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Preface

Tree planting in the drylands posses a big challenge to farmers in arid and semi-arid areas.
There is therefore need for better technical information to promote tree planting in water

deficient soils. This guideline was compiled based on the results of research activities jointly

conducted by Japan International Forestry Promotion and Cooperation Center (JIFPRO) and
Kenya Forestry Research Institute (KEFRI). The series of research activities, including
literature review as well as field studies, were conducted from the year 2009 to 2014 with the

support from the Forestry Agency of Japan.

This guideline demonstrates a better way of re-afforestation in arid and semi-arid areas

and the following sections items have been described in a comprehensive manner.

1) The relationship between water and forest (trees)
2) New method for the selection of potential distribution range of trees were introduced,

and a result of the trial were described

3) Typical technologies necessary for re-afforestation in arid and semiarid-area

4) Characteristics of 15 drought-tolerant tree species

This publication has been prepared as guideline for students and researchers.

We hope and trust that the guideline will be useful for students and researchers who are
involved in research activities on re-afforestation in arid and semi-arid lands.

Dr. Yoshikawa Ken

Professor

Okayama University

Okayama, 2014

Dr. Ben N. Chikamai

CEO, KEFRI

Nairobi, 2014
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Chapter 1. Introduction

In arid and semi-arid area, vegetation is prone to deterioration due to human activities

which lead to deforestation, land degradation and desertification that directly and indirectly

affects water resources Reforestation and afforestation in such regions will not only

contribute to natural environment conservation, but also to improvement of rural community

livelihood by production of building materials and fuel wood. Further, in the long term,

restoration of forest vegetation can improve soil properties contributing to the local water

balance by flood control in rainy season and mitigation of drought in dry season. Thus

re-afforestation is a very important and effective environmental measure.

However, at the same time, re-afforestation causes an increase of water consumption due to

evapotranspiration from newly established forests. Therefore increase in re-afforestation

decreases the water resource in arid and semi-arid area further, resulting in shortage of

water for daily life and agricultural production. In addition, the decrease of river flow may

affect the ecosystem of river basin, which is likely to damage their biodiversity and adversely

affect community livelihoods.

Therefore, there is a great demand to improve re-afforestation technologies that can

promote restoration and management of forests and increase the available amount of water

while preserving the water environment. However, a high amount of water consumption by

afforestation using species such as Eucalyptus introduced to increase the local timber

production has led to a serious concern that the groundwater level is decreasing. Mesquite

species introduced to restore degraded lands has grown in to thick forests and spread even to

agricultural lands and water paths other than the target areas due to its strong
environmental tolerance and high productivity and this impedes agricultural production in

some cases. Thus, planting methods are not the only challenge in the arid and semi arid areas

but also forest management after planting. Destruction and degradation of forests, have led

to increase in desertification and water shortage, are caused by excessive man-made stresses

from longstanding deforestation and land development in huge forest area. Capacity

building and cooperation with local communities are essential for restoration and
conservation of forests. For this purpose, it is necessary to propose re-afforestation and

management methods that benefit the lives of the local residents, to change in attitude of the
local residents and to enhance their capabilities.

An experimental field study was conducted on re-afforestation and its management in arid
and semi-arid area in Kenya where desertification and water shortage have become

increasingly serious, with the collaboration of local community members. The aim was to

develop appropriate re-afforestation and management practices taking into account
short-term negative effects of forest tree planting on the local water balance.

Based on the keywords "Water Consumption by Trees", this guideline provides overview of

issues in re-afforestation in arid and semi-arid areas, outcomes of previous studies on

-afforestation, and it describes re-afforestation and management techniques aiming at

sustainable use of water resources.

re
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Chapter 2. Re-afforestation and Water Environment in Arid and Semi-Arid area

Section 1. Stratesiea for Water Sbarine

In dry land ecosystem, many plant species can coexist by using the wisdom of sharing
water resources under severe water stress in harsh environment. In arid areas , intra- and

inter-specific competition for water is acute and intense due to the lack of water. Although the

wisdom of sharing water resources for coexistence under water stress must come into play in

such environment, the competitive exclusion principle means that two species using the same

niche cannot coexist. This is a fundamental principle in ecology (Gause, 1932). Therefore,

plants that seem to be able to share water basically use different water resources. There are

various types of water resources and a specific strategy is necessary to use each water

resource type; it is not possible to use many types of water resources with only one strategy.

At the same time, the water environment in arid areas does not allow one species to evolve

with many strategies. In scientific terms, wisdom in ecology is a life history strategy. Each

plant species can employ species specific strategy to secure a water source but it can use only

a part of water resource and, as a result, they can coexist as a member of the arid land

ecosystem in a volume appropriate for the amount of available water.

