum vegetation water requirement (ETveg) from 

reference crop water requirement (ETo). The vegetation coefficients changes 

across the plant or crop growing period (Doorenbos and Pruitt, 1977).

Ecological Zone : For this study, an ecological zone was taken as a belt of a given 

vegetation whose area o f spatial extension is determined by the horizontal and 

vertical variations of rainfall and temperature (Decurtins, 1992). The five zones 

investigated in this study includes Alpine, Moorland, upper Forest, lower Forest 

and Footzone.

13



Vegetation and slope Systems : The vegetation and slope systems investigated in 
this study are defined on the basis of vegetation type and the slope o f their location. 

The different vegetation type investigated includes Grass, natural Forest, Potato 
crop and Cypress plantation. The slopes investigated are categorized into typical 
(on the ridge top) and steep (on the valley sides).

Wet and Dry periods : This refers to the three main wet and dry periods 
experienced during the study period and defined on the basis of rainfall i.e, 1st wet 
period between November and December 1991, dry period between January to 
March 1992 and 2nd wet period between April and June 1992. These follow 
closely the dry and wet periods experienced in this area as documented by Berger 
(1989).

1.8 The scope and limitations of the study

1.8.1 The scope of the study

The study was carried out in five of the six ecological zones of the Naro Morn river 
catchment. The research was conducted at site level. One site was selected in each 

of the five zones. Climatic and soil water conditions were measured at these sites 
between November 1991 and June 1992. Climatic data was analyzed on daily basis 
while soil water data was analyzed on a weekly basis for the neutron probe 
measurements and monthly basis for the gravimetric measurements. For the 
vegetation water balance calculation, only rainfall and soil water storage were 

measured in the field. The other parameters were combined to form the vegetation 
water use component and were calculated as the difference between rainfall water 
input and soil water change.

1.8.2 Limitations of the Study

For the sites R1 and R2, accessibility was a problem due to the long walking 
distance to these sites and their high altitudes. At these two sites, only rainfall and 
gravimetric soil water measurements were carried out. Additionally, for all sites 
surface runoff and deep percolation were not measured in the field and hence actual 
evapotranspiration for the different vegetation systems could not be calculated in 
the water balance equation.
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CHAPTER TWO

THE STUDY AREA

2.1 Introduction

The Naru Moru, the perrenial river system investigated in this study drains the 

slopes Northwest of Mount Kenya and form one of the several small cathchments 

that make up the Mount Kenya sub-catchment of the Ewaso Ngiro basin.

Figure 2.1 shows the location of the study area. Figure 2.2 Shows the Naru Moru 

river within the upper Ewaso Ngiro basin upstream of Archers post. Figure 2.3 

shows a profile of the catchment and indicates its geology, soils, vegetation, and 

landuse characteristics.

Various studies have been carried out in this area regarding geology (Baker, 1967), 

soils (Desaules, 1986), rainfall and agroclimatology (Berger, 1987), 

hydrogeographic mapping (Leibundgut, 1984), social economy (Kohler, 1987) and 

soil and water resources conservation (Speck, 1982; Liniger, 199a) among others. 

This chapter discusses briefly the cahracteristics of the study area that are relevant 

to this study.

2.2 General characteristics

The Naru Moru catchment is located between latitude 0°03' and 0°11' South and 

longitute36°55' and 37°15' East. It covers an area of approximately 170 km2 

formed into a 50km long but narrow strech which reaches 5km at its widest point.

The altitude ranges between 1800 and 5200 metres above sea level (a.s.l). In the 

upper reaches, i.e above 3600 meters a.s.l, the Naru Moru river flows through a 

glacial formed U shaped valley and shows fast youthful flow. Below 3600 meters 

a.s.l, the valley becomes a deep fluvial formed V shaped valley.
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Figure 2.1: Location of the study area.
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Figure 2 .2 : The Naru Moru river within the upper Ewaso 
Ng'iro basin upstream of Archers post.
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In the lower reaches, the river shows a meandering flow in an open valley towards 

it's confluence with the Ewaso Ng’iro at about 1800 meters a.s.l.

The geology (Figure 2.3) consists of basic and intermediate volcanic rocks i.e. 

trachytes, kenytes, and basalts covered by phyrocrasts and volcanic ash. The Soils 

are mainly derived from relatively recent volcanic materials but show wide 

differentiation due to the wide climatic, topographic and vegetation conditions 

experienced in the study area.

Average rainfall varies from 700 to 2000 mm per year and is basically orographic 

produced by the ascent o f humid trade winds from the Indian ocean. The trade 

winds are controlled by the movement of the inter tropical convergence zone, 

ITCZ, which produces a bimodal rainfall pattern with short rains between 

November and December and Long rains between April and June. Evaporation 

rates range between 1200 to 2000 mm per year and increases with decreasing 

altitude from the humid peaks to the semi arid savannah.

Three main categories o f land use are observed (Kohler, 1986, 1987). These 

includes:-

i) Mount Kenya National Park: This is above the tree line which is located 
at about 3200 meters a.s.l. The park authorities manages the mountain 
natural resources to protect them from human interferences.

ii) Mount Kenya Forest reserve: The forest reserve is below the National 
Park (below 3200 meters a.s.l). This consists of an upper part with 
indigenous tree species conserved to protect water resources and a 
lower pan used for economic forestry. The lower part is planted with 
exotic cypress and pine plantations.

iii) Individual owned land: This is below the forest reserve (below 2100 

meters a.s.l). The land was previously owned by European farmers but 
is now subdivided into small plots. The plots are under small scale 
mixed farming.
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The population growth rate in this area is estimated at 7 8% per annum (Laikipia 

District Development Plan, 1989). This high population growth rate is due to the 

combined effect of natural births and immigration from the adjacent high potential 

districts experiencing land pressure.

2.3 Eeoloeical Zones

Decurtins (1992) observed five ecological zones within the Naro Morn catchment. 

These zones are defined on the basis of temperature and vegetation but does not 

follow strictly any temperature and humidity index.

Other classification are based on available moisture (Pratt and Gwynne, 1977) and 

the balance between rainfall and evaporation (Jaetzold and Schmidt, 1983; 

Sombroek et al, 1982).

Due to the hydro-geographic nature of this study, the zones are defined following 

the classification presented by Decurtins (1992) which includes:-

i) The Afro-alpine zone,

ii) The Moorland zone,

iii) The Forest zone,

iv) The Footzone and

v) The Savanna zone.

This study covers the first four zones. For this study, the Forest zone is further 

sub-divided into upper and lower Forest and thus the study addresses five zones.
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2.3.1 Afro-Alpine Zone

2.3.1.1 Topography and Drainage

This zone rises from 4000 to 5200 meters a.s.l with an average altitude of 4510 

meters a.s.l to cover an area of approximately 5 km2 (Decurtins, 1985). The Lewis 

and Tyndal glaciers in this zone forms the source of the main Naro Moru, the Naro- 

moru north river (Decurtins, 1992).

2.3.1.2 Geology and soils

The central core o f Mount Kenya covers the upper part of this zone, and consists of 

porphyritic phonolites and nephelites synite. In the lower part o f the zone are 

trachytes, fissile phonolites, turfs and agglomerates (Winiger, 1986).

Lithosols and dystric Regosols are formed on rock outcrops while Lithosols, 

dystric Regosol, and Rankers are found on ridges and moraine. Rankers, Dystric 

Fluvisols and Humic Gleysols are found in the valley bottoms. Soils on ridges and 

moraine(Regosol, Luvisols and Rankers) are well drained (Speck, 1982).

2.3.1.3 Climate and Hydrology

Rainfall varies between 600 to 1000 mm per year with evaporation rates varying 

between 1200 and 1400 mm per year. Daily evaporation rates varies between 0.1 

mm per day in the wet season and 0.4 mm per day in the dry season. This zone 

forms the origin of the main Naro Moru (Naro Moru North) river which originates 

from the glaciated peaks (Decurtins and Liniger, 1990 ).
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2.3.1.4 Vegetation and Land use

The upper part of this zone is covered by ice, snow and rock scree on steep slopes. 

On the lower part are giant groundsel (senecio keniodendron) Affo-alpine 

vegetation (Decurtins, 1992). Land use is tourism and park reserve.

2.3.2 Moorland Zone

2.3.2.1 Topography and Drainage

This zone rises from 3500 to 4200 meters a.s.l. with an average altitude of 4000 

meters a.s.l. It cover an area of 16 km2 (Decurtins, 1985). The glacial cut U 

shaped river valley changes abruptly into a V-shaped fluvial cut valley below 3600 

meters a.s.l. The southern Naro-Moru river as well as many small streams in form 

of ground water outlets originate from this zone (Decurtins, 1992).

2.3.2.2 Geology and Soils

The upper part consists of Kenytes and Kenytes agglomerates while the lower parts 

consist of porphyritic phonolites and agglomerates (Baker, 1967). The major soil 

types are shallow Histosols and Andosols which are well drained in the upper part 

but poorly drained on ridges and variably drained on the valley bottoms in the lower 

part (Desaules, 1986). The soil water holding capacity of the upper part is below 

50 mm and between 50 and 100 mm in the lower half of the zone (Decurtins and 

Liniger, 1990).

2.3.2.3 Vegetation and Land use

The Afro alpine vegetation of giant groundsel on the valley sides and tussock grass 

on the valley bottoms of the lower Alpine zone extends into the upper part of this 

zone.

u:
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This changes into e r ic a  and p h i l i p ia  heath vegetation in the lower part (Decurtins, 

1992). Land use is basically tourism.

2.3.2.4 Climate and Hydrology

Annual rainfall ranges between 1000 mm in the upper part and 1500 mm per year 

and increases towards the lower part and into the Forest zone

2.3.3 Forest Zone

2.3.3.1 Relief and Drainage

This zone rises from 2300 to 3540 meters a.s.l with an average altitude of 3200 

meters a.s.l to cover an area of 26 km2 (Decurtins, 1985). The river valley is 

deeply incised with few tributaries in the upper part while in the lower part the 

valley becomes less incised and has more tributaries (Decurtins and Liniger, 1990).

2.3.3.2 Geology and Soils

The geology of the lower Moorland consisting of porphyritic phonolites and 

agglomerate extends to this zone. In the upper part, there are Histosols of shallow 

(20 to 50cm) to medium (50 to 80cm) depth. In the middle part are humic 

Andosols which are moderate (50 to 80cm) to deep (80 to 120cm) and the very 

deep (120 to 180cm) humic Acrisols are found in the lower parts (Desaules, 1986). 

The soils on the valley bottom have variable drainage while those on the valley 

sides are well drained. The water holding capacity of the soils in the lower part i.e. 

humic Acrisols is very high exceeding 200 mm (Decurtins and Liniger, 1990).
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2.3.3.3 Vegetation and Land use

The zone shows several vegetation belts. The Hagenia-Hvpericum belt forms the 

upper tree line followed by the Montane Bamboo belt with scattered Podocarpus 

and Cedar trees. This belt is followed by the ever-green mountain vegetation with 

Juniperaus, Podocarpus and Olea tree species. Below this belt, the cypress and 

pine plantations marks the lower edge of the Forest. Tracts of crop land in thin 

bands are seen on the lower edge in alternation to exotic Forest plantations 

(Kohler, 1987).

2.3.3.4 Climate and Hydrology

The highest rainfall in the whole catchment, varying between 1000 and 2000 mm 

per year falls in this zone (Berger, 1989). Dry season evaporation (January to 

March and July to September) show average rates between 1.7 and 2.8 mm per day 

while that of the wet season (April to June and November to December) show 

average rates between 0.6 and 1.7 mm per day (Liniger and Decurtins, 1990). This 

area is considered to be the major contributor to ground water recharge due to high 

rainfall, high soil water holding capacities and low evaporation rates(Decurtins and 

Liniger, 1990).

2.3.4 The Mountain Foot Zone

2.3.4.1 Topography and Drainage

The zone rises from about 1980 to 2300 meters a.s.l to form an area approximately 

47 km square with an average altitude of 2240 meters a.s.l (Decurtins, 1985). The 

relief of the upper part reflects the deeply incised river valleys relief of the Forest 

and change into less incised valleys in the lower part.
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2.3.4.2 Geology and Soils

The geology is similar to that of the Forest zone consisting of porphyritic 

phonolites and agglomerates (Desaules, 1986). In the upper part are very deep 

(120 to 180cm), well drained feme Luvisols while the lower parts have moderate to 

well drained verto-luvic Phaeozems. On the plateau are Planosols.

2.3.4.3 Vegetation and Land use

The original dry cedar vegetation has been replaced by crop land and partly by 

exotic Forest plantation. In the upper, part land is used for extensive rain fed 

agriculture where potatoes, wheat, beans and vegetables among other crops are 

grown (Kohler. 1987). Small scale mixed farming is practised in the lower part. 

Some of the farmers try irrigation on small plots.

2.3.4.4 Climate and Hydrology

Rainfall ranges between 900 mm per year in the upper part to 800 mm per year in 

the lower part (Berger, 1989). Usually, in this zone evaporation exceeds rainfall. 

The ratio between rainfaU and evaporation ranges between 0.4 and 0.5 in the drier 

lower part and between 0.6 and 0.5 in the wetter upper part. Dry season (January 

to March and July to September) evaporation rates average 4.5 mm per day while 

wet season (April to June and October to December) rates average 3.3 mm per day 

(Decurtins and Liniger, 1990).

