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1

Introduction

The interactions between soils, landscape characteristics, land use and management, when
integrated with farmers’ perceptions of BGBD, forms an integral part of the decision support tool
for the identification of the appropriate strategies for sustainable management of land resource
base including BGBD. Soils in Embu benchmark sites are developed from volcanic footridges,
uplands, plateaus and bottomlands. The geology is volcanic rocks consisting of basic and
intermediate rocks mainly phonolites. Based on physiography, geology and soil characteristics,
five soil mapping units were identified. The interactions between land use, soils and
physiography are very important in evaluating the degree of aggregation and degradation of soil
particles in terms of soil structure attributes that influence soil quality, soil health and ecosystem
services. Therefore, conceptualization of the links between human interventions and environment
is facilitated by understanding the interactions between land use, management and environment.
In this respect, it was observed that steep slopes under tea had very good surface cover, while
those under coffee had bench terraces, thereby controlling erosion in these land units. However,
where land conversion took place from tea to annual cropping, severe land degradation was
observed mainly in form of rill erosion. In intensively cultivated area under maize and beans, the
type of degradation taking place was soil structure deterioration, resulting into unfavourable pore
size distribution. This causes increased leaching of nutrient bases resulting in low pH, high
acidity and aluminium toxicity, thereby creating unfavourable environment for belowground
biodiversity. The fertility status of the area was found to be extremely low. Since the use of soil
organisms to restore soil fertility and productivity in these critically degraded areas is one of the
core issues addressed by the BGBD project, the results of biophysical site characterization
provide the basis of characterizing the functional significance of different groups of soil biota in
sustaining ecosystem processes, functions and services. These results include characterization of
the dimensions, properties and dynamic nature of the microenvironments in which the soil
organisms interact. An appreciation of these results by the scientists, extension workers and
farmers is prerequisite for understanding the effects of management on soil quality and soil
health as well as the role of soil organisms in enhancing these important attributes and soil
productivity.
2

Description of the study area

2.1

Location of the research sites

The study site is located around Irangi forest and its environs in the northern part of Embu town
(in the Mount Kenya region). It is bounded by longitudes 37° 18’ East and Latitudes 0° S and 0°
28’S. The central point of the study area is transversed by Longitude 37° 28’ East and Latitude
0° 20’ S.
2.2

Why and where the site was selected

The Embu benchmark site was selected because of the significant land use intensification
gradient. The main land use systems are natural forest (Irangi forest), tea coffee, mixed smallscale cultivation of food crops, dairy cattle rearing and semi-extensive livestock production. In
this area farm sizes are becoming smaller and smaller with time (ranging between 1 and 3 acres),

1

hence the continuous increase in the intensity of their use. Land productivity has decreased
considerably as a result of continuous cropping and poor husbandry practices. The main farms
have approximately 30% annual crops, 20% perennials, 20% grazing and 6% forage production.
Three windows were selected in two locations within Embu benchmark. The first two windows
were selected in Nginda location, Manyatta division (one in Nguvio sub-location and the other in
Kibugu sub-location). The third window was selected in Kaagari, north of Runyenjes, which is
about 20 km from the first two windows.
The Mount Kenya region is an area in which approximately 31% of species have become extinct
or in danger of extinction (Newmark, 1988). Being the most extended and coherent natural forest
block of the country, Mount Kenya has been recommended as one of the four forests for
biodiversity conservation in Kenya (Wass, 2000).
2.3

Climatic characteristics

The area has annual precipitation of between 1,000 and 1,200 mm, and the climate is warm,
semi-humid to humid, with mean maximum temperature ranging from 20 to 22 degree C. The
precipitation in drier months goes as low as 1 mm, while evapotranspiration is 164 mm.
3

Conceptualization of human interactions with environment

3.1

The links between man and environment

Interactions between climate, physiography, soil, land use and management are viewed in terms
of their influence on soil structure formation. The stability of the so-formed soil structural
aggregates determine the degree and the extent of land degradation that have direct influence on
soil quality, soil health and ecosystem services (Box 1).
Box 1: Definitions of soil quality, soil health and ecosystem services in relation to soil
structure formation
Soil quality is the capacity of a soil to function within a given ecosystem boundary to support
the biological activity, production of food, fibre and human health; and to maintain the
environment through acting as environmental filter and buffer for air, water, nutrients and
chemicals (Doran and Perkin, 1999). Soil health refers to the state of soil in relation to human
land use requirements. Ecosystem services are transformations of biophysical processes into
resources valued by the human society (Barrios et al., 2005). In a statement on soil quality by
the Soil Science Society of America, agronomy news, the term soil quality (favoured by
scientists) and soil health (favoured by farmers) tend to be used interchangeably.e 3)
However, characterization of soil quality by scientists focuses on analytical/quantitative
properties of soil with a separately defined quantitative links to the functions of soil quality
(Bowman, 1995)
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Conceptualisation of the impacts of human interventions on environment is facilitated by
understanding the interactions between land use, environment and management, coupled up with
their impacts on ecosystem processes, functions and sustainability. The end results of these
interactions are production and off-site effects, which are realizable and valued by the society
(Figure 1).
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Figure 1: Linkages between land use and environment
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According to Metting (1995), a conceptual basis exists for considering microbial applications in
agriculture, forestry and environmental management. The conceptual framework involves
understanding soil microbial ecology, biophysical processes as well as spatial and temporal
aspects of soil micro-environments. An appreciation of the dimensions, characteristics and the
dynamic nature of the micro-environments in which the microorganims interact by all the
stakeholders is a prerequisite for understanding the effects of management on soil organisms and
the role they play in sustaining the ecosystem stability. Metting, (1995) defines soil microenvironments as physico-chemical locations in which a microbial cell, population or community
is found at a given time. In the research area, the dimensions and characteristics of these
locations are dominated by colloidal clay particulates, which aggregate into soil structure,
depending on the interactions between human interventions and the environment. The spatial and
temporal variations in the arrangements of these particulates into aggregates and the differential
influence of these aggregates on the biophysical processes result into biophysical diversity of
soils. TSBF et al., (2003) defines the biophysical diversity as an integrated property of the
accumulated effects of soil biota including roots, and can be used as an indicator of soil health
and the quality of soil micro-environments. That means that soil organic matter and soil structure
have diversity attributes and dynamics analogous to biodiversity (Table 1).
Table 1:
Factors
Component
Richness
Distribution

Relationships between biophysical diversity and biodiversity
Biophysical diversity
Biodiversity
Soil organic matter, aggregates and porosity
Species, genotypes
Number of fractions of primary particles
Species numbers
Distribution of macro-, meso, and microDistribution of macro-, mesopores
and micro-organisms
Resilience
Degree of aggregate stability
Physiological tolerance
Disturbance
Dominance of stable and resistant aggregates Dominant resistant species
Source: TSBF et al., (2003)
In the research area, the dynamic nature of the soil micro-environments, their inaccessibility, and
lack of the capacity and instruments to recognize and monitor the impacts of these changes on
agricultural production, are the major impediments to the use of microbial technologies in
sustainable land management. However, the farmers understand that the continuous use of
inorganic fertilizers and herbicides to sustain the production have a negative impact on soil
quality and health in the long-run. The challenge for BGBD project is to make them understand
that manipulation of land resources through good management may create conditions favourable
for soil organisms whose activities enhance soil structure formation and stabilization. If the
farmers understand that enhanced structural formation results not only in improved nutrient and
water supplies, but also enhanced biodegradation of accumulated herbicides, then they will
perceive microbial technologies as an important component of sustainable agriculture.
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3.2

Hypothesis to be tested

Having conceptualized the interactions between human interventions and environment, there are
questions to be answered in creating the awareness on the role of BGBD in sustaining the
ecosystem functions. This includes the issue of what to be measured and monitored (Figure 2).
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Figure 2: Conceptualization of the impacts of human interventions on ecosystems
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3.3

Interactions between physiography, land use and management

Physiography dictates the rate of water movement into and through the soil surface due to slope
influence, while soil type determines how much soil materials will be removed depending on the
erodibility factor of the soil. Therefore characterization of the area in terms of physiography is an
essential component of BGBD study for improved ecosystem functions and stability. In this
area, volcanic footridges form a part of the lower slopes of Mount Kenya. They are the dominant
geomorphic features for window 1 and 2, characterized by an overall longitudinal slope of 5 to
15%. They are usually long (Plate 1), with very steep side slope, forming the narrow valleys. The
valley slopes go as far as 60%. The altitude of the volcanic footridges is about 1600 m above the
sea level. It is generally very steep (slopes going up to 80%). The soils are generally well drained
and extremely deep, clay loam to clay in places with humic acid top soils. The land use is mainly
tea and coffee. In this unit, there is relatively heavy use of agricultural inputs, with coffee taking
the highest followed by tea.