There are three possible strategies for plants to survive water shortage- drought tolerance;

use of unique water source; and utilizing water leftover by other plants.

l) Drought tolerance

In cases of water shortage, morphological modification of above ground plant parts and

functional adaptation are the most effective way of drought tolerance. The most typical

morphological measure to tolerate desiccation is the thick and small leaves with thick cuticle

layer to inhibit the transpiration loss. To improve the water-use efficiency, plants adopt

control of stomata opening and enhancement of photosynthetic rate as functional adaptation.

Decreasing water potential of leaves to absorb limited amount of water faster than other

plants do is likely to cause cavitation in xylem (air bubbles formed in vessel become a cavity

inhibiting the hydraulic function). Adjustment of the vessel diameter, which affects the water

flow efficiency, is one of the effective countermeasures against cavitation in xylem (Tateno,

2003). Further, storage of a good amount of water in plant tissues is an effective measure to

cope with the drought stress.

2) Using unique Water Source

The key to secure a unique water resource that is not used by other plants is the capacity of

morphological and functional adaptation of root system. Osmoregulation to increase the

water absorbing power by decreasing the osmotic potential of epidermal cells of root is

employed in almost all plants as an effective way to respond to acute water stress. In

addition, plants with both lateral and tap roots can transport soil water via roots across soils
of different water contents, which is referred to as “Hydraulic Redistribution” (HR). HR
makes possible exclusive use of underground water and/or surface water. Lateral roots in the
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ground surface may exploit dew condensation water, and some plants are capable of pooling
an amount of water larger than the maximum water amount that can be retained in

surrounding soils by forming an intense root system like a mat near the ground surface

(Mooney et al., 1980). Trapping fog by using aboveground part is also an effective strategy to

secure a unique water source.

3) Utilizing water leftover by other plants

There are a limited number of environmental conditions under which plants can share

water with other plants or be parasitic on other plants. When deep groundwater is

transported to the surface layer, other plants may exploit such hydraulically lifted water

faster. When fog is trapped by branches of a tree and then dropped to the ground, other plants

on the ground surface may exploit the water ifrst. Although most of these cases of water

sharing are limited, utilizing water leftover seem to be fairly common.

Section 2. Strateeies to Use Various Water Sources

The origin of water used by plants is rain water. In the process in which rain water flows

down the slope, rain water become to various water sources such as river water and

underground water. All plants struggle for their water sources by their properties and have

strategies as countermeasures.

l) Rain water

The mean annual precipitation over the ground surface of the world is 880mm. This is

enough for grassland to grow at above 5®C of the annual mean temperature and conifer forest

can be established below 5°C. However, spatial distribution of rainfall is not homogeneous;

the world's highest record is over lOOOOmm/year while some regions have experienced no

rainfall for years (Fig. l) (UNEP, 1997).

In a rich environment with sufficient water and temperature, forest with high biodiversity

can be formed. However, when water supply becomes short, competition becomes severe and

forest structure starts to deteriorate. Canopy can be closed only when the rainfall over the

crown projection area is higher than the evapotranspiration from the crown. The larger the

rainfall amount is than the necessary amount, the more vertically complex the canopy

becomes. The optimum state of such condition is the tropical rainforest where the tree height

exceeds 50 meter and multilayer canopy is formed. In contrast, when the rainfall over the

land covered by crowns becomes less than the evapotranspiration, plants have to absorb

water from an area broader than the area covered with their own crowns and competition

over water among neighbors is started. As a result, crowns grow apart from each other and

the forest becomes an open forest (Photo 1) where sunlight can reach the ground surface

through the spaces within the canopy. This promotes evaporation further and water shortage

is accelerated and the air and soil become dry. Most forests in arid and semi*arid area are

under such conditions.

- 3 -



When rain water wets leaves only, plants cannot use it to grow. For water to be used for

plant bioactivities, it must infiltrate downward into the soil and then be absorbed by the root

system. Only a part of rain water that reaches the ground surface infiltrate into the soil while
most of it flows down over the ground surface (surface runoff). The more effectively the forest

floor can infiltrate this runoff, the more efficiently the rain water is used. Generally, forests

improve the infiltration capacity of soil by litter fall (organic matters). However, such
capacity of soil formation is weak in open forests and therefore the proportion of runoff water

out of the rainfall is high, resulting in dry soil. Most plants that grow in arid areas have

capacity to extend their roots deep in order to use stable water sources in deeper soil layer