25



CHAPTER THREE

MATERIALS AND METHODS

3.1 General

Five zones (Alpine, Moorland, upper Forest, lower Forest, and Footzone) of the 

Naru Morn catchment were investigated. Within each zone, one site was selected 

for investigation. Figure 3.1 shows the location of the five sites in the catchment. 

In each of these sites, climatic and soil water conditions were monitored between 

November 1991 and June 1992. Rainfall was previously being monitored by 

Laikipia Research Programme (LRP) in all the five sites. Additional instruments 

were installed to monitor relevant climatic and soil water conditions.

3.2 Experimental sites and design

3.2.1 Experimental sites

The five experimental sites are sketched in Figure 3.2. Table 3.1 presents a 

summary of the field installations showing the climatic and soil water observations

carried out at each site.

Table 3.1: Summary of the field experimental set-u p.

Station Zone Altitude Climatic
Observations

Soil water content 
Observation

R1 Alpine 4176 Rainfall Gravimetric

R2 Moorland 3719 Rainfall Gravimetric

Met Upper Forest 3048 All Neutron Probe

Gate Lower Forest 2438 All Neutron Probe

Munvaka Footzone 2073 All Neutron Probe
* All rel 

durati
ers to rainfall, evaporation, temperature, wind speed, humidity an 
on of sunshine.
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Figure 3.1: Location of Investigation sites.
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3.2.2 Experimental design

3.2.2.1 Climatic monitoring

At R1 and R2, rainfall was the only climatic variable monitored due to the long 

walking distance to the two sites and their high altitudes which made accessibility 

difficult. In each of the other three sites (Met, Gate and Munyaka) a 

meteorological station was installed to monitor various climatic variables.

The meteorological stations consisted of a manual rain gauge, an evaporation pan, a 

windrun meter and a Stevenson screen sheltering a thermohygrogragh and a set of 

maximum-minimum thermometers. The thermohygrograph, which records both 

temperature and relative humidity was used for this study to record relative 

humidity only.

Table 3.2 shows the climatic variables monitored in the five sites and the 

meteorological instruments used for this purpose.

Table 3.2: Climatic variables monitored in the five sites and the
___________  metorological instruments used.___________________

Site Vanable Monitoring interval Instrument used

R1 Rainfall Daily Manual rain gauge
R2

Met Rainfall Daily Manual rain gauge
Gate Evaporation Daily Class A pan
Munyaka Temperature Daily Max-min thermometer

Windspced Daily Kettcr cup Ananometer
Sunshine Hourly Campbell Stokes recorder
Humiditv Hourly Haenni thermohygrograph

Each of the meteorological stations was attended to by a research assistant. 

Records of the various climatic variables were made daily by the research assistant 

at 9 am and 6 pm



3.2.2.2 Soil water monitoring

Gravimetric soil water content measurements were carried out on a monthly 

interval at R1 and R2 while neutron probe soil water content measurements were 

carried out on approximately one week interval at Met, Gate and Munyaka. It was 

not possible to carry out neutron probe soil water measurement at exactly one 

week intervals due to transport and weather problems. Soil water content 

monitoring at R1 and R2 was limited to a monthly interval due to accessibility 

difficulties as a result of the long walking distances to the two sites and their high 

altitudes. Soil water content measurement points at the five sites were selected on 

the basis of vegetation type and slope category. Both gravimetric and neutron 

probe measurement were done in three replications. The three replicates at each 

sampling points were selected randomly. Table 3.3 shows the different vegetation 

types and slope categories investigated for soil water in the five zones.

Table 3.3: Vegetation types where measurements of soil water content
were carried out

Soil water measurement Site Vegetation type investigated

Gravimetric R1 Grass on tvpical and steep slope

Gravimetric R2 Grass on typical slope

Neutron Probe Met
Gate
Munyaka

Grass on typical slope 
Grass on steep slope 
Natural forest on typical slope 
Natural forest on steep slope 
Natural forest on very steep slope1 
Cypress plantation on typical slope1 
Potato on tvpical Slope2

Note 1 : Investigated only at Gate.

2 : Investigated at Gate and Munyaka.
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3.3 Instrumentation and measurements

3.3.1 Climatic instruments and measurements

Rainfall was measured using a standard 12.7cm diameter manual rain gauge. 

Rainfall records (in mm/day) were made daily at 9 am. Care was taken to specify 

the day of rainfall and the day of reading when making rainfall records.

Evaporation rates were measured from a standard type A pan. Records were made 

daily at 9 am and the number of cups added or removed from the pan used to 

calculate evaporation rates (in mm/day) from the pan's open water surface.

Daily maximum and minimum temperatures (in °C) were recorded from a set of 

Maximum-Minimum thermometers. The minimum temperatures were recorded at 

9 am while the maximum temperatures were recorded at 6 pm.

Windspeed records (in Km/h) were made from a Ketterer cup anemometer 

(windrun meter) installed at an height of 2 meters. Windspeed records were made 

at 9 am and 6 pm. The difference between the 6 pm and 9 am readings was used to 

calculate the day's windspeed. The night windspeed was calculated from the 

difference between the 6 pm reading and the next day's 9 am reading.

Duration of sunshine (in h/day) was recorded from a Campbell-Stokes sunshine 

recorder. A card was fixed daily at 6 pm and removed the next day at 6 pm. 

Records were made by converting the burnt portion of the card into duration of 

sunshine in hours per day.

Relative humidity was measured by a recording Thermohygrograph. The 

Thermohygrograph operates a pen system which draws on the recording chart with 

a daily time scale. To make records, the weekly charts were digitized and values 

for 9. 13 and 18 hours for each day averaged into the day's relative humidity (in %).
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For all the climatic variables, the daily values were entered into appropriate 

recording sheets. The records were then entered in computer worksheets from 

where 10 days decade and monthly averages values were calculated. For rainfall, 10 

day's decade and monthly totals other than average values were calculated.

3.3.2 Soil water content measurement

3.3.2.1 Gravimetric Soil water content measurement

Gravimetric soil water content measurement at R1 and R2 involved field auger 

sampling at various depths, weighing and oven drying to obtain the gravimetric soil 

water content. Measurements were carried out at 30cm intervals except for the 

first two depths, 15 and 30cm, which had an interval of 15cm. Excessive soil 

wetness limited the number of depths that could be measured but at least two 

depths (15 and 30cm) were monitored at the two sites throughout the study period.

The auger sampling was done in three replicates selected randomly so that they 

were representative of the sampling site

Undisturbed core ring samples were collected during the study period and used to 

compute the soil bulk density for the two sites. The bulk density was necessary to 

convert gravimetric soil water content into volumetric soil water content.

Monthly gravimetric soil water content was calculated after weighing and drying of 

the gravimetric samples collected in the field using the relationship:

Og = Mw/Ms....................................................(2)

where:-

Og = gravimetric water content (g/g)

Mw = weight of water in sample (g)

Ms = weight of dry sample (g)
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The calculated gravimetric soil water content was converted into volumetric soil 

water content using the relationship:

Ov = Og * BD * 1/ H2o..................................... (3)

where

Ov= Volumetric soil water content (cm3/cm3)

Og = Gravimetric soil water content (g/g)

BD = Bulk density o f the soil (g/cm3) and 

H2o = Density o f water (g/cm3).

The dry soil bulk density used in equation 3 was calculated from volumetric 

(100cm3) core ring samples collected during the study period using the 

relationship:-

BD = M J V &..................................................... (4)

where:-

BD = Bulk density (g/cm3)

Ms = weight of dry soil sample (g)

Vs = Unit volume o f the sample (100 cm3)

3.3.2.2 Volumetric Soil water content measurement

Volumetric soil water measurement at Met, Gate and Munyaka was done using 

Campell Nuclear Pacific Model 503 neutron probe. The Neutron probe is fitted 

with a probe which contains a neutron source and detector. When measuring soil 

water content, the source emits fast neutrons which are thermalised on collision 

with water molecules in their path of motion into slow thermal neutrons. The 

resulting thermal neutrons form a cloud around the probe and their density is 

recorded by the neutron detector as a ratio o f the initially emitted fast neutrons 

This ratio, recorded as a neutron count, indicates the soil water content.
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To introduce the probe into the soil profile, aluminium access tubes were installed 

at the sampling site in three replicates. Only three replicates for each vegetation 

system were possible so as to reduce the time and cost required to carry out the 

measurements At each site, the three replicates for the different vegetation 

systems were selected randomly and close enough (see site sketches) to be within 

similar soil physio-chemical characteristics to allow comparison of the soil water 

data obtained.

Measurements were carried out for the depths 15, 30, 60, 90, 120, 150 and 170cm. 

When taking reading with the Neutron probe, a standard count (with probe inside 

its housing) of ten readings was taken at the beginning and end of the exercise. The 

first set of the ten standard count was used to test the working condition of the 

Neutron probe The Neutron probe was within normal working conditions if seven 

of the ten standard counts were within the upper and lower standard deviation 

margin ofthe average count.

Neutron probe readings were made for all the monitoring depths for the three 

replications in each of vegetation systems investigated. Readings for the three 

replications were averaged and divided by a long term average standard count and 

the resulting neutron ratio recorded for further analysis.

To convert the neutron probe (neutron ratio) readings into volumetric soil water 

content, the neutron probe was field calibrated during the study period for dry and 

wet soil water conditions. The dry calibration was done at the end of the dry 

season in February 1992 while the wet one was done in the middle of the wet 

season in May 1992.

Calibration was done on separate access tubes located close to those used for the 

weekly routine Neutron probe readings. For the wet calibration, due to poor rains 

during the study period, the soil profile had to be ponded artificially. An iron sheet
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was placed around (one meter diameter) the calibration access tube and continually 

ponded with water for several days until a Neutron probe reading showed a high 

neutron count for all the reading depths. The set up was then covered with a 

plastic sheet for two days to allow excess water to percolate under limited 

evapotranspiration and hence allowing the profile to attain its field capacity.

The calibration process involved taking five neutron probe reading for each 

monitoring depth and a corresponding five replication of volumetric (100 cm3) core 

ring samples. A standard count of twenty readings was taken at the beginning and 

end of the calibration exercise and the average standard count calculated. The five 

neutron probe readings for each monitoring depth were averaged and divided by 

the average standard count to calculate a neutron ratio for each depth. The five 

ring samples for each depth were put in air tight plastic bags and taken to the office 

where their wet weights were recorded. They were then placed in the oven for 

drying and later their average volumetric water content, in percentage, calculated. 

The calibration neutron ratios for each monitoring depth were regressed against 

their corresponding core ring samples volumetric water content. The regression 

relationship obtained was used to estimate volumetric soil water from the routine 

field neutron probe readings.

From previous experiences (Liniger, 1991), the soil water field capacity and wilting 

point were not laboratory determined as the soil water content at 15 and 0.3 bars 

respectively but were rather determined in the field. This was done by plotting the 

rainfall and volumetric soil water observed throughout the study period. The field 

capacity, the upper soil water content, was taken as the upper volumetric soil water 

content two to three days after a heavy rain storm. The wilting point, the lower soil 

water content, was set as the lowest volumetric soil water content recorded in the 

dry period between January and March 1992.
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For both gravimetric and Neutron probe monitoring, the available soil water for 

each measurement depth was calculated as the difference between the observed 

volumetric soil water content and the set lower (wilting point) volumetric soil water 

content.

The available volumetric soil water content was expressed as equivalent water 

depth stored within a given depth of the soil profile using the relationship:

D = Z * Ov..................................................... (5)

where

D = Equivalent water depth (cm)

Z = Depth o f the profile considered (cm)

Ov = Volumetric soil water content (cm3/cm3)

This relationship was used to calculate the total available volumetric soil water 

content stored within a profile depth of 30cm for R1 and R2 and 160cm for Met, 

Gate and Munyaka. The difference in the profile depths used in this calculation was 

due to differences in the depths to which soil water measurements were carried out 

at the different sites.

3,4 Water balance calculations

3.4.1 Climatic water balance

The climatic water balance was calculated on a monthly scale as the difference 

between water input (rainfall) and output (potential evapotranspiration). Rainfall 

was measured in the field. Potential evaporation was not measured but was 

calculated from the climatic variables measured in the field using the Penman 

formula. The Penman formula used is presented in Appendix 1. This formula 

required the input of the climatic variables o f temperature, windspeed, relative 

humidity, sunshine duration and solar radiation.
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Temperature, windspeed. sunshine duration and relative humidity were measured in 

the field on daily basis as discussed in section 3.3.1. Solar radiation was not 

measured and monthly values were estimated from values of possible evaporable 

water for this area (0° latitude). This was done using an equation which relates 

evaporable water to solar radiation (Frere and Popov, 1979b). This relationship is 

given as:

0.00405 mm/day (Evaporable water) = IJoule/cm-/dav (Solar radiation).

When calculating potential evapotranspiration, various modifications as suggested 

by Frere and Popov (1979b) were applied to the Penman formula to take into 

account the local conditions experienced in the study area. These modifications are 

discussed below.