Plate 1: Volcanic footridges with tea and coffee
The interactions between surface conditions, steep side slopes of the ridges and erosion should
be clearly understood by the farmers, so that they can predict the consequences of a change in
land use. The tea leaves and surface mulch provides such a good cover that little physical
degradation through erosion is realized under tea. Where farmers grow coffee on the same
slopes, bench terraces have been constructed to check run-off. However, use of such land for
other purposes without appropriate conservation strategies usually results in severe land
degradation (Plate 2). Most farmers are uncertain of the relationships between soil erosion and
crop yields. However, they are aware of the declining trends in production, and they also
6

associate it with the decline in soil productivity. The land degradation problems become apparent
when the area under tea is converted to maize based systems, and when coffee is grown on very
steep slopes without bench terraces (Plates 4 and 5).

Plate 2: Severe land degradation with possibility of landslides
Plate 3 shows the same soil on the same physiographic unit but with different management
systems. Here, a combination of trees, hedgerows and napier grass has proved very effective in
protecting the soils against land degradation and creating suitable environment for the formation
and stabilization of soil structure by the soil organisms.

Plate 3: Good management protects the land against degradation
7

Farmers should understand and appreciate the processes involved in soil structural development,
the role of soil organisms, the influence of slope as well as management. On steep slopes, bench
terraces and hedgerow intercepts water and increase opportunity the time for infiltration. The
increased infiltrated water enhances water availability for plants and microbial processes, which
is further enhanced by the cover and root network of the napier grasss, tree and hedgerow. Lindel
et al., (1994) cite the processes and properties of soil fauna resulting from improved
environmental conditions, thereby improving soil structure (Table 2). Since these processes
determine the physico-chemical characteristics of microenvironments in which soil
microorganisms occur, they have significant influence on the interactions between ecosystem
structure and functions. Soil quality results from these interactions, and is defined as the capacity
of a soil to function, within ecosystem or land use boundary, to sustain biological productivity,
maintain environmental quality and promote plant and animal health.
Table 2: Properties of soil fauna improved by enhanced environmental conditions
Organisms/Processes
Properties enhancing soil quality
Organisms and populations
 Number and biomass
 Rates of growth, mortality and
reproduction
 Age distribution
 Behaviour, morphology and physiology
Biodiversity
 Species richness, dominance and
evenness
 Keystone species
Soil structure modification
 Burrowing and biopore formation
 Fecal deposition and soil aggregation
 Mixing and distribution of organic
matter
Decomposition
 Fragmentation of organic matter
 Mineralization of C and nutrients
Source: Lindel et al (1994)
The napier grass, trees and hedgerow have rooting characteristics that promote soil structure
formation by enhancing the processes indicated in Table 2. The spatial and temporal variations in
soil structure attributes due to dynamic nature of these processes constitute biophysical diversity
which can be correlated with biodiversity. Therefore, any research on the functional significance
of soil biota should involve detailed characterization of the experimental sites in terms of soil
structural attributes that determine soil quality. These include bulk density, porosity and pore
size distribution, soil respiration, soil moisture retention characteristics, hydraulic conductivity
and infiltration. These should be correlated with hydrological processes and water balance as
well as the ecosystems with which they interact at landscape level. Currently, there is limited
knowledge on the extent to which soil biota and the functions they perform are influenced by
land use and management and how these functions are related to soil quality, environmental
sustainability and agricultural production. This knowledge would help in understanding the
environment-agriculture interactions.
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Plate 4: Rill erosion taking place following land conversion from tea to maize

Plate 5: Severe land degradation on steep slopes under coffee without bench terraces
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Plateau is found mainly in window 1 and covers less than 10% of the area (Plate 6). Its eastern
boundary is very steep scarp, with slope varying from 25 to 70%. The northern and western
boundary is a gradual transition into the bottomlands and upland respectively. The altitude of the
plateau is about 1400 m above the sea level. It is flat to very gently sloping (the slopes, varying
between 0 and 5%). The soils are well drained, extremely deep, yellowish red to dark reddish
brown, clay loam to clay. The structure is week and when dry appears as dust for the top soil due
to high frequency of cultivation. The consistence is nearly loose when dry, friable when moist,
sticky plastic when moist. The land use is mainly maize and beans, whose production is
determined by the amount of chemical fertilizers used.

Plate 6: Plateau with maize and beans
In the plateau under maize based systems, the formation of soil aggregates is strongly affected by
the land use. The visible aggregates in plates 7 and 8, are associations of flocs of clay particles
with different grades and level of stability for the soil under fallow and maize based system
respectively.
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Plate 7: Fallow

Plate 8: Maize based

The relatively high degree and stability of aggregation in natural grassland and pasture are
attributed to the important role played by the roots. The extensive networks of the roots permeate
the soil and enmeshes soil aggregates and stabilizes them against external forces. Upon slight
pressures the peds still maintain their shape and distinctive lines of separation. Perennials have
also well formed structure with reasonably high durability. Annual cropping systems, on the
other hand hasten the decomposition of humus and the destruction of soil aggregates. Upon
slight pressure the aggregates either puddles or turns into dust.
The lower altitude highlands or lower level uplands are found mainly in window 1. The main
difference between uplands and ridges is that the former are generally round and not elongated
in longitudinal direction dimension; and have wider interfluves (Plate 9). The altitude of the
uplands is about 1200 m above the sea level. The general slope is undulating (slopes varying
between 5 and 75%). The soils are generally well drained, moderately deep to extremely deep,
brown to dark reddish brown, clay. The main land use is napier and coffee.

Plate 9: Uplands with mainly napier and coffee
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As is indicated in Plate 10, the soil structure under napier grass on the uplands are more stable
than those under maize based systems because of the extensive root network. According to Hillel
(1982), the extensive networks of the roots permeate the soil and enmesh the soil aggregates. The
roots exert pressure that compress the aggregates and create separation between them. Water
uptake by the roots causes differential dehydration, shrinkage, and the opening of numerous
small fissures that facilitates water movement into the soil profile. This enhances microbial
population within the soil, which similarly promotes aggregate formation. Soil microorganisms
bind the aggregates by adsorption, physical entanglement and cementation by excreted
mucilaginous products.

Plate 10: Adhesive networks of roots under napier grass
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The bottomlands are concave depressions and valley bottom (Plate 11), with slopes varying from
0 –2%. The altitude of the bottomland is about 1100 m above the sea level. The slope is flat to
very gently sloping (slopes 0-1%). The soils are moderately drained to poorly drained, extremely
deep, dark reddish brown to very dark brown, clay. Accumulation of nutrients and chemicals
from higher slopes with heavy applications of agricultural inputs is a threat to soil and water
quality. The main land use is mixed and horticultural cropping.