(Wei etaL, 2011). However, tree planting and forest management must not be designed based

on the amount of water in deep soil layer where soil water cannot be recharged by rain but

based on the amount of available rain water by using measures to promote infiltration of

runoff into the ground, e.g. micro-catchments (De Pauw, 2008).

can

Fig. 1; Mean annual precipitation (UNEP, 1997) Photo 1: Open forest of Elm trees
Hunshandake Desert (China)

Rainfall is temporally distributed heterogeneously hence it is not the same in every year. In

humid areas, vegetation is never damaged severely even if there is less rainfall, so the

fluctuation of rainfall is not a serious problem. However, arid area is the marginal area for

vegetation, because of high frequency of severe drought that may destroy the vegetation

completely (Fig. 2). Annual plants can survive even such severe drought and establish almost

the same level of vegetation after drought, because they can start from seeds in every spring
and grow according to the rainfall of the year. Central Asia and Sahel Strip suffer from

drought every few years and harsh environments for perennial arbors and therefore

plants can dominate. In other words, grassland ecosystem is caused by temporal

heterogeneity of rainfall (Fig. 3). However, if perennial arbors are killed by drought, a large

amount of plant biomass accumulated for years is lost and the ecosystem is forced to change
substantially.

Even in such an environment, perennial trees can survive through drought on sand dune

where only sparse vegetation can be supported normally but sufficient amount of water is

retained (Photo 2). The level of variation of soil water content during drought determines the

vegetation structure. Stabilization of soil water content or prevention of soil from becoming

severe

grass
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drier than the threshold for tree growth must be taken into account for maintenance of

forests in arid and semi-arid areas.
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Fig. 3: Distribution of grassland in the world Photo 2: Shrub forest existing on the top of dune

Hustai National Park (Mongolia)

2) River Water

When rain water flows over the ground surface, it becomes a river that can reach to distant

places quickly. With such river water, vegetation can be established even in a desert with no

rain. In Central Asia, there are many rivers derived not only from rain water but also from

glacier-fed water and their amount of flow has increased due to global warming. Accessible

river water is a valuable source in arid areas. One of the big forests in arid area is the

riparian forest of Populus euphratica (Euphrates Poplar) along Tarim River that crosses the

Taklamakan Desert. Along the Hoarusib River in Namib Desert with annual rainfall of 50

mm, acacia forests are established and many kinds of wildlife such as elephants, lions and

giraffes inhabit this forest. Although river water is a relatively stable water source, not many

plants can effectively exploit this water resource. Therefore, most of P. euphratica forests are
pure forests.

Amount of river flow also varies from year to year and season to season; the Tiva River

flowing beside the Tiva Pilot Forest in Kenya has a large amount of flow in the rainy season

but almost dries up during the dry season (Photo 3). Although even a riparian forest

undergoes a strong water stress, most of them can survive and maintain their forest
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structure for long time. Generally, plants composing a forest in arid area are hard to die. .P
euphratica is also a diehard plant (Yoshikawa et al, 2007). During drought, leaves at the tip
of tree crowns die (dieback) to reduce the total amount of leaves to the level that can be

maintained by the available water (Photo 4). When drought ceases, the trees extend their
branches again with more leaves but it can only restore to the original size. So tree height is
always within a certain range of height. On the other hand, the stem diameter continues to

steadily and these trees finally become stocky shape. For example, average height andgrow

DBH of F. euphratica in Ejina Oasis are 9 m and 40 cm, respectively (Monda et al., 2008). For

plantation in arid and semi-arid area, tree species that can steadily survive by flexibility of

leaf size (eg. leaf volume) such as P euphratica and Juniperus (Juniper) are appropriate

rather than species that are good loser to water stress such as Cryptomeria japonica

(Japanese Cedar) and Chamaecyparis obtusa (Japanese Cypress).

4 « A

4 4 «

4 4 4

Photo 3: State of the Tiva river during the rainy season and the dry season
(Tiva, Kitui Country. Eastern Province. Kenya)

V

Photo 4: Die-backed Populus euphratica (Euphrates Poplar) by drought condition

3) Ground Water

The origin of ground water is rain that has infiltrated and stored in to the soil, or is

advecting slowly in the water saturated soil layer (where soil pore spaces are fully filled up
with water from the upper reaches). Being free from evaporation, the amount of ground water

is considerably stable. However, the longer the time that water remains under the ground,
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the higher the salinity hence lowering the water quality.