Dry air advection: In very dry environments, where the annual average minimum 

temperature exceeds 5°C and the difference between monthly average maximum 

and minimum temperature exceeds 12°C, the above formula under estimates 

potential evapotranspiration. This is due to dry air advection which causes higher 

evapotranspiration rates than estimated by the formula. For this study, this was 

corrected by introducing a modification which evaluates the difference between 

daily maximum and minimum daily temperature before allocating the windspeed 

coefficient i.e.

i) If (Tmax-Tmin) > 11.5; coefficient = 0.54 + 0.07 * (Tmax-Tmin -11.5) or

ii) If (Tmax-Tmin) < 11.5; coefficient = 0.54

where :

Tmax = maximum daily temperature and Tmin = minimum daily temperature

Sunshine duration : The coefficients (a + b) used in the formula to estimate total 

radiation from sunshine duration data are often subject to discussion. Many tests 

done within Food and Agricultural Organisation (FAO) projects have revealed
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three sets of coefficients (Frere and Popov, 1979b p39) which depend on climatic 

conditions. Two of the three sets were selected for this study on the basis of the 

climatic conditions experienced at the different sites. Table 3.4 presents the three 

sets, the climatic conditions for which they are best suited and the field sites for 

which they were applied in this study.

Table 3.4 : Sunshine duration coefficients used in the Penman formula.

Coefficient (a + b) Suitable climatic condition Field stations were used

0.18 + 0.55 Cold and temperate zones Not used in this study

0.25 + 0.45 Drv tropical zones Munyaka

0.29 + 0.45 Humid zones Gate and Met

To calculate potential evapotranspiration, the necessary climatic data were entered 

into a computer worksheet from where 10 days decade averages and the monthly 

average and total potential evapotranspiration values were calculated. Potential 

evapotranspiration was calculated for the sites Met, Gate and Munyaka only. At R1 

and R2, the necessary climatic data was not available.

3.4.2 Ve2etation water balance

The climatic water balance discussed above (section 3.4.1) does not take into 

account the soil water and vegetation systems. For a conclusive water balance 

calculation, climatic, soil water and vegetation conditions should be evaluated 

together. This can be achieved through a vegetation water balance approach. The 

vegetation water balance equation used for this study is presented and discussed in 

section 1.3.
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Rainfall and soil water content were measured in the field as discussed in section

3.3.1 and 3.3.2 respectively. The other variables of the water balance equation 

were not measured and were calculated together from the measured variables, 

rainfall and soil water change. The various components of the vegetation water 

balance are discussed in the following sections

3.4.2.1 Vegetation water requirement

The vegetation water requirement is calculated from an equation which considers 

vegetation characteristics and the prevailing climatic condition. This equation is 

given by (Frere and Popov (1979b) as>

ETveg = Kc * ETo............................................. (6)

where

ETveg = Potential vegetation water requirement (mm)

Kc = Vegetation coefficient.

ETo = Reference crop evapotranspiration (mm)

The vegetation coefficient, Kc, expresses the vegetation characteristics. Kc values 

depend on the stage of vegetation growth, its potential to use soil water, which is a 

function of its root depth and density and the prevailing weather conditions. Kc 

values for various crops and grasses are given by Doorenbos and Kassam (1977). 

The Kc values used for this study were take or adapted from Doorenbos and 

Kassam (1977). Table 3.5 shows the Kc values used for different vegetation 

systems investigated in this study.

The climatic condition is expressed by the reference crop evapotranspiration (ETo). 

The reference crop evapotranspiration depends on daily climatic conditions and is a 

reference term which indicates the potential water requirement for a standard

42



vegetation (taken as an extensive grass surface of 8 to 15 cm height) under a 

particular climatic condition.

Table 3.5: Kc values for the vegetation systems

Vegetation svstem Kc value

Natural Forest 
Cypress plantation 
Grass
Potato crop

1.10
1.05
1.00
Various as shown below *

Note *: 0.35 from November 1991 to mid February 1992, 1.05 from mid February to Is1 
March 1992, 0.65 from 2nd March to 1st April 1992 and 0.35 from 2nd Apnl to 
June 1992

Various methods are available for calculating the reference crop evapotranspiration 

using mean daily climatic data. These methods are presented by Doorenbos and 

Kassam (1977). In this study, the modified Penman formula as presented by 

Doorenbos and Kassam (1977) was used to calculate the reference crop 

evapotranspiration (Appendix 1).

The potential vegetation water requirement (ETveg) calculates the maximum water 

requirement for the vegetation system. This would only be fulfilled under non 

limiting conditions. However, the extent to which the potential vegetation water 

requirement is met depends on the vegetation type, soil water content and the 

prevailing climatic conditions. This actual amount of water that is available to the 

vegetation system is referred to as its actual water use and is usually denoted ETa. 

To calculate the actual amount of water available to the vegetation system, the 

limiting factors mentioned above should be considered Surface runoff and deep 

percolation are hence required to calculate the actual amount of water use by the
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vegetation system. For this study, surface runoff and deep percolation were not 

measured in the field and hence the actual vegetation water requirement was not 

calculated. In its place, however the wholesome vegetation water use was 

calculated as a sum of the actual vegetation water use, surface runoff and deep 

percolation.

3.4.2.2 Vegetation water use

For each vegetation system, the water use included the water that goes to surface 

runoff (Ro), deep percolation (Dp) and the water that is actually available to the 

vegetation system to meet its potential requirement (ETa). The lumped water use 

component was calculated from the measured variables rainfall and soil water 

change by substituting in the water balance equation (see section 1.3).

The water balance for each vegetation system was calculation at a site level. The 

time scale for the calculation was dictated by the soil water change measurement 

intervals. This was approximately one week for Met, Gate and Munyaka and one 

month for R1 and R2.

Since the water use components; surface runoff, deep percolation and the actual 

vegetation water requirement influences the water resources, the water use 

component was thus used to investigate the influence o f different vegetation 

systems on the water resources.

3.5 Statistical analysis and computer applications

3.5.1 Statistical Analysis

To test the hypotheses in section 1.4, the data collected in the field were subjected 

to statistical analysis. Both descriptive and inferential statistical techniques were 

used. The arithmetic mean and the coefficient o f variation techniques where used
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for descriptive statistical analysis.

.Analysis o f V'ariance (ANOVA) technique was used to make statistical inference on 

the hypotheses. This technique is briefly discussed below.

Analysis of variance is a statistical technique used to investigate whether the 

difference observed in a set o f groups of data is real or due to chance on sampling. 

It deals with data measure in interval scale. Johnson ( 1978) gives the analysis of 

variance model as

(Yj - Y^2 = (Yj - Yg)2 + (Yg- Yj)2....................(7)

where

Yj = Individual score in a group 

Yg = Mean o f a particular group 

Yt = Mean of the total data set (all groups)

= Summation from 1st score to nth score.

The three terms in equation 7 above gives different sources from which variation 

can arise i.e.:-

(Y, - Yf)2 = total variation

(Yj - Yg)2 = Within group variation

(Yg- Y ^  = Between group variation

To test the significance of the variation observed within or between the groups of 

data, a variance estimate is calculated. This is obtained by dividing the three 

variations in the equation with their degrees o f freedom. From the calculated 

variance estimates, a ratio F is obtained which can then be compared to an 

hypothetical F distribution to test for the significance of the observed variation.

The analysis of variance technique requires that the parent population from where
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sampling is done be normally distributed and the range of the variance o f the groups 

investigate be small.

3.5.2 Computer applications

Lotus 123 was used for all data entry and preliminary computations. Climatic and 

soil water content data entry worksheet were designed in Lotus 123. The

Apart from the calibration plotting in Lotus, Harvard Graphics was used for all the 

plotting needs of the study. Lotus Freelance Plus was used to produce grey shade 

images o f the various categories of available soil water content for the different 

depths monitored in each vegetation system.

The Mstat (Micro statistics) statistical package was used for all the statistical needs 

of the study. For the work done in Harvard Graphic and Mstat, the data was 

initially entered in Lotus worksheets and imported into these packages for use. All 

editing work was done in WinWord 6.

Regression analysis and subsequent plotting of the calibration data was also done in

lotus 123.



CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 Introduction

Data obtained from climatic and soil water observations at the five investigation 

sites were analyzed to test the hypotheses (section 1.4) formulated about the 

climatic water balance, soil water content and the vegetation water balance. The 

results o f the analysis are presented and discussed in the following sections. The 

periods 1st wet period (November to December 1991), dry period (January to 

March 1992) and 2nd wet period (April to June 1992) were used in the analysis.

4.2 Climatic Water Balance

In section 1.4, the first hypothesis, H oi, suggests that the five zones are not 

different in their climatic water balance. To test this hypothesis, the climatic water 

balance for the five zones is calculated as the difference between rainfall and 

potential evapotranspiration.

4.2.1 Rainfall

Appendix 3 presents the total monthly rainfall, long term mean monthly rainfall and 

the number of rain days per month in the study area between November 1991 and 

June 1992. The long term mean monthly rainfall (Thomas 1992) was calculated for 

periods varying between 3 years in the Alpine zone to 24 years in the Footzone. 

For the Alpine and Moorland zones, only the long term mean monthly rainfall is 

presented. This is due to lack of daily rainfall data and for these two zones, the 

long term mean monthly rainfall values are use in the analysis. A summary of the 

rainfall data is presented in Table 4 1.
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i ) 1 st Wet period (1st November to 31st December 1991)

Table 4-.1 Summary of Rainfall in the study area
between November 1991 and June 1992

Zone Alpine M oor- U pper- Lower- Foot-

land Forest Forest zone

Altitude (m eters) 4510 4000 3084 2467 2097

Site R1 R2 Met Gate Munyaka

Mean M onthly

-O bserved (mm) NA NA 78 69 31

-Long term  (mm) 87 132 145 128 93

Rain days (%) 52 85 49 48 15

Coef. of V a r ia t io n ^ ) 26 NA 59 31 11

i i ) Dry period (1 st January to 31 st March 1991)

Zone Alpine M oor- U pper- Lower- Foot-

land Forest Forest zone

Altitude (meters) 4510 4000 3084 2467 2097

Site R1 R2 Met Gate Munyaka

Mean M onthly

-O bserved (mm) NA NA 60 40 33
-Long term  (mm) 46 90 75 70 52

Rain days (%) 80 58 41 26 26

Coef. of V a r ia tio n ^ ) 40 37 24 71 53

i i i ) 2 nd Wet period (1 st April to 30th June 1992)

Zone Alpine M oor- U pper- Lower- Foot-

land Forest Forest zone

Altitude (meters) 4510 4000 3084 2467 2097

Site R1 R2 Met Gate Munyaka

Mean M onthly

-O bserved (mm) NA NA 174 106 45

-Long term (mm) 90 121 170 113 63

Rain days (%) 68 59 67 55 32

Coef.of Variation(%) 44 44 32 60 113
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From Table 4.1 the following observations can be made Between the Footzone 

and the Upper Forest, rainfall increased with the altitude Above the Upper Forest, 

it decreased with the altitude The rainfall received during the study period was 

below the long term average Variation in rainfall was found to increase as rainfall 

decreased This was however not true in the 1st wet period (Table 4 1 i) in which 

the Footzone, though having less rainfall, showed less variation. From rain days 

records, it can be observed that in the 2nd wet period, the study area received 

rainfall in over half of the period except for Footzone In the 2nd wet period, the 

study area received more than twice the rainfall it received in dry period expect for 

Moorland and Footzone. The difference in the rainfall received in the wet and dry 

periods was less marked in the Upper Forest zone.

.Analysis o f variance using monthly rainfall data (Appendix 10-1) showed that the 

five zones were significantly different, P = 0.034, in the amount o f rainfall they 

received.

4.2.2 Potential Evapotranspiration

To calculate potential evapotranspiration, data is required on the climatic variables 

o f temperature, windspeed, relative humidity and sunshine duration. 10 days 

decade averages for the climatic variable monitored in the Forest and Footzone is 

presented in Appendix 3a. This data was not available for the Alpine and Moorland 

zone For these two zones, potential evapotranspiration could not be calculated 

and in the analysis, previous records (Decurtins 1992) were used.

The results for the analysis o f the climatic data for the Forest and Footzone is 

presented in Table 4.2. This data is presented in Figure 4.1.
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Table 4.3 Summary of Potential Evapotranspiration in the
study area between November 1991 and June 1992

i) 1 st Wet period (1 st November to 31 st December 1991)
Zone Alpine Moor- U pper- Lower- Foot-

land Forest Forest zone

Altitude (meters) 4510 4000 3084 2467 2097

Site R1 R2 Met Gate Munyaka

Potential Evapo-
transpiration

Mean M onthly (mm) 13.70 50.30 80.80 89.95 96.00

Mean D aily (mm) 0.45 1.65 2.65 2.95 3.20

Pan Evaporation

Mean Daily (mm) 0.20 0.85 1.50 2.10 2.80

ii) Dry period (1st January to 31st March 1992)
Zone Alpine M oor- U pper- Lower- Foot-

land Forest Forest zone

Altitude (meters) 4510 4000 3084 2467 2097

Site R1 R2 Met Gate Munyaka

Potential Evapo-
transpiration

Mean M onthly (mm) 21.37 55.57 86.80 96.87 98.87

Mean Daily (mm) 0.70 1.83 2.87 3.20 3.20

Pan Evaporation

Mean Daily (mm) 0.50 1.25 2.00 3.07 4.03

iii) 2 nd Wet period (1 st April to 30th June 1992)
Zone Alpine M oor- U pper- Lower- Foot-

land Forest Forest zone

Altitude (meters) 4510 4000 3084 2467 2097

Site R1 R2 Met Gate Munyaka

Potential Evapo-

transpiration

Mean M onthly (mm) 12.13 43.43 76.07 85.93 97.17

Mean Daily (mm) 0.40 1.47 2.50 2.77 2.93

Pan Evaporation

Mean Daily (mm) 0.20 0.85 1.50 2.03 3.67
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From Figure 4.1, the upper Forest, lower Forest and Footzone showed clear 

difference but similar trends in their temperature and sunshine duration Windspeed 

and humidity however did not show clear differences among the three zones A 

very steep rise in windspeed (Figure 4.1a) was observed between March and June 

in the Footzone This steep increase was caused by a channelling effect between 

Mt. Kenya and the Aberdares ranges. The channelling effect however did not 

reach the adjacent lower and upper Forest stations which are at higher altitudes. 