Plate 11: Bottomlands with mainly horticultural crops
4

The soils

4.1

Characteristics of soils in different mapping units

The first entry in soil classification is physiography, followed by geology denoted by symbols as
follows (KSS Staff, 1987):
R – Volcanic footridges
L – Plateau
U – Uplands
B – Bottomlands
The geology is denoted by the symbol I, meaning phonolite
Numbers 1 and 2 denotes differences in soil characteristics (Appendix 1).
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4.2

Description of soil profiles per soil mapping units

The description of soil profiles under different soil mapping unit is given in Table 3. Most of the
soils are friable when moist and sticky and plastic when wet with very high workability. Land
use has an important role in the formation and maintenance of soil structure. The soil structure
under napier, tea and fallow are relatively well formed with relatively stable aggregates, while
those under maize and coffee are weak and massive, breaking into dust. When wet, these soils
become puddled with reduced water permeability. This is due to intensive and high frequency of
cultivation, particularly in maize-based systems.
Table 3: Soil mapping unit description
Profile No
1

Mapping
unit
RIr1

Main land
use types
Napier

2

RIr2

Tea

3

RIr3

Fallow/grass

4

LIr

Maize

5

UIr

Coffee and
napier

Profile description
Dusky red; clay; moderately strong to very
strong subangular blocky structure with
clear points of cleavage. The consistence is
very friable when moist, sticky and plastic
when wet, with very high workability.
Red to dark reddish brown with humic acid
topsoils; clay loam to clay; moderately
strong, fine crumbs in topsoils and
subangular blocky structure in the subsoils;
very friable when moist, sticky and plastic
when wet with very high rooting density.
Dark reddish brown; clay loam to clay;
weak to moderately strong fine crumbs in
the topsoils and moderately strong
subangular blocky structure in the subsoils;
in places rocky, stony, shallow to
moderately deep..
Dusky red to red; clay; the structure of the
topsoil is weak and when dry breaks into
dust.
Red; clay; massive, breaking into weak fine
angular structure; very friable when moist,
sticky and plastic when wet.

Profile
classification
Rhodic Nitisols

Humic Nitisol

Haplic Acrisols

Rhodic Nitisols

Rhodic Nitisols

The soil profile in each of the soil mapping units in Table 3 was described and sampled up to the
depth of more than one metre for laboratory analysis for detailed characterization of the profiles.
Generally, the variations in chemical characteristics between different profiles are very narrow.
This means that all the soil mapping units require more or less management approaches,
particularly with regards to soil pH and organic carbon. Except for the profile 1, the pH is
extremely low, that could result into adverse nutrient imbalances and low availability to crops.
The cation exchange capacity and organic carbon are very low for the entire soil depths of all the
profiles. Based on the results given in Table 4, the current suitability of these soils for crops is
very low. Specific amendment requirements are to be established by detailed analysis of the
fertility status of soils under different land use systems as well as the potentials for improving
their productivity using belowground biodiversity and the existing management options used by
the farmers or developed from various research institutions.
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As baseline, the belowground biodiversity counts around each of the soil profiles can be regressed against each of the soil profile
characteristics to establish their relationships.
Table 4: Chemical characteristics of the soils for different soil profiles
Chemical
characteristics at the
given depths in cm
% Sand
% Silt
% Clay
Texture class
pH–Water 1:2.5
suspension
EC Ms/cm
C%
Cation Exchange
Capacity (CEC)
Exchangeable cations
Ca
Mg
K
Na
Sum
Base saturation %

Profile No 1

Profile No 2

Profile No 3

Profile No 4

Profile No 5

0-5

5-17

17-34

34-130

0-20

20-77

77-137

0-45

45-117

0-30

30-47

0-73

73-160

26
8
66
C
5.2

16
18
66
C
5.3

8
16
76
C
5.6

8
12
80
C
5.7

12
12
76
C
3.3

4
12
84
C
3.5

6
6
88
C
3.7

20
14
66
C
3.3

14
18
68
C
3.4

40
34
26
C
3.9

28
26
46
C
4.0

12
20
68
C
3.4

10
10
80
C
3.5

0.09
1.83
13.19

0.06
2.49
14.72

0.06
1.58
11.41

0.07
1.06
11.78

0.05
2.13
13.29

0.02
1.24
11.32

0.01
0.86
14.41

0.06
3.01
15.42

0.05
2.38
12.48

0.03
3.07
17.05

0.05
3.54
17.22

0.05
2.48
13.85

0.04
1.65
13.55

8.12
0.87
1.08
1.20
11.27
85.4

10.25
1.14
1.02
1.10
13.51
91.8

5.27
0.83
1.08
1.10
8.28
72.6

3.96
1.24
1.08
1.20
7.48
63.5

0.80
0.14
0.56
0.65
2.15
16.2

1.16
0.18
0.20
1.40
2.94
26.0

Me/100g
1.11
0.26
0.20
1.40
2.97
20.6

0.27
0.09
0.14
0.55
1.05
6.81

0.17
0.08
0.22
0.65
1.12
8.97

1.59
0.11
0.28
0.90
2.88
16.9

0.83
0.15
0.44
1.40
2.82
16.4

0.83
0.17
0.50
0.75
2.25
16.37

0.39
0.10
0.46
0.85
1.80
13.3
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4.3

Soil quality and health: Implications on soil fertility

The magnitude of soil pH belw the
threshold value

The soil attributes considered are nitrogen, organic carbon and phosphorous, whose availability
is determined by the interaction between the soil micro-organisms and fertility attributes such as
pH and acidity. Figures 3 – 7, indicate the soil fertility attributes in relation to the optimum
levels or threshold values under different land use types. In Figure 3, the pH is lower than the
threshold value of 5.5-6.0 for all the seven land use systems. This relates to high acidity above
the threshold of 0.2.
0
-0.2

Coffe

Maize

Napier

Tea

Fallow

P.Forest

N.Forest

-0.4
-0.6
-0.8
-1
-1.2
-1.4
-1.6
-1.8
Land use systems

Figure 3: Soil pH under different land use systems
Low pH and high acidity could impair the microbial activities leading to low rate of
decomposition. Therefore, although organic carbon levels are far much higher than the minimum
level required for plant growth (Figure 5), its mineralization into available nutrients may be
inhibited by the toxic soil environments created by low pH and high acidity, whose threshold
values are 5.0 and 0.2 respectively. These are the values targeted by management to ensure
sustainable ecosystem functions.
The magnitude of acidity above
the threshold value

3
2.5
2
1.5
1
0.5
0
Coffee

Maize

Napier

Tea

Fallow

Land use systems

Figure 4: Acidity in different land use systems
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P.Forest N.Forest

The magnitude of carbon above
the threshold value

6
5
4
3
2
1
0
Coffee

Maize

Napier

Tea

Fallow

P.Forest

N.Forest

Land use systems

Figure 5: Organic carbon under different land use systems

The magnitude of nitrogen above
the threshold value in %

Total quantity of organic matter or carbon in the soil is not enough to explain its role in
sustaining soil fertility. TSBF (1984) stresses the importance of separating the organic matter
into functional pools each of which playing a particular role in nutrient release, cation exchange
and soil aggregation. The degree of aggregation in turn, influences the distribution, storage and
release of both nutrients and water, which form the most important ecosystem services. These
services vary from one ecosystem to the other. In Figure 10, the highest level of carbon is found
in the forest ecosystem. In the cultivated area, it is highest in maize based system.
The nitrogen levels are above the critical limits with values varying from one land use system to
the other (Figure 6).
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
Coffee

Maize

Napier

Fallow

Tea

P.Forest

Land use systems

Figure 6: The level of nitrogen in different land use systems
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N.Forest