Plants that depend on the ground water are called

“Phreatophyte” (Goudie & Wilkinson, 1987). The well-known

tree is date palm {Phoenix dactylifera^ (Photo 5). It maintains

large crown on a sterile dry land and stands gallantly, giving

an impression that the tree successfully survives the harsh

environment of desert. Mesquite {Prosopis spp.) planted on a

large scale for combating desertification is also a typical

phreatoph5d:e. A record of the deepest root of phreatoph5d:e is

68 m below the ground surface, which was confirmed during

well digging in Kalahari Desert (Canadell et al, 1996). In

order for roots to extend deep into dry soil to where rain water

cannot reach, a special strategy (hydraulic redistribution) as

mentioned later is necessary. Particularly, how fast a small

seedling can access the ground water after germination is a

determinant factor for survival of a phreatophyte. In other words, the key issue in

establishment of a tree seedlings is whether roots can extend to the ground water quickly

before the rain water that enabled germination dries up.

By the analysis of stable isotope ratio of soil water, ground water and water in bundles of

Sabina vulgaris (Savina Juniper, an evergreen conifer), Artemisia ordosica (Ordos

Wormwood, deciduous shrub), and Salix matsudana (Chinese willow, deciduous arbor)

inhabiting in the Mu Su Desert in the north-central China, remarkable difference in source of

water was confirmed among these sympatric trees that inhabit in the same area. S. vulgaris

absorb both soil water and ground water from all soil layers, and is therefore able to secure

water in all seasons. A. ordosica can use only soil water within 0 to 50 cm below the ground,

because it can wait for rain during a short rainy season. S. matsudana (Chinese willow,

deciduous arbor) does not use shallow soil water to 1.5 m depth, but can use soil water and

ground water in deeper layers.

Hydraulic redistribution (HR) which is the soil water transportation via roots has been

recognized (Richards and Caldwell, 1987) for various kinds of taxonomic groups and life

forms under many kinds of environment (Leffler etal., 2995). After cessation of transpiration,

soil water passively moves via roots between soil layers along the gradient of soil water

potential. For example, when the surface soil becomes wet after little rain and the deep soil

remains dry, plants having both lateral and tap roots absorbs rainwater from the surface soil

by lateral root and transports it via tap root and releases it into deep dry soil during

nighttime (Fig. 4). Although plants cannot extend their roots to the ground water level dozens

of meters below the ground surface after one rainfall occasion, they may transport a small

amount of rainwater from the surface to the deeper soil layer by HR and exclusively use the

water to extend their tap roots up to the ground water. Then phreatophyte cannot exist

without HR (Burgess et al., 1998). In addition, transportation of rainwater on the ground

surface into deep layers by HR reduces the amount of water loss due to evaporation in

daytime and this increases the rainwater use efficiency (Caldwell et al., 1998; Oliveira et al..

Sr

^ \

1^
Phto 5: Date palm is one of the

phreatophyte
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2005).

(2) NIGHT(1) DAY

y
DRY DRY

(3) DOWNWARD (4) LATERAL

l'

WET

Fig. 4: Water transfer by three types of HR
(1) Water transfer in the daytime, (2) HL in the nighttime, (3) transfer to downward - HD. (4) Horizontal transfer - HR

However, HR is not always effective for all plants having HR capacity. When the surface

soil layer becomes dry due to lack of rainfall, phreatophyte lifts up soil water by tap root and
extracts water from lateral roots into dry surface soil layer during nighttime. If shallow

rooted plants are absent in the vicinity, such hydraulically lifted up water can be used for

transpiration in daytime by HR plants, but shallowrooted herbaceous plants in the vicinity

can also get leftovers of the soil water (Ludwug et al, 2003).

Although HR capacity is an important factor for selection of plants suitable for

agroforestry, quantitative assessment of HR capacity is not enough (Meinzer et al., 2004) and

therefore development of silviculture methods taking advantages of HR capacity has not yet

been started. More so, the effects of tree planting on crop growth must be revealed further in

terms of soil moisture transportation.

4) Fog and Dew

As most fog generation is determined by hydrological conditions and geography, fog occurs

frequently only in limited locations. However, the frequency of fog is more stable than that of

rain. Fog*dependent forests have been established in coastal desert such as Namib Desert,

Baja California Peninsula where climate is dry but fog occurs frequently (Kimura, 2005). On

the Red Sea side of the Arabian Peninsula, dense forests of Juniperus procera are maintained

at mountaintop above 2000 m by frequent and dense fog from the Red Sea (Photo 6). In

cases, lichen iUsneaceae) is formed on dead branches to trap fog (Photo 7). Water trapped
the tree leaf surface is directly absorbed through the cuticle layer. After water falls down to

the ground as water drops, both trees and grasses growing on forest floor uses trapped fog
moisture with severe competition.