The wind channelling did not shows significant effect on the other climatic variables 

monitored The climatic variables showed strong relation to altitude which changes 

fast across the study area Table 4.2 presents variation in the climatic variables 

monitored.

Table 4.2: Mean daily values and coefficient of variation for the climatic
variables monitored in the Forest and Footzone between 
November 1991 and June 1992.

Climatic Mean/ Upper - Lower - Footzone
Variable Coefficient of variation Forcst(Met) Forest (Gate) (Munyaka)

Windspeed Mean 3.6 4.2 5.8
(Km/h) Coefficient of Variation 16.0 14.0 40.0

Temperature ( °c) Mean 11.0 14.1 16.4
Coefficient of Variation 7.0 4.0 4.0

Humidity ( % ) Mean 75.7 71.4 71.5
Coefficient of Variation 11.0 11.0 12.0

Sunshine duration Mean 3.8 4.9 6.0
( h / d) Coefficient of Variation 28.0 23.0 13.0
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It was observed that temperature and humidity were less varied compared to the 

other variables Relative humidity and temperature would hence contribute less 

compared to wind speed and sunshine duration to any variation observed in the 

calculated potential evapotranspiration.

From the climatic data, potential evapotranspiration rates in the study area were 

calculated. Daily and monthly potential evapotranspiration rates in the study area 

between November 1991 and June 1992 are presented in Appendix 4 This data is 

summarized in Table 4.3.

From Table 4.3 the following observations are made. Potential evapotranspiration 

was inversely related to altitude increasing from the higher altitude Alpine zone (Rl) 

towards the lower altitude Footzone (Munyaka). Potential evapotranspiration 

(mean daily and monthly) rates observed during the dry and wet periods were 

different. This difference was however small in the Footzone.

Analysis o f variance (Appendix 10-1) using monthly data showed that the five 

zones were significantly different, P = 0.0, in their potential evapotranspiration 

rates.

Its frequently necessary to estimate potential evapotranspiration from pan 

evaporation data since pan evaporation can be measured easily in the field This 

can be done using appropriate conversion coefficients (Decurtins 1992). 

Conversion coefficients are calculated as a ratio o f  potential evapotranspiration to 

pan evaporation. Such coefficients were calculated in this study and compared to 

those used previously by Decurtins (1992). The comparison is presented in Table 

4.4 below.
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Windspeed- Nov 1991-Jun 1992 
Forest and Footzone

Temperature: Nov 1991-Jun 1992 
Forest and Footzone

Decades (10 days)

Sunshine Hours: Nov 1991-Jun 1992 
Forest and Footzone

Relative Humidity: Nov 1991-Jun 1992 
Forest and Footzone

Figure 4.1 W indspeed , tem pera ture , sunsh ine  hours and 
re la tive  h u m id ity  p lo ts  (10 days average)
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Table 4.4: Coefficients used to convert pan evaporation to potential
evapotranspiration.

Alpine
(Rl)

Moorland
(R2)

Upper Forest 
(Met)

Lower Forest 
(Gate)

Footzone
(Munvaka)

Study (calculated) 
1st wet period 2.3 1.9 1.8 1.4 1.1
Dry period 1.4 1.5 1.4 1.0 0.8
2n(* wet period 2.0 1.7 1.7 1.4 0.8

Decurtins(1992) 0.7 0.9 1.1 1.1 1.0

From Table 4.4. the following observations can be made The coefficients used by 

Decurtins (1992) were similar for both dry and wet periods but those calculated in 

this study show a difference in the dry and wet periods. The calculated coefficients 

were higher when pan evaporation was low (for higher altitude and during wet 

periods). In the Footzone, both the calculated and Decurtins coefficients showed a 

smaller difference. The coefficients used by Decurtins were low for the Alpine and 

Moorland zones and hence under estimated potential evapotranspiration in these 

zones especially during the wet periods. From these observations, it can be 

concluded that when selecting conversion coefficients, the prevailing weather 

conditions should be taken into account. Different coefficients should be used for 

wet and dry periods. When and where pan evaporation is low i.e. for wet periods 

and at higher altitudes, the coefficients should be selected with caution to avoid 

under estimation of the potential evapotranspiration. This can be explained by the 

fact that evapotranspiration depends on both vegetation and climatic conditions
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4.2.3 The climatic w ater balance

Total monthly rainfall, potential evaporation and the resulting climatic water 

balance are presented in Appendix 5. The Monthly climatic water balance is 

presented in Figure 4.2

Figure 4.2 : Climatic water balance - mean monthly surplus or deficit for
two wet and one dry period.

From Figure 4.2, the following observations can be made. In the 1st wet and dry 

periods, the climatic water demand was meet only in the Alpine zone and Moorland 

zones During this period, the upper Forest, Lower Forest and Footzone 

experienced a climatic water deficit. The deficit was however very small in the 

upper Forest zone.

In the 2ncl wet period, the climatic water demand was meet in all the zones except 

for Footzone During this period, the upper Forest showed an higher climatic 

water surplus compared to the other zones.
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From these observations, the following conclusions can be drawn. The climatic 

water demand was always meet in the Alpine zone while it was never meet in the 

Footzone The climatic water balance in the study area varied between dry and wet 

periods Compared to the other zones, the upper Forest zone showed higher 

climatic water surplus in the longer 2n<* wet period In the Footzone, the effect of 

the different weather conditions on the climatic water balance was not oronounced.

Analysis o f variance (Appendix 10-1) showed that the five zones were significantly 

different (P = 6.6* 1 O'5) in their climatic water balance.

From the above analysis, it was observed that the five zones investigated received 

different amounts of rainfall and experienced different potential evapotranspiration 

rates. The climatic water balance was different in the five zones. The hypothesis 

that the climatic water balance o f  the five zones is not different is hence rejected.

4.3 Soil Water Content

4.3.1 Introduction

The second hypothesis (Ho2) in Section 1.4 stated that the soil water content under 

different vegetation systems within and between the five zones is not different. 

Data obtained from soil water monitoring was analysed to test this hypothesis. Due 

to differences in soil water monitoring intervals, results for the Alpine and 

Moorland zones (monitored on monthly intervals) are presented separately from 

those of the Forest and Footzone (monitored on weekly intervals).

In the analysis, the term soil water is used to refer to the available volumetric soil 

water content
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4.3.2 Alpine (Kl) and Moorland (K2)

In these two zones, soil water was investigated only for Grass vegetation Soil bulk 

density and available soil water capacity in the study area is presented in Appendix 

6. Using the bulk densities and the lower soil water limits, the gravimetric soil 

water content measured in the two zones was converted into available volumetric 

soil water content (see section 3.3.2.1). This was done on monthly basis for the 

period between November 1991 to May 1992.

Figure 4.3 below presents the total available soil water for a profile 30cm deep in 

the Alpine (RJ) and Moorland (R2) zones This data is summarized in Table 4.5.

Table 4.5: Summary of the total (0 to 30cm) soil water data in the Alpine
and Moorland zone: November 1991 to May 1992.

Alpine zone 
Topical slope

Alpine zone 
Steep slope

Moorland zone 
T\pical slope

Monthly maximum (mm) 228 267 213

Monthly Minimum (mm) 40 66 169

Range (mm) 118 202 44

Coefficient of variation(%) 45 53 8

From Table 4 5 and Figure 4.4 several observations can be made. The Moorland 

zone showed higher and less varied soil water compared to the Alpine zone. In the 

Alpine zone, soil water increased in the wet period and decreased in the dry period. 

This was however not true for the l sl wet period (between November and
4 •

December 1992). This difference in soil water in the dry and wet periods observed 

in the Alpine zone was not observed in the Moorland zone
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For the Alpine zone where both typical and steep slopes are investigated, the 

typical slope was more sensitive to rainfall and showed more soil water in the wet 

periods and less soil water in the dry period.

Comparing the two zones (for typical slope), no significant variation (P = 0.1409) 

was observed in their soil water (see Appendix 10). Slope difference (typical and 

steep slope in the Alpine zone) did not cause significant variation (P = 0.5858) in 

soil water. In the Moorland, only one slope type was investigated and hence the 

influence o f slope on soil water in this zone was not tested

4.3.3 Forest and Footzone

4.3.3.1 Neutron probe calibration Results

From preliminary analysis, the correlation (calculated as regression R2) between the 

neutron ratio readings and the field observed volumetric soil water content was 

0.001 at Met (upper Forest), 0.84 at Gate (lower Forest) and 0.89 at Munyaka 

(Footzone). The poor correlation, very low R2, at Met was attributed to the 

extreme soil wetness at this station during the study period. This deprived a real 

dry calibration and lead to small differences in the soil water content for both dry 

and wet calibration, hence the poor correlation To improve the correlation at Met 

station, an attempt was made to develop a single calibration curve for the three 

stations This produced a better correlation (R2 = 0.94). The combined calibration 

was used to estimate soil water from neutron count ratios in the three stations The 

calibration equation developed for the three station is given as> 

y = 30.40035*X- 14.3249

where

y = Estimated volumetric soil water content and 

X = Neutron probe ratio reading.
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The calibration data is presented in Table 4.6. The table shows the calibration 

neutron ratios (X), their associated calibration core rings volumetric soil water 

content (Y) and the soil volumetric water content (y) estimated from the calibration 

equation A plot of the calibration curve in relation to core rings volumetric soil 

water content is shown in Figure 4 4. The calibration equation estimated 

volumetric soil water content in the three station adequately but tended to slightly 

under estimated it in the Upper Forest Met station

Table 4 6: Calibration data for Met, Gate and Munyaka station.

M E T G A TE MUNYAKA

D ry / N eu - Field Cal. Neu- Field Cal Neu- Field Cal
w et tro n Vol Vol tron Vol Vol tron Vol Vol
Cal. R a tio w ater w ater Ratio w ater w ate r Ratio w ater w ater

(X ) 00 (y) (X) 0 0 (y> (X) 0 0 <y)
D ry
Cal 2 .54 63.07 62.73 1 98 44.09 45.97 0.87 13.29 12.09

15cm 2.54 66.54 62.73 182 41.54 41.10 0.98 15.96 15.44
30cm 2 .5 2 64.75 62.73 1.97 43.74 45.51 0.88 15.96 12.47
60cm 2 .5 4 60.50 62.92 2 13 47.18 50.52 1.16 18.30 20.83
90cm 2 .65 48.74 66.11 2.20 52.51 52.56 1.10 18.90 19.05

120cm 2 .5 0 69.04 61.51 2.13 49.24 50.55 1.52 26.41 31.79
150cm
170cm

2 .4 5 62.97 60.14 2.34 54.30 56.70 1.46 26.23 30.14

Wet
Cal 2 .43 63.67 59.66 1.87 46.51 42.57 1.39 34.48 27.93

15cm 2 .4 8 66.07 60 .97 197 44.57 45.60 1.63 34.54 35.23
30cm 2.33 61.92 56.62 1.97 47.37 45.52 1.64 34.13 35.60
60cm 2.41 59.65 58.92 2.23 52.70 53.47 1.63 32.61 35.23
90cm 2.55 67.10 63 .08 2.23 55.16 53.47 1.58 30.71 33.71

120cm 2 .6 8 68.29 67.15 2.09 49.40 49.21 1.75 40.33 38.88
150cni 
170cni

2 .7 7 65.88 69 .79 2.30 54.00 55.54 1.76 38.18 39.18
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Figure 4.4: Calibration curve showing the relationship between Neutron
ratio and volumetric soil water content. The symbols show core 
ring volumetric water content for the three station.

4.3.3.2 Soil water for different monitoring depths

Soil water observed at the seven monitoring depths was classified into seven classes 

(section 3.3.2) of the available soil water capacity at each of the three zones The 

results of this classification are presented in Figure 4.5 and discussed below.

The Upper Forest zone: From Figure 4.5a, the four vegetation systems 

investigated in this zone showed profiles with available soil water between 100% 

and 50% of the available soil water capacity in this zone. The profiles were hence 

above half o f their soil water holding capacity. The four vegetation systems 

showed soil profiles at percolation through out the study period This means the 

profiles contributed to deep percolation and subsurface runoff. Above the 60cm 

depth, the profiles showed variation in the available soil water content especially for 

Grass on steep slope and Natural Forest on typical slope.
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MET: Grass o n  Typical Slope

MET: Natural Forest on Typical S lope
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I l 1
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( 1 > 1% AWC l _J w ilting point I 1 <  ' 1* > ( b e l o w  wilting)

AWC = Available Water Capacity NA = not available

Figure 4.5a: Available soil water for the different 
monitoring depths in seven classes of the 
available soil water capacity in the Upper 
Forest zone.
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This variation in the soil water, which would possibly be due to the effect of 

evapotranspiration, was more during the dry period Generally, the four vegetation 

systems showed a small differences in their soil water. This difference was more 

pronounced in the dry period.