According to Gicheru and Gachimbi (2005), these levels are classified as medium to very high,
and yet land use intensity index (Figure 3), shows continuous application of N-fertilizers to
sustain the production. In addition, many farmers have expressed concern that the crop
production in many farms no longer respond to the fertilizer application. Martin Alexander
(1977) found that the bulk of nitrogenous materials found in the soil or added in form of plant
residues is organic, and hence largely unavailable until they are converted into inorganic forms.
The conversion of N to mobile inorganic state is achieved by microorganisms through
mineralization processes that depend on the dimensions and characteristics of the physicochemical situations in which the soil organisms occur. These factors could be basis of evaluating
the variations in the total and available nitrogen in different ecosystems as shown in Figure 11.
In this case, the highest level of total nitrogen is found in the forest ecosystems. In the cultivated
area, the highest level is found in fallow, followed closely by maize, tea, coffee and napier in the
order of the magnitude.
The P level and its availability in the soil for plants also depend on the interactions between the
microorganisms and the environmental variable including the above biodiversity. The level of P
is lowest in coffee and highest in forest ecosystems. This explains the continuous application of
P fertilizers by the farmers. The main issue is whether the correct type and quantity are applied
that meets the soil and crop requirements.
P levels are lower than the threshold value with the magnitude that varies with different land use
systems (Figure 7).
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Figure 7: The levels of P in different land use systems
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5

Linking soils and BGBD with farmers’ perceptions

Soil is a natural body that supports plant growth. Different plant species form above ground
biodiversity, growing on different soils. Different soils are developed in various physiographic
units such as volcanic footridges, uplands, plateaus and valley bottoms. The soil has
characteristics that constitute its quality. It is this quality that measures its capacity to maintain
agricultural production and environmental quality. Environmental quality is maintained by a
healthy soil. A healthy soil is a soil whose characteristics have not yet deteriorated to an extent
that they make the environment toxic to the plants. Toxic environment results in poor plant
growth and sometimes even resulting in the death of the plants altogether. When the plants die or
perform poorly, the soil organisms or belowground biodiversity also die because they depend on
the leaves and roots of the plants for their survival. Death of soil organisms or belowground
biodiversity will cause reduction in soil fertility. This is because these organisms convert the
nutrients from the plant leaves, roots and soil into a form in which they can be consumed by the
plants. The soil organisms also influence plant health through the interaction of pathogens and
pests with their natural predators and parasites. Many farmers, extension workers, scientists,
even the policy makers are not aware of the existence of the organisms and the role they play in
maintaining the environmental quality and productivity. They are not even aware that these
organisms are dying at a very high rate and the cost the farmers have to bare as a consequence of
their death. The BGBD project intends to create that awareness. Awareness by the farmers that
the soil organisms die because soil health, environmental quality and productivity have
deteriorated is required. The death of the organisms result into the further loss of soil
productivity, increased incidences of plant diseases and the decline in plant performance and
biomass production. There is, therefore, a link between soil organisms, plant and soil, which all
the land users must appreciate in order to use land to satisfy their needs to day and in future.
5.1

Correlation between land use intensity and soil quality

Sometimes back, when the productivity declined to a level of no return, farmers left their fields
fallow for fertility regeneration. But because of increasing population and growing shortage of
land suitable for agriculture, this practice is no longer possible. This leads to intensive
agriculture, which is characterized by the increased:
• Use of inorganic fertilizers and chemicals for control of pests and diseases
• Frequency of fertilizer application
• Frequency of cultivation
• Cropping per unit area without considering the suitability of soil for them
As agricultural intensity increases, aboveground biodiversity is reduced to monoculture with an
intension of increasing economic efficiency. These impacts negatively on belowground
biodiversity by lowering the biological capacity of the ecosystem for self-regulation. This leads
to further need for use of agro-chemical to sustain the production that meets market demands e.g.
tea. The sustainability of the system thus comes to depend on external and market related factors
rather than internal biological resources. Such systems are delicate and prone to degradation.
When land becomes severely degraded, it not only loses its capacity to support plant growth, but
also its response to fertilizer application. If the land is degraded so much that it no longer
responds to fertilizer, many farmers would encroach the forest ecosystems and fragile land to
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convert them into agricultural areas. This normally leads into severe land degradation (Plate 1) if
appropriate conservation strategies are not put in place to enhance physical, biological and
chemical processes that sustain the ecosystem stability and services.
To reverse these undesirable trends require not only scientific and technological interventions,
but an understanding of cause and effects relationships. In these relationships, the farmers’
knowledge of spatial patterns of plant species and their characteristics are required as well as an
understanding of how the interactions between these characteristics and soil fauna influence soil
quality and health. In this respect, the farmers’ perceptions form integral aspects of BGBD
management and conservation for improved agricultural production and sustainable ecosystem
management.

Land use types
Figure 8: Land use intensity index across different land use types
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The BGBD project strategy is to integrate scientific assessment of the quality of land resources
with the farmers’ knowledge of biodiversity in order to formulate appropriate technological
interventions, which sustain the productivity across land use mosaics and intensification
gradients. The intensification gradients are examined from forest ecosystems to maize based
systems (Figure 8). For detailed determination of land use intensity, see Appendix 2. In order to
appreciate the impacts of land use intensification on BGBD, land use intensity indices for a range
of land uses haves been developed and correlated with soil quality and health attributes on which
BGBD depends. These correlative approaches facilitate the quantification of the causal
relationships between the composition, diversity and abundance of soil organisms with soil
fertility and associated crop production.

As is shown in Figure 8, land use intensity increases from forest to maize based systems. These
changes can be correlated to organic carbon, one of the principle soil health and quality
indicators (Figure 9) and BGBD in order to establish their impacts.
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Figure 9: The relationship between land use intensity and organic carbon
Analysis of the interactions between plants, soils and belowground biodiversity through these
correlative approaches is not only important for demonstrating to the farmers the role of BGBD
in enhancing the ecosystem health and productivity, but also providing the basis for identifying
the BGBD loss indicators.
5.2

BGBD loss indicators: Linkages between management, ecosystem functions and soil
fertility

Land conversion and intensification are a significant cause of biodiversity loss, including that of
BGBD, with consequent negative effects on the environment and the sustainability of
agricultural production. The assessment of the loss in biodiversity requires identification of
BGBD loss indicators. BGBD loss indicators are also the environmental quality indicators. An
environmental quality indicator is defined as a plant or soil organism that is so associated with a
particular environmental condition that the presence or absence of such condition means its
presence or absence. Plant and soil organisms are ecologically linked since they all depend on
soil. The quality and health of the soil on which plants and soil organisms depend is maintained
by the interactions between the above and belowground biodiversity. Plants and soil biota
influence each other as engineers, as providers of nutritional resources and as direct interactors
(Figure 10). The engineers are organisms that modulate the flux of resources to other organisms
through physical modification of the environment. Providers of nutritional resources modify the
availability mineral nutrients to other organisms by their metabolic activities. Direct interactors
are organisms that affect each other in mutualistic or antagonistic relationships. The soil fertility
status is a consequence of these interactions. The farmers’ perception of soil fertility in the
research area is based on how well crops grow and yield. It is also a common understanding
among the farmers that the impacts of soil fertility on plant growth are explained in terms of the
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provision of nutrients and water, with some understanding of how these are influenced by the
soil organisms. Because of this understanding the farmers apply fertilizers and some times water
through supplementary irrigation in order to attain the desired yields. If the farmers understood
that nutrient and water availability can be enhanced by the ecosystem functions through adoption
of management practices that support soil organisms, then they would go for these practices,
particularly if they are cheaper than methods they are currently using for fertility management.
The difference in opportunity costs of the two approaches measures the value of ecosystem
services (nutrient and water availability) derived from soil organisms.

Conservation and sustainable management of Belowground
biodiversity
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Figure 10:

Linkages between management, ecosystem functions and agricultural
productivity
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The challenge or task for BGBD project scientists is to explain to the farmers that the above- and
belowground biodiversity are critical for the biogeochemical cycles that sustain the ecosystem.
Therefore, the ecosystem services utilized and valued by the society are the transformations of
these natural processes into resources that contribute to what ecosystem does. The important
question that farmers are required to answer is: Do these processes become a service to them
only when they reduce constraints to crop production? It should be clear to the farmers that
these processes should be a service to them also when they result into the creation of
environment suitable for the survival of above- and belowground biodiversity. The questions
posed by Hooper et al. (2000) can contribute to this understanding. These are follows:
• Where there is positive correlation among aboveground and belowground biota, what are
the ecological linkages by which aboveground biodiversity affects belowground
biodiversity?
• Do key species or functional groups above or below the soil surface contribute to
maintaining high biodiversity on the other side of the surface?
Hooper et al. (2000) cite three primary categories of mechanisms by which organisms in one
compartment can affect biodiversity in the other (Table 5).
Table 5:

The mechanisms of correlation between aboveground and belowground
biodiversity
Categories of mechanisms
Mode of correlation
Remarks
Obligate or selective
An aboveground organism (plant) These linkages could be
interactions, i.e. One-to-one
is so tightly linked to a certain
used to identify BGBD
linkages
belowground organism that loss of loss indicators, which can
one guarantees loss of the other.
easily be monitored by the
farmers, particularly if
Asymmetric interactions or
The effects of a single species or
they understand the
one-to-many linkages
functional group could influence
many functional groups or species implications of these
relationships on ecosystem
in the other compartment.
functions, from which
Many-to-many linkages
Diversity in one compartment
they derive services such
causes diversity in the other, so
as nutrients and water for
that biotic richness is correlated
their crops.
between aboveground and
belowground compartment.
Source: Hooper et al. (2000)
Once the farmers understand the mechanisms of these ecological linkages and their
consequences on the soil productivity, on which they depend for livelihood, they will be able to
predict what will happen when they change their land use patterns and management. However,
they need also to appreciate the interactions between land use and external factors such as
climate and physiography. This is because the interactions between land use (for which they
have control) and physiography also influence the functions of soil organisms, depending on the
amount and intensity of rainfall.
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6

Management problems

6.1

Problems related to nutrient availability

One of the objectives of the site characterization was to identify soil-related constraints to
sustainable agriculture as a basis of formulating the appropriate management strategies and
demonstrating the use of soil organisms in conserving the environment, improving the ecosystem
health and enhancing agricultural productivity. In the research area, soil quality, health and
productivity are low due to low pH and high acidity, hence aluminium toxicity. In order to
identify the appropriate management techniques, the cause of soil acidification must be
established through the integrated analysis of soil structure attributes (physical properties), the
chemical characteristics and biogeochemical cycles that sustain the ecosystem productivity.
According to IBSRAM (1985), low pH and high exchangeable aluminium are associated with
leaching, where soil is depleted of many exchangeable bases, thus making hydrogen and
aluminium ions dominate the exchangeable sites. In the research area about 12% of the sampling
points had evidence of leaching of the bases and nitrogen (Figure 11).
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Figure 11: Levels of nutrients in different soil depths
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6.2

Problems related to soil structure

The increasing levels of nutrients with the soil depth, indicated in Figure 13, has been taken as
evidence of the movement of nutrients from the topsoil into the subsoil. There are two ways by
which nutrients move down the soil profile to the depths beyond the root zones, namely leaching
and by-pass flow. The concept of leaching is applicable if the solute (e.g. nitrate, ammonium,
calcium and potassium ions) moves in water through soil matrix to the lower horizon (Terry &
McCants, 1973). In contrast, bypass flow concept holds in situations where solute and water
circumvent the soil matrix and move down the profile through preferential paths such as
macropores, moleholes, wormholes, root channels and cracks (Bauma et al., 1981). It has been
reported (Sigunga, 1997) that macropores or preferential flow paths facilitate rapid movement of
solute with water down the soil profiles beyond the reach of plant roots. This often leads to
losses of not only applied fertilizer nitrogen , but also mineralised nitrogen in the soil systems.
These losses may be minimized by choosing the right tillage method. Conventional tillage
destroys the structure of surface soils, mixing the plough layers and covering the macropores. In
contrast, no-til has more continuous macropores directly from the soil surface (Andrieni &
Steenhuis, 1990). This can be explained by the increased soil structure stability under no-til
conditions. Increased aggregate stability may also result from the use of surface residues or
mulch (Gicheru, 2002). Several studies have reported strong correlations between fungal growth
and initial rise in aggregate stability (Karolien et al., 2001). According to their findings, fungal
growth is enhanced in the presence of fresh residues and in the absence of soil disruptive forces.
Increased fungal hyphal length and the concomitant increased deposition of extracellular
polysaccharides contribute to macro aggregate formation. These processes result in the formation
of soil fabric that dictates the size distribution and spatial arrangement of solids and voids that
together govern the water movement and gas exchange (Metting, 1990). These soil structure
attributes vary with different land use and management (Figure 14).
Low total porosity and air-filled pores in maize could be explained by the frequent and
continuous cultivation, resulting in the degradation of humic cements that bind the soil
aggregates and stabilize the pores. Since these binding substances are transitory, organic matter
must be replenished and supplied continually if aggregate stability is to be maintained in the
long-run. Continuous cultivation, land conversion and use of high level of inorganic rather than
organic inputs are unlikely to maintain the stable aggregates and pores on the long-run.

Soil structure deterioration takes place under continuous cultivation and unprotected steep
slopes. The continuous cultivation has a tendency of pulverizing the soil, thereby rendering the
soil aggregates to degrade into dust. Under moist conditions such soil exhibit paddled outlook.
(See plates 11 and 12).
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Plate 12: Structure
before cultivation

Plate 13: Soil
structure after
cultivation

The land degradation is common in areas where land conversion takes place from tea to maizebased system. The magnitude of the change is measured by soil structure attributes, effect the
microbial life, water and nutrient availability. These are total porosity, water retention pores and
air-porosity. Since the variation in these attributes depends to some extent on land use (Figure
12) the BGBD counts should be regressed against the changes in all soil structure attributes
including solute and water transport described by the existing hydrology.
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7

Management options

The existing management options are examined with a view of improving soil structure and
fertility. This will not only enhance soil productivity but also ecosystem health, hence increased
biodiversity. The options identified are those, which have been tested and reported successful in
soils with similar management problems (those in BGBD benchmark sites). These options may
be replicable in BGBD sites since their selection is based on the integrated analysis of
biophysical and socio-economic factors of the research site. Therefore, they have reasonable
potential in agronomic, economic and social terms.
7.1

Management of soil structure

Management systems that aim at improved soil structure are desirable so that appropriate balance
between water retention pores, air-filled porosity and by-pass flow pores is maintained. Hynes
and Swift (1990) have highlighted the role of BGBD in modifying soil structure through the
formation of humic polymers, soil polysaccharides and adhesive networks of fungal hyphae and
fine roots. Since organic carbon is central in these processes, investigation of the role of soil
aggregate turnover in controlling the amount and dynamics of organic matter in the soil, and
quantification of the reciprocal effects on organic matter decomposition should form an integral
part of the management practices aimed at improving soil structure.
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Effects of tillage and soil management practices on water retention and movement, investigated
on a Dystric Plinthisol in eastern Kenya, gave positive results on soil structure improvement.
There was increase in infiltration rates following the application of different soil management
practices and was significantly higher (P<0.0001) in minimum tilled plots with manure and
surface mulch. Manured and surface mulched plots with minimum tillage had higher infiltration
rates (9.5 cm/hr and 8.9 cm/hr respectively) and deeper water percolation (18.6 and 14 cm/hr
respectively) than in other treatments (Gicheru and Muya, 2003). However, the solute transport
through different pores, leaching of nutrients beyond rooting zones, and their influence on soil
pH under different tillage and soil management treatments need to be further investigated.
7.2