. Low er Forest zone: From Figure 4 5b, the seven vegetation systems investigated 

in this zone showed Drofiles soil water between 100% and 1% o f the zone's 

available soil water capacity. All the vegetation systems showed variation in their 

profile soil water both in the dry and wet periods Grass on steep slope showed soil 

water above 100% of the available soil water capacity for the depths below 90cm 

through out the study period. Comparing this system with the others, this was 

rather too high A possible explanation for this phenomena could be water 

contribution from subsurface inflow. In this zone, only Grass vegetation and 

Potato crop on typical slope showed deep percolation. This was however only in 

the 2nd wet period. The Natural Forest vegetation show two (0 to 60cm and 

below 90cm) water extraction depths. This could be due to different rooting 

depths for this mixed (Grass, bamboo and tree) vegetation system. In all the 

vegetation systems, variation in soil water across the profile was more in the dry 

period In the Cypress Plantation, variation in soil water was high through out the 

study period for the depths 0 to 90cm A possible explanation for this phenomena 

could be that there was a rapid water intake concentrated within this depth (0 to 

90cm) and hence a high water extraction rate. This observation could be supported 

by the fact that the profile for this system, though showing low soil water below 

120cm, experienced limited soil water variation at this depth indicating limited 

water uptake at this depth •
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Figure 4.6b: Available soil water for the different 
monitoring depths in seven classes of the 
available soil water capacity in the Lower 
Forest zone.
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MUNYAKA: Grass on Typical Slope
Nov | Dec | Jan | Feb | Mar | Apr 1 Way Jun

3-: “I y* 1  | |  • . . . . . . .

f 1 » _
X -V .X \ W .X ’X ’X vV .V X X  V .V y X .\ ///y X y X .Y .Y

170 x x y x - x

m  percolation IT3 !  > 75% AWC i ] > 50% AWC ; | > 25% AWC

F"H > 1% AWC fv. I wiltino point l < - 1% AWC (below wilting)

AWC « Available Water Capacity NA » not available

Figure 4 .5 c: Available soil water for the different 
monitoring depths in seven classes of the 
available soil water capacity in the 
Footzone.
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Footzone: From Figure 4.5c (above). Grass on steep slope showed available soil 

water above 100% of the soil water capacity above 90cm through out the study 

period Compared to the other two systems investigated in this zone, this was 

extremely high. The high soil water below 90cm was found to have been a 

contribution from an inflow from a nearby livestock watering point. This system 

was hence not representative. The profiles of the two other systems (Grass on 

Potato on typical slope) showed available soil water between 100% and 0% of the 

available soil water capacity. The Potato crop profile showed higher soil water 

compared to Grass vegetation. The Potato systems also showed higher soil water 

in the lower (150 to 170cm) horizons. This could be attributed to contribution 

from previous wet periods which now lay beyond the Potato rooting depth The 

profiles of the vegetation systems investigated in this zone shows less soil water 

compared to those of the upper Forest and lower Forest.

4.3.3.3 Total (0 to 160cm) Soil W ater

Soil water monitored at different depths of the profile for the vegetation systems 

investigated in the two zones was expressed as equivalent water depths at 45, 75, 

100, 130 and 160cm depth. The equivalent water depth expresses the amount of 

soil water stored within a given depth o f the profile. For this study, the equivalent 

water depth for a 160cm profile was taken as the total soil water available to the 

vegetation systems. The observed total soil water for the different vegetation 

systems investigated is presented in Appendix 8. This data is presented in Figures

4.6 to  4.8. Table 4.7 shows variation (coefficients of variation) in the total 

available soil water for the different vegetation systems investigated
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Table 4.7: Variation (C.V ) in the total available soil water in the
Forest and Footzone between November 1991 and June 1992.

Zone
Station

Upper Forest 
(Met)

Lower Forest 
(Gate)

Footzone
(Munyaka)

Grass - Typical slope 5.0 11.9 182.2
Grass - Steep slope 9.8 7.0 4.7
Natural Forest - Typical slope 8.1 16.2
Natural Forest - Steep slope 12.4 9.3
Natural Forest - Very seep slope 24.7
Potato crop - Typical slope 6.5 18.1
C>press Plantation - Topical slope 26.3

Note : All values are in %

In reference to Table 4.7 and Figures 4 6 to 4.8, the total available soil water under 

different vegetation, slope and ecological zones is discussed below.

a) Total soil water under different vegetation: Figure 4.6 presents the total 

available soil water for the vegetation systems investigated in the upper forest, 

lower Forest and Footzone.

Upper Forest: Figure 4.6a and b, presents the total soil water for the vegetation 

systems investigated in the upper Forest zone. The higher soil water on typical 

slope for the Grass system could be attributed to its lower water requirement while 

the higher soil water on steep slope for the natural system could be attributed to 

less runoff for the Natural vegetation as compared to the Grass system. The 

difference in soil water between the two vegetation system was more in the dry 

period for typical slope and more in the wet period for steep slope. On typical 

slope, assuming limited runoff under the two system, soil water was more different 

in the dry period when the vegetation water requirements were more different.
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Figure 4.6: Total(0-160cm) Available Soil water in the
Forest and Footzone under different 
vegetation system.
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Figure 4.6 contd.
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On steep slope, the two systems receive contribution from subsurface inflow in the 

dry period and difference in soil water was more important in the wet period when 

there was a likelihood for a difference in surface runoff on the two systems. The 

tw o  systems showed a positive response to rainfall with soil water increasing in the 

w et periods and decreasing in the dry period

Lower Forest: Figure 4.6c and d presents the total soil water for the vegetation 

systems investigated in the Lower Forest zone where Grass, Natural Forest, Potato 

crop and Cypress Plantation vegetation systems were investigated. On typical 

slope the Potato crop showed the highest soil water followed by the Grass, Natural 

Forest and Cypress Plantation in a decreasing order. The tree vegetation (Natural 

Forest and Cypress Plantation) showed lower available soil water compared to the 

Potato and Grass vegetation. This could be attributed to the lower water 

requirements for the Potato and Grass vegetation. Except for the Plantation 

system, the difference in the total soil water for the vegetation systems was more 

during the dry period and less in the wet periods. This could be because the 

difference in the vegetation water requirement was more important in the dry 

period when soil water was limited. All the systems responded positively to rainfall 

with soil water increasing in the wet period and decreasing in the dry periods. The 

Plantation system showed to be more sensitive to rainfall. This could be attributed 

to the observed high water uptake within a narrow water extraction profile. On 

steep slope, the Grass system showed more soil water than the Natural Forest 

system even during the wet period when there was a chance for higher surface 

runoff on the Grass system leading to less soil water. It is possible that the Grass 

system was receiving water through subsurface inflow.

Foot zone: Figure 4 6e presents the total soil water for the vegetation systems 

investigated in the Footzone where Grass and Potato vegetation were investigated 

The Potato crop showed more and less varied soil water compared to the Grass
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vegetation Both systems responded positively to rainfall with soil water increasing 

in the wet periods and decreasing in the dry period The lower soil water for the 

Grass system could be attributed to higher surface runoff and higher water 

requirement compared to the Potato crop which had a lower requirement at the 

beginning of the growing period. Analysis of variance (Appendix 10-3) indicated 

that the total soil water observed under different vegetation systems was 

significantly different.

b) Total soil water for different slope: Figure 4.7 presents the total available soil 

water observed on typical and steep slopes in the upper and lower Forest zones.

Upper Forest: In the upper Forest, the typical slope showed more soil water for 

the Grass vegetation while the steep slope showed more soil water for the natural 

vegetation. For the Grass vegetation, on which more surface runoff expected, the 

typical slope would experience less runoff and hence higher soil water. For the 

natural Forest, less runoff would be expected. The steep slope has higher 

possibility for subsurface inflow and hence higher soil water.

Lower Forest: In the lower Forest, the steep slope showed more soil water for 

both Grass and natural vegetation. For the Grass vegetation, the higher soil water 

was likely due to subsurface inflow (see section 4.3.3.2). However, in the natural 

Forest, surface runoff would be limited and the higher soil water on the steep slope 

could also be attributed to subsurface inflow.

Analysis of variance (Appendix 10-3) indicated that the total soil water observed 

under different slope categories was significantly different except for Natural Forest 

in the Upper Forest zone.
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a ) Upper Forest: Grass vegetation b ) Upper Forest: Natural Forest vegetation

Soil w ale' momtonng dales

c ) Lower Forest: Grass vegetation d ) Lower Forest: Natural Forest vegetation
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Figure 4 .7 : Total(0-160cm) Available Soil water in the
Forest and Footzone for different slope 
categories.
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Figure 4 .Q : Total(0-16Ocm) Available Soil water in the
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c ) Natural Forest on Typical slope : Forest zone
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S o i l  w a te r  in different ecological zone: Figure 4 8 above presents soil water for 

d if fe re n t vegetation systems in the upper Forest, lower Forest and Footzone. From 

F ig u r e  4.8, the systems investigated in the Upper Forest zone showed a small 

d iffe ren ce  in their soil water. Expected for natural Forest on typical slope, the 

lo w e r  Forest showed more available soil water as compared to the upper Forest 

a n d  Footzone. The higher soil water observed in the lower Forest could be 

a ttrib u ted  to its higher soil water capacity. Analysis of variance (Appendix 10-3) 

ind ica ted  that the total soil water observed in the three zones was significantly 

d ifferent except for the natural Forest.

4 .4  The venetation water balance

4 .4 .1  Introduction

Hypothesis three (Hq^) in section 1.4, suggests that the water balance of the 

vegetation systems investigated is not different within and between the five 

ecological zones.

U sing the climatic and soil water data, this hypothesis w'as tested. Due to 
differences in soil water monitoring intervals, the water balance results for the 
AJpine and Moorland zones are presented separately from those of the upper 

Forest, lower Forest and Footzone.

In the water balance calculation, surface runoff, deep percolation and the actual 
evapotranspiration were lumped together as the water use for the vegetation system 
and calculated as the difference between rainfall and soil water change which were 

measured in the field.

4.4.2 The Alpine and the Moorland zone

In the Alpine and Moorland zones, only Grass vegetation was investigated Both 

typical and steep slopes were investigated in the Alpine zone while in the Moorland 

zone only typical slope was investigated. The water balance results for the Alpine 

and Moorland zones are presented in Table 4 8.
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T a b le  4.8 Water balance results for the Alpine and Moorland zone 
between November 1991 and May 1992.

Rainfall

(mni/d)

vegetation
water

requirement
(mm/d)

Vegctatio
n

water
use

(mm/d)

A lp in e M o o rlan
d

A lpine M oorland Alpine
Tvpical

A lp ine
S teep

M oorland
Typical

1st Wet 2 .8 4 .4 0 .5 1.7 4.4 -1 .8 NA*
Dry 1.5 2 .9 0 .7 1.8 1.9 3.7 1.9
2nd Wet 3 .0 4 .0 0 .4 1.4 1.3 2.8 7.2

Note * Data not available

F ro m  Table 4.8, several observations are made about the vegetation water 

requirement and use in the two zones.

T h e  Moorland zone showed a higher vegetation water requirement. For both 

zones, the vegetation water requirement was higher in the dry period. In the Alpine 

zo n e  where both typical and steep slopes were investigated, the steep slope showed 

higher water use except in the l sl wet period. Assuming similar water requirement 

f o r  Grass vegetation on both slopes, the higher water use on the steep slope could 

b e  attributed to the higher possibility for surface and subsurface runoff. In the 1st 

■wet period, the steep slope showed a negative water use. This could be attributed 

to  subsurface inflow from the valley sides.

In  the 2nd wet period, the Moorland zone showed higher water use compared to 

th e  Alpine zone. This could be attributed to higher vegetation water requirement in 

th e  Moorland zone. Since this zone has a lower soil water capacity compared to 

th e  Alpine zone (see Appendix 6), its profile would fill up fast hence a higher 

possibility for surface runoff. The Moorland zone received more rainfall and hence 

had more water available for use to the vegetation
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* - 4 . 3 The Forest and Footzone

"T*
°  e v a lu a te  the water balance of the vegetation systems investigated in these two 

z o n e s ,  the vegetation water use for different vegetation systems, slope categories 

a r “d  ecological zone was investigated.

4 . 4 . 3 . 1  Vegetation water use under different vegetation systems

T h e  vegetation water use and requirement for different vegetation systems 

in v e s t ig a te d  on typical slope in the Forest and Footzone is presented in Figure 4.9. 

F r o m  Figure 4.9, a number of observation can be made about the vegetation water 

u s e  and  requirement in the upper Forest, lower Forest and Footzone.

a) U p p e r  Forest zone: In this zone, Grass and Natural Forest were investigated. 