Management of soil fertility

7.2.1

Nutrient gap and the crop uptake

Viswakarma (2003) observed that there is a gap of nutrients (NPK) between nutrient removal
and nutrient additions. In this regards, need to match the nutrient removal and additions is
emphasized. In the research area, farmers apply mainly inorganic fertilizers to sustain the
production. The sustainability of such systems comes to depend on the external factors rather
than internal biological resources. Therefore, improvement of the efficiency of nutrient cycling
and supply through activity of soil fauna and integrated fertility management are required for
improved crop production. In the research area, N, P and Ca fertilizers are commonly applied
without information on crop and soil needs. Efficient use of the fertilizers should start from
knowledge of the crop uptake of these fertilizers in relation to yields (Table 6).
Table 6: Average crop nutrient uptake
Crop
Yield (Kg/ha)
P2O5
Tea
2,500
25
Coffee
2,000
27
Maize
6,000
27
Potatoes
40,000
36
Cabbages
50,000
63
Beans
2,400
23
Banana
24,000
52
Onion
35,000
52
Source: Vishwakara (2003)

N
125
150
120
13
145
95
91
12

Ca
33
33
43
20
35
12
210
8

Before deciding on the quantity of a given fertilizer, the soils should be well characterized so that
their potentials and limitations for the envisaged crops are known. In the research area, low pH,
and aluminium toxicity may significantly reduce crop response to the applied fertilizers, unless
appropriate strategy is put in place along with the recommended fertilizers (Appendix 3).
7.2.2

Alleviating soil acidity problems

An integrated acidity management strategy needs to be developed to provide solutions that will
minimize the causes of acidity and treat its effects within the socio-economic constraints of small
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scale farmers. This involves integrating the analysis of the causes of acidity with both chemical
and biological amendments.
7.2.2.1 Causes of acidity and its effects on biological productivity
According to Wong et al. (2004), soil acid production is linked with the cycling of N, C, and to
some extent sulphur (Box 2). The input of protons causes the soil ph to decrease with an amount
that depends on both the amount of protons produced from nutrient and carbon cycling and the
buffer capacity of soil. The soil buffer capacity is the capacity of soil to resist pH change. The
buffering reactions include adsorption of protons by variable charge sites on soil mineral and
organic matter surfaces and dissociations of carbonates and oxides. Sustainable management of
an agro-ecosystem should aim at balancing the inputs of acid with additions of alkalinity from
both internal and external sources. The external sources of alkalinity are lime and organic matter
additions. In low-external input system, mineral weathering and the uptake of dissolved nutrients
by deep rooted trees help balance acid additions. In natural agro-ecosystems such as natural
forest, acidification should be minimal because there is less removal of biomass in form of
harvested products. In agro-ecosystems, net losses of nutrients and acid neutralizing capacity
(ANC) losses cannot be avoided as they result from the harvested products. In such a case, the
sum of nutrient and ANC from the products removed, leaching and erosion exceeds additions
from atmosphere and weathering. The aim of management is to balance the nutrient and ANC
losses with the inputs from management.
Intense leaching of exchangeable bases result in increased hydrogen and aluminium ions on
exchangeable sites, hence increased phosphate fixing capacity, causing reduced P availability. In
addition, the toxic environment created by low pH and acidity, not only affects root growth, but
also soil organisms that enhance the nutrient availability to plants. According to Dilworth
findings (1998), Medics (pasture legumes) showed little tolerance for acid soils, which
predominate in the eastern wheat belt of west Australia. This is because most of the root nodule
bacteria necessary to modulated the legumes die from acid. They become more sensitive to
heavy metals under acid conditions, and this could be reversed by the addition of calcium.
Aluminium toxicity decreases the efficiency with which plant nutrients and water are used by
interfering with the growth and physiological functions of roots. These conditions may also
affect mycorrhiza, whose optimum pH limit is 5.5 (Alexander, 1977). Mycorrhiza control the
evolution of roots and many crops cannot take up sufficient P from low-P soils unless their roots
become infected with efficient strains of mycorrhiza. These fungi form extensive system of
external hyphae through which they absorb P from soil solution. Although the role of mycorrhiza
fungi in improving nutrient uptake and plant growth in soils with low pH has been well
established, strongly acid conditions may inhibit their activities and impair their symbiotic
relationships with plants. (IBSRAM, 1985).
Increased plant response to applied P in the presence of lime has been reported in many
experiments, the results being attributed to reduced P fixation at increased pH values and greater
P availability. It has also been suggested that liming enhances the availability of native P as a
result of increased mineralization of organic matter due to creation of better conditions for
microbial processes (Lathwell, 1979). An adverse effect of lime on P availability has also been
reported (Stoop, 1983), suggesting that the presence of calcium ions in liming materials
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counteracts the effect of increased pH due to formation of calcium phosphates. The discrepancies
between these findings show that not enough is known about phosphorous fertilizer reactions in
highly in strongly leached soils and lime interactions. More research is required for the
assessment of the role of lime on increased efficiency of P fertilizers (IBSRAM, 1985).
Box 2 Causes of acidity
Acidification associated with N cycling is an important source of proton input, and occurs as
a result of both plant and soil processes. These processes have been reviewed by Bolan et al.
(1991) with regard to legume-based farming systems, and by Helyar and Porter (1989) with
regard to calculating the proton fluxes associated with farming systems in general. The main
proton flux associated with plant processes result from the uptake of ammonium (NH4+),
nitrate (No3-) and, N2 – fixing plants, N2. The uptake of ionic forms of N, in excess of the
accompanying counter ion charge, result in a release of proton or hydroxyl ions. For example,
uptake of ammonium ions results in the release of 1 mol H+ per mole of NH4+. The resulting
NH3 ions are assimilated in order to produce amino acids in plants. Measurement of the
amount by which base cations are in excess of anions in the plant tissues gives the amount of
acidity generated in the rhizosphere (Bolan et al., 1991). Acidification of rhizosphere is not
neutralized if the organic matter is allowed to accumulate as plant biomass or soil organic
matter, or if it is exported as harvested products from the site of production.

7.2.2.2 Remedial measures: chemical and biological approaches
Liming with inorganic materials
Lime is traditionally used to neutralize soil acidity: high rates of applications ranging from 1 to 5
t/ha are usually needed every few years. However, liming cannot be the sole method used to
solve soil acidity problems in many developing countries because of income of the low value of
farm produce in relation to the cost of liming. Therefore, an integrated approach is required,
involving chemical and biological liming.
Liming with organic materials
In using organic liming materials, several mechanisms contribute to an increase in pH. An initial
rapid increases may occur due to complexation of protons by organic anions.
7.3