T h e  vegetation water use was similar for the two systems in the three periods 

c o v e re d . The amount o f  water available for use to the vegetation was calculated as 

t h e  difference between rainfall and soil water change. Since the two systems 

sh o w e d  deep percolation through out the three periods and very limited soil water 

ch an g e , the calculated water use for both systems was hence similar. The 

v eg e ta tio n  w'ater requirement was slightly higher for the Natural Forest in the three 

p e rio d s  since the coefficient used to calculate water requirements was higher for the 

N a tu ra l Forest vegetation. In the 1st wet period, the difference between water use 

a n d  water requirement was small for the two systems. In the l sl wet and dry 

periods, despite the fact that both systems show good soil water, the calculated 

w a te r  use was below or equal to the water requirement. Possibly, rainfall was 

u n d e r estimated (dew is not taken account of) or the coefficients use to calculate 

th e  water requirements from the penman Potential evapotranspiration were over 

estimated In the 2nd wet period, the water use was two times more than the 

requirement for the Grass and one and half times more than the requirement for the 

natural Forest
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In this period, the amount of water available for use above the
use aDove the requirement went to

deep percolation and possibly surface runoff
> lace runo ti This was possibly the reason why the

Gntss vegetation (with higher potentials for surface runofi) shows high 

compared to the Natural Forest vegetation
water use

b) Uwer Forest rone: In the 1st wet period, the vege,atkm water requiremem was 

higher than the water use for Grass and Natural Forest and equal to the use for the 

Cypress Plantation The water requirement was slightly below water use for the 

Potato crop C ompared to Grass and Natural Forest, the higher water use for the 

Cypress Plantation could be attributed to high evapotranspiration rates which was 

being meet from soil water storage. For the Potato crop, the water use above the 

requirement was due to its lower water requirement. In the dry period, the water 

requirement was higher than the water use for all the systems. The difference 

between water requirement and use during this period was small for the Potato 

crop This was due to the lower water requirement for the Potato crop compared 

to the other systems In the 2"d wet period, the difference between water 

requirement and use was small for all the systems except for the Potato crop In 

the Grass and Natural Forest, the use was slightly below the requirement while in 

.he Cypress Plantation, the use is slightly above the requirement. In the Potato 

crop, water use is three times more than the requirement. Since the Potato has a 

lower water requiremenr, the higher water use could be amibu.ed to deep 

percolation ( Figure 4 6b) observed under this system

. orvri itqp was lower for the Potato crop
e) Footzonc: Vegetation water r e q u i r e m e n

compared to Grass vegetarion in ,he three peHods. The water re,u,remen, was 

higher rhan use throughout the three periods for the Grass vegetanon 

Potato crop, the requirement w as higher than use in the dr, penod oniy
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4.4.3.2 Vegetation w ater use on different done category

Water use for Grass and Natural Forest vegetation on typical and steep slope is 

presented in Figure 4.10. From Figure 4.10, several observation can be made. The 

vegetation water use for the two slope categories showed slight difference in the 1st 

wet and dry period In the 2nd wet period, no difference could be observed It can 

be concluded that slope difference did not cause difference in the water use and 

hence the water balance o f the vegetation systems investigated.

4.4.3.3 Vegetation w ater use under different ecological zones

To evaluate the effect of ecological zones differentiation on the water balance, the 

water use for Grass, Natural Forest and Potato crop in the three zones is presented 

in Figure 4.11. From this figure, several observation can be made about the 

vegetation water use under different ecological zones. The upper Forest showed 

higher water use followed by the lower Forest and last the Footzone except for 

Grass vegetation in the 1st wet period The difference in the water use for the three 

zones was less in the 1st wet and dry periods and more in the 2nd wet period In 

the 2nd wet period, the upper Forest shows water use about twice that o f the lower 

Forest for the Grass and Natural Forest. The water use observed on the Grass 

vegetation in the upper Forest during this period was three times more than that 

observed in the Footzone. Since the vegetation water requirement increased from 

the upper Forest to the Footzone, the decreasing water use in the same direction 

could be attributed to decreasing rainfall and less soil water ( Figures 4.6a, b and c) 

in the same direction.
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Figure : Vegetation water use (mm/day) on 
different slope categories

Figure : Vegetation Water Use (mm/day) for 
different Ecological zones.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5-1 Conclusions

T h e  study investigated the influence o f vegetation on the water resources o f the 

N aru  Moru river catchment within the Mt. Kenya sub catchment of the Ewaso 

N g iro  basin. From the data analysis conclusions are made on the climatic water 

balance, soil water content and the vegetation water balance.

5.1.1 The climatic water balance

In the study area, rainfall and potential evapotranspiration showed strong 

relationship to altitude. Above the upper Forest, both rainfall and potential 

evapotranspiration decreased with altitude Between the Footzone and the upper 

Forest, rainfall increased while potential evapotranspiration decreased with altitude. 

This caused a high climatic water surplus in the upper Forest in the 2na wet period

and a climatic water deficit through out the study period in the Footzone. The five

zones are different in their rainfall, potential evapotranspiration and climatic water 

surpluses and deficits.

5.1.2 Soil water content

5.1.2.1 Alpine and Moorland zone

The soil water observed under different ecological and slope condition was not 

significantly different The Moorland zone showed higher and less varied soil 

water. Variation in soil water between wet and dry periods was less in the 

moorland zone and more in the Alpine zone.
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5 . 1.2.1 Forest and Footzone

a )  N eutron probe calibration: A single calibration equation was found to estimate 

soil water from neutron probe counts better than individual calibration equations 

fo r each stations.

b ) Soil w ater for different monitoring depths: The four systems investigated in 

the  upper Forest zone experienced deep percolation through out the study period 

In the lower Forest, only Grass and Potato systems experienced deep percolation 

and only in the wet periods None of the systems in the Footzone experienced deep 

percolation While variation in soil water was observed throughout the soil profile 

in the lower Forest and Footzone, the same was observed only within the upper 

part (60 cm) of the profile in the upper Forest zone.

The vegetation system showed profile soil water between 100% and 50% of the 

available soil w ater capacity in the upper Forest, between 100% and 1% of the 

available soil water capacity in the lower Forest and between 100% and 0% of the 

available soil water capacity in the Footzone.

c) Total (0 to 160cm) available soil water: In the upper Forest, the four 

vegetation systems show a small difference in their soil water In the lower Forest 

and Footzone, a bigger difference in soil water was observed In the lower Forest 

zone. Grass and Potato crop showed higher soil w'hile natural Forest and Cypress 

Plantation showed lower soil water. In the Footzone, Potato crop showed higher 

soil w'ater compared to the Grass vegetation.

The higher rainfall received in the upper Forest was important for the small 

difference observed in the soil water for the different vegetation systems in this 

zone. In the lower Forest and Footzone, vegetation water requirement was 

important for the soil water differences observed under different vegetation
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system s. The possibility to generate surface runoff was also important for the 

differences observed in soil water for these two zones. All the systems investigated 

in  the three zones responded positively to  rainfall and show higher soil water in the 

w e t periods and lower soil water in the dry period The total available soil water 

observed under different vegetation systems was significantly different

In  the upper Forest, the typical slope showed higher soil water for Grass vegetation 

w hile the steep slope showed higher soil water for the Natural Forest vegetation 

In  the lower Forest, the steep slope showed more soil water for both Grass and 

Natural Forest vegetation. For both slopes, surface and sub-surface runoff was 

important for the soil water observed on the two slopes. The soil water observed 

on the two slope categories was significantly different.

The lower Forest showed higher available soil water compared to the upper Forest 

and the Footzone. The systems in the upper Forest showed a smaller difference in 

their available soil water. The higher soil water in the lower Forest was attributed 

to its higher soil water holding capacity. Soil water observed in the three zones 

was different.

5.1.3 Vegetation water balance

5.1.3.1 Alpine and Moorland zone

Comparing the two zones, vegetation water use and requirement was higher in the 

Moorland zone. Higher potential evapotranspiration caused higher vegetation 

water requirement in the Moorland zone Higher rainfall and vegetation water 

requirement and a smaller soil water holding capacity (w'hich facilitates surface 

runoff) could lead to higher water use in the Moorland zone. In the Alpine zone, 

where both typical and steep slopes were investigated, a higher water use was
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° b s e r v e d  on the steep slope In this zone, surface runoff was important for the 

^ 'a t e r  use observed on the steep slope.

S . l .3 .1  Forest and Footzone

In th e  upper Forest, the Natural Forest and Cypress Plantation vegetation showed a 

h ig h e r  vegetation water requirement The vegetation systems in this zone showed 

sim ila r water use In the 1st wet and dry period, despite presence of deep 

percolation, the vegetation water use was below the requirement in all the systems. 

T h is  could be due to under estimation o f rainfall, since dew is not measured, and or 

o v e r estimation o f vegetation water requirement if high vegetation coefficients were 

used. For all system, water use exceeded requirement in the 2nd wet period when 

rainfall is high.

In the lower Forest, the vegetation water requirement exceeded water use for the 

seven systems in the dry period In this period, this water deficit was smaller for 

the Potato crop. In the 2nd wet period, vegetation water requirement was slightly 

below water use for Grass and Natural Forest vegetation and slightly above the 

water use for the Cypress Plantation. For the Potato crop, the water requirement 

was well below water use In this zone, the vegetation requirement was important 

for the differences observed in the calculated water use.

In the Footzone, vegetation water requirement exceeded water use through out the 

study period for the Grass vegetation and only in the dry period for the Potato 

crop The Grass vegetation showed higher water use and requirement compared to 

the Potato crop through out the study period. In this zone vegetation water 

requirement and surface runoff were important for the observed water use and 

requirement differences

Slope difference did not cause important difference in the water balance of the
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sy s tem s in v estig a ted  in the  th ree  zones.

T h e  upper Forest showed higher water use followed by the Lower Forest and 

F o o tz o n e  in a decreasing order. The difference observed between the zones was 

stna ll in the 1st wet and dry periods.

^*2 Recommendations

5 .2 .1  Recommendations for water resource planning

T h e  following recommendations are made for water resource planning in the study 

a re a

i) The delicate climatic balance of increasing water demand with decreasing 

water supply as one moves from the upper Forest to the Footzone should be 

taken into account when planing for water resources. This zonal 

differentiation should be central when planning water resources in the 

catchment.

ii) The Upper Forest is important for deep percolation which is vital for river 

recharge and hence this zone should be protected to sustain water resources 

in the catchment.

iii) In the Lower Forest, Potato crop produces considerable deep percolation in 

the wet periods which is important for river recharge but the impact of Potato 

farming in this environment should be investigated.

iv) The high water use for the Cypress Plantation should be evaluated against its 

economic production so as to effectively assess its effect on the water 

resources o f  this area

V e ge ta tion
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W
a t e r  conservation practices should be introduced in the lower Forest and 

T o o t z o n e  because the vegetation water requirement in these two zone exceeds the 

a r n o u n t  o f  water available to the vegetation systems for use in the two zone.

^ * 2 -2  Recommendation for future research

T o  m ake comprehensive conclusion on the influence of vegetation on the water 

r e s o u r c e  in the catchment, future research should address several limitations faced 

b y  th is  study. These include;

i )  F o r  the water balance calculation, deep percolation and surface runoff should be 

evaluated separately. This would require deeper neutron probing to assess 

deep percolation and runoff plots to assess surface runoff.

ii)  The study should be extend to cover a longer field monitoring period and 

hence assess the different vegetation systems on extreme weather conditions.

iii) Water balance modelling approaches would be important especially as a 

means to extrapolate from site measurement to spatial phenomena.

iv) The Penman formula should be evaluated to assess necessary modification so 

as to estimate potential evapotranspiration accurately in this sensitive high 

altitude environment.

v) For economic evaluations, the water balance of the different vegetation 

systems should be evaluated in the light of their productivity. This hence 

requires an assessment on primary productivity of the different vegetation 

systems
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P p e n d i x  1 : The penman fo rm u la  (V^O. 1919b)

a 4- b *-1 -,rT«b N-1 ■°rTK <0 56-0 .079 . / J J  HO 10 + 0 .9 0 ^ ]  + 0.26(«0- » d)(l 0 0 + 0 .3 4  U)

• — 1.00

— V  ~ Z - 5 R *< a  + b - 0 - 7 / ( 0 5 6 - 0 0 7 9 ^ 1 ( 0  10-1-0.93 ~)J +  0 26(»d- « dK0.50 +0.54U)

A >IOO

EI
£»

e s t i m a t i o n  o f  t h e  p o t e n t i a l  e v a p o t r a n s p i r . i t  t o n  f o r  a g i v e n  p e r i o d ,  
e x p r e s s e d  i n  ora;
e s t i m a t i o n  o f  t h e  e v a p o r a t i o n  f r o m  a f r e e  w a t e r  s u r f a c e  f o r  a g i v e n  
p e r i o d ,  e x p r e s s e d  i n  rani;

m e a n  a t m o s p h e r i c  p r e s s u r e  e x p r e s s e d  i n  m i l l i b a r s  a t  s a  K \ i .  1 ,

m e a n  a t m o s p h e r i c  p r e s s u r e  e x p r e s s e d  i n  m i l l i b a r s  a s  a f u n c t i o n  o f  
a l t i t u d e , f o r  t h e  s t a t i o n  w h e r e  t h e  e s t i m a t e  i s  c a l c u l a t e d ;

r a t e  o f  c h a n g e  w i t h  t e m p e r a t u r e  o f  t h e  s a t u r a t i o n  v a p o u r  p r e s s u r e  
e x p r e s s e d  i n  m i l l i b a r s  p e r  d e g r e e  C;

t h e  p s y c h o m e t r i c  c o e f f i c i e n t  f o r  t h e  p s y c h o m e t e r  w i t h  f o r c e d  
v e n t i l a t i o n  = 0 . 6 6 ;

3 . 7 5  at n d  0 . 9 5 : f a c t o r s  e x p r e s s i n g  t h e  r e d u c t i o n  i n  t h e  i n c o m i n g  s h o r t  
wa v e  r a d i a t i o n  o n  t h e  e v a p o r a t i n g  s u r f a c e s  a n d  c o r r e s p o n t  
i n g  r e s p e c t i v e l y  t o  a n  a l b e d o  o f  0 . 2 5  a n d  0 . 0 5 ;

s h o r t  wa v e  r a d i a t i o n  r e c e i v e d  a t  t h e  l i m i t  o f  t h e  a t m o s p h e r e  
e x p r e s s e d  i n  mm o f  e v a p o r a b l e  w a t e r  (1 mm = 59  c a l o r i e ? )  a n d  t a k i n g  
f o r  t h e  s o l a r  c o n s t a n t  t h e  v a l u e  o f  2 . 0 0  c a l . c m  . r. i n  ,

e n d .  b c o e f f i c i e n t s  f o r  t h e  e s t i m a t i o n  o f  t o t a l  r a d i a t i o n  f r o m  t h e  
s u n s h i n e  d u r a t i o n  ( s e e  p a r a g r a p h  2 . 1 ) ;

s u n s h i n e  d u r a t i o n  f o r  t h e  p e r i o d  c o n s i d e r e d  i n  h o u r s  a n d  t e n t h s ,  

s u n s h i n e  d u r a t i o n  a s t r o n o m i c a l l y  p o s s i b l e  f o r  t h e  g i v e n  p e r i o d .