Improvement of nitrogen supply

A study conducted on acid soils with low nitrogen and phosphorous, on the use of inoculants,
indicated that Caliandra calothyrus had 44 – 68% nitrogen derived from fixation. Other studies
carried out using various tree legume and shrub in Maseno gave indicative nitrogen fixation
values of: Crotalaria grahamiana (62), Crotalaria paulina (57%), Giliricidia sepium (73%),
Macroptilium atropurpureum (54%), Sesbania sesban (71%) and Tepphrosia candida (85%)
(Ode and Machua, 204). All these tested Caliandra strains nodulated the common bean variety,
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Wairimu. However, the study did not indicate the pH, phosphorus and potassium level at which
this nodulation took place. Martin Alexander (1977) reported these as the major environmental
factors governing the nitrogen fixation, and for Embu benchmark site, they could be limiting due
to low availability. He also pointed out that the growth of legume is also governed by soil
acidity, and yield, nitrogen content, and nodulation of legumes often respond markedly to liming.
The sensitivity to pH is considered in terms of its effects on the microsymbiont and on the
symbiotic interaction of the two. In addition, inhibition in acid soil is caused by toxicity. The
toxicity resulting from iron or aluminium is most pronounced at low pH and may be the cause of
poor legume stands. There is some evidence that calcium deficiency increases the effects of
acidity on nitrogen fixation, and insufficient calcium may decrease crop yields and diminish
nodule weights. Therefore, this deficiency needs to be corrected. A study conducted by Kenya
Soil Survey in collaboration with Athi River Mining Company in soils with similar
characteristics as Embu benchmark sites, yielded positive results with Dolmax. Dolmax is a
natural calcium magnesium fertilizer manufactured by Athi River Mining Company. With
scientifically balanced physical and chemical characteristics, it releases nutrients while, at the
same time, neutralizes soil acidity.
Wanjiku (2003) pointed out that nitrogen fixing legumes have great potential for increasing and
maintaining soil fertility in forest and cropping system. She also indicated the fate of N fixed. Of
the total N fixed only 16% was accumulated in the biomass. A large proprtion of the N fixed
could not be accounted for in the materials tested. Much of the fixed N was probably lost through
leaching in the free draining soil. In such ecosystem, it is important to retain the fixed N by
introducing a companion crop that is capable of storing the fixed N and improving the balance
between the water retention pores and freely draining porosity through proper structural
management.
A study carried out by Gichangi et al. (2003) on manure clearly demonstrated that efficient
cycling of nutrients within the low external input farming systems can be improved by
minimizing nutrient losses from the systems for long-term sustainability. This study made a big
stride on the current practices. The current practices are inefficient and major nutrient losses
occur during manure storage. As much as 40% of the total N is lost where the manure is heaped
outside the bomas and exposed to heat and rain. As farms intensify and become smaller through
subdivision, the need to enhance the nutrient turnover becomes more important. The current
systems can be improved by arresting nutrient losses from animal manures during storage and
field application.This is done by improving the recovery of urinary N, using bedding materials
such as sawdust, maize stover and other organic materials with high C:N ratios that would absorb
urine and temporally immobilise N. The common practice in the agricultural area is to burn these
wastes (e.g. maize stover and sawdust) while coffee pulp is left to rot on factory grounds, while
small amounts are used as coffee mulch. Mixing these organic agro-wastes with stored manure is
an economical and environmentally acceptable practice of managing plant nutrient release
patterns. Another strategy is to improve the handling and storage of manure through composting
to stabilize N in organic forms that are less susceptible to losses.
A study carried by Wanyoko and Otieno (2003) in old tea area to investigate the effect of liming
and application of phosphatic fertilizer on growth and root nodulation of common bean. The
study found out that optimal growth of tea occurs on acid soils with pH of 5.0 – 5.6 (Brown,
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1966). After prolonged tea production with regular application of nitrogenous fertilizers,
essential for realization of high yields, soil acidity dropped to levels as low as 4.0 (Abruna et al.,
1992). Besides low soil pH, soils from such old tea fields characteristically have high contents of
exchangeable aluminium and manganese and low levels of calcium and magnesium (OwinoGerro and Othieno, 1992). Decline in production despite improved agronomic practices
characterize areas with very low pH. The research had positive results. It was found that lime
application raised the soil pH and also significantly (P=0.05) increased dry matter production and
nodule quantity. Phosphorous also increased dry matter production and nodule quantity
significantly (P=0.05).
Management systems resulting in increased soil pH could improve the microbial processes.
Sustainable management of acid soils should aim at balancing the inputs of acid with additions
of alkalinity from both internal and external sources. The external sources include lime and
organic matter additions, whereas the important internal source is mineral weathering. Therefore,
an appropriate combination of lime and organic matter as well as biogeochemical processes
taking place in the research area needs to be known. This includes quantification of the soil pH
buffer capacity as a basis of determining the lime requirement since acidification associated with
nitrogen cycling is an important source of proton, and occurs as a result of plant and soil
processes.
8

Conclusions and recommendations

8.1

Conclusions

1)

Embu benchmark site is a biodiversity hospot in which approximately 31% of species
have become extinct or are in danger of extinction.

2)

Significant land use intensity gradient exists across different land uses and
ecosystems.

3)

Window 1 and 2 are homogenous in terms of relief, geology and soils and can
therefore, be merged into one. Window 3 is different from the two windows mainly in
terms of altitude and soil characteristics.

4)

Land use and management have an impact on both physical and chemical
characteristics of soil, measured by the variations in pore size distribution, moisture
retention capacity and nutrient levels.

5)

All the soils have low fertility status due to low pH, high acidity and aluminium
toxicity.
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8.2

Recommendations
1)

A more detailed analysis of soil structure attributes and ecosystem processes in
relation to land use and vegetation be carried out at every BGBD sampling point to
enhance scientific knowledge on the extent to which BGBD and the functions they
perform are dependant upon above ground biota and vice versa.

2)

The management practices to alleviate the problem of low pH and low soil fertility
should include biological and plant-based approaches in combination with lime of the
right quantity to reduce pH to a level tolerable by microorganims. This should include
proper demonstration of the role of these organisms in improving soil structure and
soil quality and productivity.
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APPENDIX 2
Determination of land use intensity
One of the principle requirements of BGBD research is that the benchmark sites constitute an
area of landscape within which there are land use intensification gradients. Determination of
these gradients starts by establishing land use intensity of the area. This was done by defining the
important components of land use intensity and assigning equal value to each, such that they all
add up to unity (1.00) as is indicated in Table 7. The values were assigned on the assumption that
all the components have equal impacts on soil quality and BGBD.
Table 7: Components of land use intensity and their indicators
Forms of land use intensity
Increased use of inputs

Increased frequency of using
agricultural inputs
Increased cropping
Increased frequency of
cultivation

Indicators/Criteria
• Quantity of inorganic
inputs
• Quantity of organic inputs
• Frequency of application of
inputs
• Number of crops per unit
area
• Frequency of cultivation

Assigned values
0.25

0.25
0.25
0.25

Assigning values to the inputs
The value 0.25 was assigned to the highest level of inputs (Kg/ha) observed in the main land use
systems surveyed, namely: coffee, tea, maize-based systems, napier, fallow, planted forest and
indigenous forest. The highest level of inputs is applied in coffee at 5000 kg/ha. Therefore, the
value assigned to this is 0.25. Other land use systems are assigned a fraction of 0.25, in
proportion to the level of the highest input application in each (Table 8).
The input intensity index at any given sampling point was established through equation given
below:
Yi=(Xi/Maxi)*V
Where:
Yi
Xi
Maxi
Vi

=
=
=
=

Input intensity index of a specified land use
The total quantity of inputs applied to the specified land use in kg/ha
The highest level of input observed in the specified system in kg/ha
Maximum value assigned to the system (obtained from Table 7)
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Table 8: Major land use and the maximum values assigned for them
Land use

Inputs

Coffee

CAN>20
bags each
50 Kgs

Tea

Maize

Napier

Fallow
Planted
forest
Indigenous
forest

Total
quantity of
all the
applied
inputs in
Kg/ha
5000

DAP>20
bags each
50 kgs
Copper
spray>20
Kgs
Sulphur>50 2500
Kgs per 500
tea stems for
2500 stems
180

Remarks

Assigned values (V)

Coffee has the highest
level of inputs in the area.
The quantity of inputs
given here is obtained
from a farmer who is
known to be applying the
highest level of inputs in
the area.

0.250

Tea is second in terms of
the quantity of inputs
applied, and the values
given are the maximum
applied in tea.
Maize is third in terms of
the quantity of inputs
applied .