B l a c k b o d y  r a d i a t i o n  e x p r e s s e d  i n  mm o f  e v a p o r a b l e  w a t e r  f o r  t h e  
p r e v a i l i n g  a i r  t e m p e r a t u r e ;

a

'd

— s a t u r a t i o n  v a p o u r  p r e s s u r e  e x p r e s s e d  i n  m i l l i b a r s ;

v a p o u r  p r e s s u r e  f o r  t h e  p e r i o d  u n d e r  c o n s i d e r a t i o n  e x p r e s s e d  
i n  m i l l i b a r s ;

a i r  t e m p e r a t u r e  m e a s u r e d  i n  t h e  m e t e o r o l o g i c a l  s h e l t e r  and  
e x p r e s s e d  i n  d e g r e e s  C e l s i u s ;

a i r  t e m p e r a t u r e  e x p r e s s e d  I n  d e g r e e s  K e l v i n  w h e r e  T T * c  + 2 73 ;

* / s me a n  w i n d  s p e e d  a t  an e l e v a t i o n  o f  2 m f o r  t h e  g i v e n  p e r i o d  a n d  
e x p r e s s e d  i n  m / s e c .
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ndix 2  . Climatic data for the Forest and Footzone: 
Daily average values for 10 days decades.

A P p e

1 *  U p p e r  Forest Zone

/ V l o n t h D e c a d e

R ain fa ll

(m m )

Pan

E vapo­

ration

(m m )

Poten tia l

e v a p o -

trans

p ira tio n

(m m )

T em pe­

ratu re

( C )

R elative

H um idity

(% )

W ind-

speed

(K m /hr)

Sunshine

ho u rs

(H rs)
N O V  1 9 9 1 1 3 8 .6 1.3 N A 10.1 N A NA NA

2 9 .6 1.3 N A 10.4 N A NA NA

3 7 5 .0 1.2 N A 10.2 86 2.5 NA

( d e c 4 17.1 1.0 2 .4 10.1 85 2.7 2 .0

5 8.1 1.6 2 .7 12.2 72 3.9 2.5

6 6 .5 2 .9 3 .0 11.7 66 4.8 4.8

1J A N 1 9 9 2 7 2 7 .8 1.4 2 .7 10.6 74 3 .6 4.1

8 7 .2 1.8 2 .7 10.7 76 3 .2 3.7

9 40.1 2 .2 2 .9 11.4 73 3.8 5.3

| f e b 10 37 .5 2.1 3.1 11.2 64 4 .6 4.9

11 3 .0 2 .2 3.1 11.9 67 3.9 5.0

12 0 .0 2 .2 3 .2 12.2 55 4 .2 4.9

[m a r 13 3 .9 1.9 3 .1 11.3 63 4 .3 5.0

14 37 .7 2.1 3 .0 11.8 75 4 .0 5.0

15 2 2 .0 2 .0 3 .0 11.9 73 3 .8 4.2

A P R 16 128.8 1.7 2 .7 11.5 84 3.3 3.6

17 45.1 1.7 2 .7 11.0 80 3 .6 4.0

18 49 .7 1.3 2 .7 11.3 83 3.3 3.1

m a y 19 90 .2 1.7 2 .6 11.6 78 3 .9 3.9

20 69.8 1.3 2 .4 10.7 86 3 .3 2.9

21 41 .4 1.6 2 .5 10.8 79 3 .2 3.2

J U N 22 43.3 1.2 2 .4 11.0 77 3 .5 3.2

23 32.6 0.9 2 .2 9 .9 88 3 .2 1.7

24 21.2 1.2 2 .2 9 .2 82 2 .8 2.4

Note: Values given for rainfall are decade totals
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contd.

Forest Zone

M  o n t h D e c a d e

R a in fa ll

(m m )

Pan

E v ap o ­

ra tion

(m m )

Poten tia l

ev a p o -

trans

p ira tion

(m m )

T em pe­

ra tu re

( C)

Relative

H um idity

(% )

W ind-

speed

(K m /hr)

Sunshine

hours

(H rs)

2 0 < 1—
•

* 1 3 0 .8 1.8 N A N A N A N A N A

2 2 2 .7 1.8 N A N A N A N A N A

3 3 6 .4 1.3 N A N A 86 3 .3 N A
D E C 4 2 8 .1 1.9 2 .7 12.7 73 N A 4.1

5 6 .1 2 .3 2 .8 13.7 70 3 .5 3 .6

6 12 .4 3 .6 3 .4 13.5 58 N A 6.1
J  A .  Is ' 1 9 9 2 7 2 8 .5 2 .5 2 .8 13.0 69 4 .3 1.3

8 12 .2 2 .4 3 .0 13.4 71 4 .1 5 .2

1 9 3 0 .5 3 .2 3 .2 13.8 73 4 .8 6 .3

| F E B 10 1.2 3 .6 3 .5 13.9 60 5 .4 5 .4

11 1.2 2 .5 3 .3 14.3 64 N A 5 .5

12 0 .0 3 .5 3 .4 13.8 58 N A 6 .0

M A R 13 4 .2 3 .3 2 .7 14.4 79 4 .8 5.1

14 2 0 .7 3 .3 2 .7 14.3 77 4 .9 5 .4

15 2 3 .2 3 .2 2 .7 15.1 75 NA 5 .9

A P R 16 65 .2 2 .0 3.1 14.4 79 3 .9 4 .3

17 2 1 .0 2 .3 3 .0 14.5 63 4 .4 5 .0

1 18 101.2 1.8 2 .9 14.6 79 NA 4 .2

M A Y 19 56.8 2 .2 2 .8 14.8 79 4 .2 4 .7

20 16.4 1.5 2 .7 14.5 NA 3.9 4 .8

21 25 .4 1.9 2 .9 13.7 N A 4.3 4 .9

J U N 22 9 .7 2 .3 2 .6 14.6 N A 3.7 6.1

23 17.3 1.7 2 .6 14.8 N A 3.3 3 .7

1______ 24 4 .7 2 .4 2 .6 14.5 NA NA 4.4

Note: Values given for rainfall are decade totals
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^ P P ^ Q d ix  2. contd.

111 ^  Footzone

_ M o n t h D e c a d e

R ain fall

(m m )

Pan

E vapo ­

ration

(m m )

P oten tia l

e v a p o -

trans

p ira tio n

(m m )

T em pe­

rature

( C )

R ela tive

H um idity

(% )

W ind-

speed

(K m /hr)

S unshine

h o u rs

(H rs)
' j N J O V i g Q l 1 N A N A N A NA NA NA NA

1 2 N A N A N A NA N A NA N A

3 2 7 .3 2 .5 N A 15.7 77 1.5 NA

( d e c 4 2 5 .8 2 .5 2 .8 15.4 75 5 .0 4 .6

1 5 4 .4 3 .0 2 .9 16.6 65 3.9 4 .6

1 6 3 .3 3 .8 3 .3 15.6 55 4.9 5 .0

) J  A N  1 9 9 2 7 12.4 3 .5 3 .0 15.4 65 4 .4 4 .7

1 8 17.8 3 .4 3.1 16.7 71 3.7

OO»ri

9 6 .3 3 .8 3 .3 16.1 70 4.3 7 .2

| f e b 10 4 .2 4 .2 3 .6 16.6 59 NA ON oo

11 0 .3 3 .8 3 .6 16.9 64 NA 6.3

12 5 .6 4 .6 3 .6 17.0 58 3 .7 6.4

I m a r 13 1.2 4 .5 3 .6 16.4 60 4.9 5.5

14 6 .7 4.1 3 .6 16.9 70 5.5 6.3

15 4 5 .4 4 .3 3 .6 17.8 70 5 .0 6.5

A P R 16 38 .3 3 .4 3.1 17.3 78 5 .0 5.3

17 19.3 3 .4 3 .1 16.4 81 4 .5 6.4

18 58.3 3 .0 3.1 17.2 81 5 .6 5.7

m a y 19 8.9 3 .0 2 .9 16.6 80 6 .6 5.9

20 1.5 3 .4 2 .9 15.8 83 9 .6 6.2

21 8.7 3.7 3 .0 15.5 79 8 .5 6.7

J U N 22 0.4 4 .4 3.1 16.2 75 10.3 6.2

23 0 .0 4.1 2 .9 16.2 78 9 .1 6.8

24 0 .0 4 .6 3 .0 16.2 78 9 .6 7.4

Note: Values given for rainfall are decade totals
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3: Study
mean
rain
1991

period 
monthly 
days in 
and June

monthly rainfall and long term 
rainfall totals(nnn) and number of 
the study area between November 
1992.

-one Alpine Moorland Opper-
Forest

Lower-
Forest

Footzone

Stations R1 R2 Met Gate Hunyaka
M o v : i NA NA 123 90 272 109 132 186 174 117

3 NA NA 19 19 1
D E C : i NA NA 32 47 34

2 64 NA 103 82 69
3 NA NA 11 10 8

J A N ;  1 NA NA 75 71 37
2 33 NA 50 55 47
3 NA NA 8 13 9

F E B : 1 NA NA 41 2 10
2 33 56 73 58 37
3 NA NA 6 2 4

M A R :  1 NA NA 64 48 53
2 72 125 103 97 72
3 NA NA 13 9 11

AP R :  1 NA NA 224 187 116
2 141 173 247 186 118
3 NA NA 22 24 15

MAY: 1 NA NA 201 99 19
2 83 NA 171 111 57
3 • NA NA 24 17 13

JUN: 1 NA NA 97 32 0
2 45 68 91 41 14
3 NA NA 15 9 1

Note:l = Study period total monthly rainfall
2 = Long term mean monthly rainfall

3 = Number of rain days 
NA = Data net available
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x 4: Daily and monthly noterrMai
rates (mm) in the ^ u d y  a r e / ’l i r ™ 5’’1” * ™  
1991 and June 1992. Y between November

Alpine Moorland Dpper- Lower- FootzoneForest Forest
Rl* R2* Het Gate Munyaka
0.5 1.7 2.7 3.0 NA15.0 51.0 81.0 90.0 NA
0.4 1.6 2.6 2.9 3.212.4 49.6 80.6 89.9 96.0

L 0.7 1.7 2.8 3.1 3.0> 21.7 52.7 86.8 96.1 93.0
L 0.7 1.9 3.1 3.5 3.22 20.7 55.1 89.9 101.5 99.2
1 0.7 1.9 2.7 3.0 3.6
2 21.7 58.9 83.7 93.0 104.4

1 0.4 1.5 2.7 2.8 3.1
2 12.0 46.5 81.0 90.0 111.6

1 0.4 1.5 2.5 2.8 2.9
2 12.4 42.0 77.5 86.8 89.9

1 0.4 1.4 2.3 2.7 3.0
2 12.0 41.8 69.0 81.0 90.0

*For R1 and R2, calculations are based on 
previous records(Decurtins 1992: pg 80).