0.125

0.05

0.00
0.00
0.00

2 grams of
compound
fertilizer per
planting
hole
1Kg of
manure per
hole
O.00
0.00

Zero
Zero

Only organic input is
applied to the Napier
grass.
No inputs at all
No inputs at all

0.00

Zero

0

1000
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0.009

Assigning values to the frequency of input application, cropping density and cultivation
intensity

The highest frequency of input application observed in the area is 3 times per season. This is
assigned the value of 0.25.
Frequency of input application index is given as:
Yfi=(Xfi/3)*0.25
Where:
Yfi
=
Xfi
=

Frequency of application index for a given land use
The frequency of application of input per season in a given field

The maximum number of crops in the area is taken as 10 per ha, and this is assigned a value of
0.25. The cropping intensity index is given as follows:
ci=(Xci/10)*0.25
Where:
Yci
Xci

=
=

Cropping intensity index in a given plot or field
The number of crop per ha in that particular field

The highest frequency of cultivation in the benchmark site is: ploughing or digging the fields,
harrowing, planting and weeding per season. The value assigned to this is 0.25, and most annual
crops in the area have this value. For perennial crop, arbitrary value is given as 10% of 0.25. The
cultivation frequency is given by the symbol CI, and it is determined by whether the land use is
annual or perennial at a given point.
Calculation of land use intensity index (LUI)
Land use intensity index of a given land use systems is the summation of the indices of input
application, frequency of input application, cultivation intensity and cropping density. This is
given by the following equation:
LUI=∑((Xi/Maxi)*Vi)) + (Xfi/3)*0.25) + (Xci/10)*0.25 + CI).
The calculated land use intensity index was plotted against each of the main land use systems
and the magnitude of the difference in the intensity between different land use systems may be
used as a measure of land use intensification gradients of the benchmark area as is indicated in
Table 9.

38

Table 9: Land use intensification levels for the main land use systems
Land use

Coffee

Tea

Maize-based

Napier

Fallow

Window No.

2
2
1
1
1
1
2
2
2
2
2
3
3
2
2
2
1
1
2
2
1
1
1
1

Observation
No.

8
14
18
29
32
30
1
7
9
11
12
57
60
2
4
6
13
20
5
16
19
28
34
36
-

Farm
(ha)

0.8
1.625
0.5
0.1
0.3
0.8
1.6
0.4
0.2
0.4
0.3
0.6
0.8
0.4
0.001
0.001
0.6
0.3
0.05
0.05
0.05
0.05
0.05
0.05
-

size

Inputs
Quantity of
inorganic
inputs (Kg)

Quantity of
organic
inputs (kg)

528
205
100
20
0.01
Nil
350
350
100
100
250
650
600
20
0.001
0.001
50
25
Nil
Nil
Nil
Nil
Nil
Nil
-

Nil
Nil
Nil
Nil
Nil
800
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
20
20
20
20
20
20

Total
quantity of
inputs per
ha
660
126
200
200
0.03
1000
219
218
500
250
833
1083
750
50
1
1
83
83
400
400
400
400
400
400

Frequency
application

No. of crops

Cultivation
intensity

Intensity
index

1
1
1
1
1

Not seasonal

1
1
1
1
1
1
1
3
5
4
3
3
1

Not seasonal

0.1663
0.3063
0.1433
0.1433
0.0000
0.1833
0.2276
0.1433
0.1833
0.2416
0.2166
0.4083
0.2916
0.4942
0.3750
0.3500
0.3292
0.3292
0.0200
0.0200
0.0200
0.0200
0.0200
0.0200
0.0009

of

Once/season
3 times/season
Once/season
Once/season
Once/season
Once/season
2 times/season
Once/season
Once/season
2 times/season
Once/season
3 times/season
2 times/season
2 times/season
Once/season
Once/season
Once/season
Once/season
Once
when
planting

Digging,
planting and
weeding every
season
Once when
planting

Planted forest

0.0009

Indigenous
forest

0.0009

39

APPENDIX 3: The recommended inputs
Table 10: Fertility status and management inputs for soils of Embu BGBD benchmark soils
Fertility
attributes

Number of
sampling
points/farmers

%

26

Soil adequately supplied
with nitrogen

72

Apply 100 kg/ha CAN as
a top dress (when the crop
is knee high).

<0.20

53, 52, 51, 49, 47, 54,
55, 21, 22, 23, 24, 25,
41, 60, 10
50, 48, 46, 45, 43, 44,
42, 57, 58, 59, 1, 7, 9,
11, 12, 3, 6, 8, 14, 15,
24, 13, 16, 29, 30, 32,
18, 20, 27, 31, 35, 26,
33, 28, 36, 34, 37, 38,
39, 17, 19
56

2

>80

0

0

21-80

55, 21, 22, 41, 57, 60,
7, 51, 12, 35, 27, 28,
34, 36, 39, 57, 58, 7
13, 46, 47, 48, 49, 50,
52, 53, 43, 44, 54, 24,
25, 42, 56, 59, 1, 9, 11,
3, 6, 8, 14, 15, 2, 4, 10,
13, 16, 29, 30, 32, 18,
19, 27, 31, 26, 33, 37,
38, 17
45, 46, 47, 48, 49, 50,
51, 52, 53, 43, 44, 54,
55, 21, 22, 23, 24, 25,
41, 42, 56, 57, 58, 59,
60
1, 7, 11, 12, 3, 6, 8, 14,
15, 2, 4, 10, 13, 16,
29,30, 32, 18, 20, 27,
31, 35, 26, 28, 33, 34,
36, 37, 38, 39, 17, 19
0

30

Apply 150 kg/ha CAN as
a top dress
Soil is adequately supplied
with phosphorous.
Soil is adequately supplied

0
52, 55, 45, 44, 54, 20,
35, 36, 39

0
16

Range

Recommended

Management inputs
Farmers’ practices

Nitrogen
0.51-1.5

0.21-5.0

Phosphorous

<20

Organic
carbon

5.0-8.6

2.0-4.9

<2.0
pH

5.5-6.0
4.6-5.4

70

Apply 100 kg/ha TSP
during planting

44

Soil adequately supplied

56

Apply 2.5 t/ha of well
decomposed manure

0

Apply 10 t/ha of well
decomposed manure
No liming required
Apply organic matter and
non-acidic fertilizers like
CAN; apply 1500 kg/ha
agricultural lime, in areas
which are not meant for
tea.
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<4.5

46, 47, 48, 49, 50, 51,
53, 21, 22, 23, 24, 25,
41, 42, 56, 57, 58, 59,
60, 1, 7, 9, 11, 12, 3, 6,
8, 14, 15, 2, 4, 10, 13,
16, 29, 30, 32, 18, 26,
27, 28, 33, 34, 36, 37,
38

84

Same as above

From the Table, the following issues need to be addressed:
• Why is the level of nitrogen and carbon in the soil much higher than the critical level and
yet farmers still have to apply fertilizers to maintain the production?
• What makes phosphorous level so much lower than the critical level and yet there is high
level of organic matter that is expected to supply all the nutrients required by the plants?
• Can soil organisms help in enhancing nutrient supplies?
• Is there any specific requirements or conditions that must be met for the organisms to
sustain the ecosystem functions and services, and what are these conditions?
• What role is to be played by scientists, farmers and policy makers to meet these
conditions?
Acidification is caused by:




Accumulation of organic matter, which produces organic acids as it decomposes.
However, increasing the organic matter of a soil provides many benefits if accompanied
by liming to maintain appropriate pH levels that facilitates the microbial processes.
Addition of N to the soil via fertilizer or fixation of atmospheric N by leguminous plants,
both results in the production of nitrates, which can hydrolyze to nitrous or nitric acids
Removal of alkaline (bases or cations) in crops. The bases removed must be replaced by
the bases added to the soils through biogeomorphic processes. Therefore, intensive
cropping will result in a fall of soil pH over time. In alkaline soils this could have a
positive effects on production, but if soil pH is lower than 6, crop performance can be
reduced.

Factors affecting nutrient management decision are:





Soil type
Soil structure and depth
Soil pH
Nutrient status

Crop factors:
 Crop choice
 Production objectives, potential yields and production quality and gaps
Economic factors
 Fertilizer and application methods
 Price
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