= Daily Potential evapotranspiration rates 
= Monthly Potentail evapotranspiration rate

1
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r r a in fa l i3- j \ • monthly potential
* "  t h «  S t n H ! n l ! h e . C l i B l a t i c  w at e r

-i

A1P1M M00rlM'1 <*«- Lover- Footione
Forest Forest

i n  th e S t " d v  C lim atic  water
c j June 1992  Y arSa between November

ns R1 R2 Het Gate
i X X  0 9 132 123 901 5 51 81 90

3 9 4 81 42 0
: =U 6 4 NA 32 471 2 50 81 90

ZB 52 NA -49 -43
X_ 33 NA 75 71
Z2. 22 53 87 96
ZB 11 NA -12 -25

B: X 33 56 41 22 20 55 90 102ZB 13 1 -49 -100
*R — 3_ 72 125 64 48

3 22 59 84 93
50 69 -20 -45

?R. — X
2 141 173 224 187
3 12 47 81 90

129 126 143 97
A^r =  x

2 83 NA 201 99
3 12 42 78 87

71 NA 123 12
ruisr c i-

2 45 68 97 32
3 12 42 69 81

< A U  V  *  'l 'xa lT^  s
33 26 28 -49

a re in m m  ).
H o '

2

3
t a i n f a l l
potential evapotranspiration

X V  clima t i c  water balance (1-2)

s > e



Appendix 6: Soil
water density and the 

capacity in the study available
area.

soil

11
core

probe

Zone

Station

A lp ine

R1

Moorland

R2

U p p e r-
Forest

M et

Lower-
Forest

Gate

Footzone

Munyaka
Depth(cm)

15 1.3 0.2 0.5 1.0 1.1
30 1.4 0.3 0.6 1.0 1.1
60 1.0 1.0 0.6 1.0 1.2
90 NA NA 0.7 1.1 1.2

120 NA NA 0.8 1.0 1.3
150 NA NA 0.7 1.2 1.4
170 NA NA 0.7 1.1 1.2

ii) Available water capacity (mm of water/lOOcm3) .

Zone

Station

Slope

Alpine

R1

Typical

Moorland

R2

Typical

Upper-
Forest

Met

Typical

Low er-
Forest
Gate

Typical Steep

Footzone

Munyaka

Typical Steep
Depth(cm)

>20 12 10 21 21 19 20 23
2 0 -7 0 10 10 12 17 14 16 17

>70 8 10 12 10 12 13
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Appendix 7 : Available soil water(mm) in the Alpine and Moorland zone

i ) 15 an d  3 0 c m  p ro file  dep ths.

Z one A lp in e M oorland

Slope T y p ica l Steep T yp ical

D epth 15cm 3 0 cm 15cm 30cm 15cm 30cm

N o v em b er 112 116 78 98 77 120

D ecem b er 103 54 163 104 7 2 121

Jan u ary 74 83 50 48 71 141

F eb ru a ry 53 67 43 53 76 129

M arch 24 16 41 23 106 107

A pril 44 46 43 53 65 104

M ay 57 131 61 59 75 109

ii )  T o ta l(0  to  3 0 cm ) ava ilab le  soil w a te r(m m ).

Z one A lpine M oorland

Station R1 R2

Slope T ypical S teep T yp ical

N ovem ber 228 146 197

D ecem ber 157 267 194

January 157 99 213

F ebruary 120 95 205

M arch 40 65 213

A pril 90 96 169

M ay 188 119 184
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Appendix 8 :Total(0-160cm) available soil water(mm) -  Forest and Footzone

Z o n e

S ta tio n s  

M o n ito rin g

U p p e r  F o re s t

M e t

L ow er F o rest

G ate

F oo tzone

M unyaka

tes C3T GS N T N S GT G S NT N S NsS P o T PIT G T GS P o T

0 8 - N o v - 9 l  2142 220 231 248 233 279 201 220 NA 2 2 6 113 2 NA 140

1 5 -N o v -9 1  Z134 224 233 243 253 293 212 227 N A 253 125 11 NA 150

2 2 - N o v - 9 l >31 229 230 243 274 303 220 234 NA 2 7 2 148 77 NA 255

2 9 -N o v -9 1 >43 2 3 6 240 250 290 304 237 241 195 28 6 141 90 332 26 4

0 6 - D ec -9 1 234 227 231 246 287 303 229 238 188 284 112 79 327 235

1 3 - D e c - 9 l 239 226 233 247 2 9 0 309 235 240 199 290 144 7 6 329 229

2 0 - D ec-9 1 229 220 230 239 2 9 0 307 219 232 187 290 109 69 317 209

2 4 - D ec -91 233 233 2 3 0 236 2 8 6 308 215 232 178 290 104 57 310 203

0 3 - J a n - 9 2 2 1 2 201 215 218 2 7 0 294 192 228 158 285 98 34 304 189

1 0 -J a n -9 2 2 1 9 203 21 4 216 2 7 4 307 220 234 172 297 164 22 307 187

1 7 -J a n -9 2 219 199 213 216 2 6 8 297 200 230 168 290 127 16 302 189

2 4 -J a n -9 2 215 194 205 205 2 6 0 291 187 224 157 290 102 26 300 179

2 9 - J a n -9 2 22 0 199 211 209 2 6 3 299 196 235 166 292 122 11 297 178

0 4 -F e b -9 2 2 1 4 202 210 206 2 7 2 313 199 237 168 293 125 6 291 176

1 4 -F e b -9 2 220 202 213 207 2 5 6 293 183 223 149 290 97 2 288 168

2 1 -F e b -9 2 221 198 198 195 241 275 167 209 130 283 91 -8 291 156

2 6 - F e b -9 2 218 192 198 189 2 3 4 271 169 207 124 274 90 -6 288 157

0 6 - M a r-9 2 208 171 183 173 2 1 7 253 156 206 112 270 89 -1 0 N A 149

1 3 -M a r -9 2 205 165 175 156 2 1 0 245 158 198 113 263 86 -1 4 2 9 4 147

2 0 - M a r -9 2 211 166 186 172 2 1 6 252 172 200 126 267 149 -1 5 291 142

2 7 - M a r -9 2 204 173 187 162 215 254 169 196 123 275 117 -9 298 150

01 - A p r - 9 2 220 197 206 198 215 276 169 207 113 287 106 -4 30 2 149

U - A p r - 9 2 236 222 226 233 251 276 213 220 167 308 158 0 305 148

1 6 -A p r-9 2 230 208 218 233 246 276 204 220 155 302 141 -0 305 162

2 4 -A p r -9 2 227 216 229 234 244 278 203 209 165 305 125 2 301 162

O l-M a y -9 2 239 222 233 241 323 322 266 271 246 324 21 6 31 33 7 213

0 8 -M a y -9 2 234 227 236 2 4 2 306 309 262 272 239 310 202 26 3 2 6 204

1 8 -M a y -9 2 238 233 236 2 4 4 313 316 277 275 256 312 210 10 305 192

2 9 - M a y -9 2 237 227 229 23 7 304 304 264 260 240 295 174 -6 3 0 4 179

0 8 -J u n -9 2 235 228 234 2 4 8 302 309 258 259 232 298 145 -4 2 9 0 169

1 5 -Ju n -9 2 232 232 230 241 290 301 252 255 226 289 137 -7 299 169

2 6 -Ju n -9 2 228 217 224 237 283 293 236 244 217 281 117 -15 288 160

K ey: G T = G rass  -  T y p ic a l slope

G S = G rass  -  S teep  slope  

N T = N atiira l F o re s t-T y p ic a l slope 

N S = N atu ra l F o re s t -  S teep slope

P o T = P o ta to  -  T yp ical s lope  

P lT = C y p re ss  P lantaion -  T y p ic a l slope 

N A = D a ta  not availab le
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Appendix 9 : Vegetation water use(mm/day) for different Vegetation, Slope and Ecological zones.

i ) VEGETATION : V ege ta tion  water use(m m /day) for d ifferent vegetation system.

U p p e r-
Forest

Low er-  
Forest

Footzone

G rass N atura l
Forest

Grass N atura l
Forest

Potato P lanta­
tion

Grass Potato

T yp ica l- 1 W et period 3 2.9 1.7 2.5 1.4 3 2.4 1.1

slope 1 Dry period 2 2.1 2 1.7 1.6 1.1 1.7 1.2

2 W et period 4.8 4.8 2.5 2.5 3.1 3.2 1.5 1.5

Steep- 1 W et period 2.4 3.7 2.2 2.6 NA NA 3.1 NA

slope 1 Dry period 2.2 2.5 1.8 1.7 NA NA 1.5 NA

2 W et period 4.7 4.2 2.6 2.4 NA NA 1.3 NA

i i ) S LO P E : Vegetation water use(m m /day) on typical and steep slopes.

Upper Forest Lower Forest

Typica l- S te e p - Typ ica l- S teep-

slope slope slope slope

G rass 1 W et period 3 2.4 1.7 2.2

Vegetation 1 Dry period 2 2.2 2 1.8

2 W et period 4.8 4.6 2.5 2.6

N a tu ra l- 1 W et period 2.9 3.2 2.5 2.6

Forest 1 Dry period 2.1 2.5 1.7 1.7

Vegetation 2 Wet period 4.8 4.2 2.5 2.4

i i i ) ECOLOGICAL Z O N E : Vegetation w ate r use(mm/day) for the  two (Forest and Footzone) zones.

— Upper Forest Lower Forest Footzone

Grass vegetation 1 Wet period  
on Typical slope 1 Dry period

2 Wet period

3
2

4.8

1.7
2

2.5

2.4 
1.7
1.5

Grass vegetation 1 Wet period  
on Steep slope 1 Dry period

2 Wet period

2.4
2.2
4.7

2.2
1.8
2.6

1.1
1.2
1.5

Natural vegetation 1 Wet period 
on Typical slope 1 Dry period

2 Wet period

2.9
2.1
4.8

2.5 
1.7
2.5

NA
NA
NA

Natural vegetation 1 Wet period 
on Steep slope 1 Dry period

2 Wet period

3.2 
2.5
4.2

2.6
1.7
2.5

NA
NA
NA

Potato crop 1 Wet period 
on Typical slope 1 Dry period

2 Wet period

NA
NA
NA

1.4
1.6
3.1

3.1
1.5
1.3

Note: NA = Data not Available
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Appendix 1o : Analysis of variance results

1 )  R a in f a l l ,  P o te n tia l  ev a p o tran sp ira tio n  a n d  C lim atic  w a te r  b a la n c e

Description o f  

variation tested
S ource  o f  V a ria tio n  

m ean  square  

B etw een W ith in

F  -  ra tio P value

Rainfall in five study zones 6935 .972 2 3 5 6 .0 7 4 2 .9 4 4 0.034

Potential evapotrans-
piration in five study zones 9 1 3 5 .3 8 0 3 6 .4 8 2 2 5 0 .4 1 0 0.000

Climatic water balance
in five study zones 20788 .015 2 4 4 2 .2 9 0 8 .512 6.603

2  )  T o ta l(0 -3 0 c m )  soil w a te r  in the A lp in e  and M oorland z o n e s  : Z o n e  a n d  S lope  V ariation

D e s c r ip t io n  o f  

v a ria tio n  te sted

S ource  o f  V a r ia tio n  

m ean sq u a re  

B etw een W ith in

F -  ra tio P value

S lope :T y p ic a l and  Steep

in  the A lpine zone 1672.071 5317 .429 0 .3 1 4 0.141

Z one : A lp ine and M oorland 

on  typial slope 8016.071 3225 .619 2 .4 5 0 0.141
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Appendix 10:contd.

3 ) T o ta l(0 -  1 6 0 cm ) so il  w a te r  in  the F o re s t  an d  F oo tzones: 

V e g e ta tio n , S lo p e  a n d  E co lo g ica l z o n e  varia tion

i ) V aria tio n  in  s o i l  w a te r  u n d e r  d iffe ren t vege ta tion  sy stem s

D esc rip itio n  o f  

varia tio n  te s te d

P values

G ra ss  and  N a tu ra l  F o re s t -  U p p e r  F o re s t  on  T yp ical slope 

G ra ss  and  N a tu ra l  F o re s t -  U p p e r  F o re s t on Steep slope 

G ra ss , N a tu ra l F o re s t ,  C y p re s s  p lan ta tio n  and  

Po tato  -  L o w e r  F o re s t  on  T y p ic a l s lo p e  

G ra ss  and  N a tu ra l  F o re s t -  L o w er F o re s t  on  Steep slope 

G ra ss  and  P o ta to  -  F o o tzo n e  on  T y p ic a l slope

0.032

0 .072

7 .0x10"""

3 .0 x 1 0 '" "

2 .0 x l0 " 13

ii )  V aria tio n  in  so il w a te r  o n  T y p ica l and  S teep slopes.

D esc rip itio n  o f  

varia tion  te s te d

P values

G rass v eg e ta tio n  -  U p p e r  F o re s t zo n e  

G rass v e g e ta tio n  -  L o w e r  F o re s t zo n e  

N atural F o re s t  v eg e ta tio n  -  U pper F o re s t zone 

N atural F o re s t  v eg e ta tio n  -  L ow er F o re s t zone

2 .3 x 1 0 *  

2 .1x10  * 

0.6013 

6 .5 x l 0 '3

iii ) V a r ia tio n  in  soil w a te r  in th e  tw o  E cological zones.

D escrip ition  o f  

varia tion  tested

P values

G rass o n  typical slope -  U pper F o re s t, L ow er Forest an d  Footzone 0 .000

G rass o n  S teep slope -  U pper a n d  L ow er F o rest zone 0.000

N atural F o rest on ty p ica l slope -  U pper and L ow er F o re s t zone 0.301

N atural F o rest on s te ep  slope -  U pper and L ow er F o re s t zone 0.111

Potato on  typical slope  -  L o w er F orest and F ootzone 1 .2 x l0 " 5
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