Dew condensation water is also a stable and effective source of water. Dew on leaves ir

largely taken into the plant directly (Photo 8) but it may fall down to the ground as water

some

on

IS
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drops or be formed directly on the ground surface. Such water is lost quickly due to

evaporation after sunrise, but is also a valid water source if absorbed before dawn. If water

saturation deficit (shortage of water) within a plant caused by transpiration in the previous

day is not recovered by the next morning, dew condensation water on the ground can be

absorbed by lateral roots before the first sunlight of the dawn. Most of plants growing on sand

dune therefore, have long lateral roots spreading on the ground surface (Photo 9).

As it is not easy to quantify amount of water supplied from fog and dew, importance of

these water sources has not yet been fully evaluated. In the future, development of

re-afforestation methods that can promote usage of fog and dew as one of the important water

sources in arid area is desired.

Photo 6: Fog generated in the Juniper {Juniperus spp.) forest (Saudi Arabia)

Photo 8: Water that had condensed on leaves

Savin Juniper (Inner Mongolia, China)
Photo 7; Beard Lichen epiphyte on a Juniper branch

t.
. S J

. i

● I

Photo 9: Roots extending crawling on ground (Inner Mongolia, China)
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Section 3. Water-Use E^ciencv

One of the key indicators of water use by plants is WUE (water-use efficiency). WUE refers
to the primary production per unit water consumption. The higher the WUE of the plant is,

the more efficiently the plant can perform photosynthesis with less water. The natural

selection generally influences plants of higher WUE in arid environment (Fischer and Turner,

1978). Therefore the higher WUE of S. vulgaris than those of A. ordosica and S. matsudana in

the Mu Su Desert (O’Leary, 1978) indicates the high adaptability of S. vulgaris io arid areas.

In areas where a certain amount of rainfall is expected like in the Mu Su Desert, deciduous

shrub trees like A. ordosica place priority on accelerating photosynthesis rather than

increasing WUE in order to concentrate the production of photosynthesis on a short term by

using the rain water. Once the rainy season ends, A. ordosica sheds its leaves quickly in order

to reduce the loss of water. S. matsudana has also a distinct property; it does not supress

water consumption, but its leaf growth period is longer than for A. ordosica. Water resources

necessary for this type of growth largely depend on expanded root system, which can absorb

water from a wide range. The capacity of root growth which elongates much deeper into the

soil than the height growth of above ground part can guarantee adaptation to unreliable

environment in arid areas.
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Chapter 3. Afforestation Technologies for Tropical Semi-Arid Areas

Section 1. Selection ofaPDropriate tree species

Selection of appropriate tree species suitable for a given natural environment is imperative

in order to make forest establishment successful. The key to success of afforestation in

tropical semi*arid areas is selection of highly drought-toleranc e tree species. Selection of

indigenous tree species should be prioritized for sustainable forest management to

effective use and conservation of water resources. In case of introduction of useful exotic tree

species, trees must be managed based on water-use properties of each species.

Except in cases where special budget as part of a governmental policy or external support

is provided, individual farmers take the primary responsibility for re-afforestation. Therefore

species selection should also be based on the farmers’ needs. Often, "multi-purpose trees" are

preferred for re-afforestation as they meet multiple needs of the farmers. As trees are often

planted as part of agroforestry, it is necessary to understand properties of respective trees

and consider planting and management methods to reduce crop-tree competition over water.

In tree selection, it is important to focus on tree species that are on the verge of depletion

by exploitation as fuel wood and also tree species retained intentionally by farmers for

traditional use. Therefore, table that describes properties and use of trees that have highly

drought-tolerant among them is provided at the end of this guideline.

ensure

Photo 10: Tree species that have been planted willingly in semH
Letf: Eucalyptus sp.. Center GreviHea robusta. Right: Melia volkensii

Photo 11: Charcoal burning for sale and fuel wood for domestic use . . i j
important energy source in the area where supply of alternative sources of energy is underdevelopedFuel wood is an
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Section 2. Fift.pRn hieblv drousht’tolerant tree species

This guideline provides descriptions of properties and management methods for 15 species
that have adapted well in arid and semi'arid areas.

The descriptions of each species are summarized in the table and listed at the end of this

guideline.

Section 3. Selection ofsite for re’affhrestation

1) Suitable planting areas from a Macro Perspective
a. Introduction

Determination of suitable planting sites for selected tree species has been largely

depending on accumulated experiences of farmers and knowledge of scientists. However, in

order to promote re-afforestation activities strategically and effectively in wide areas,

development of tools to identify and present “Potential habitat” is required. An analysis was

conducted in order to identify the “Potential habitat” based on existing weather factor

information and actual distribution data recorded for each tree species. The “Potential

habitat” in Kenya for 19 species were identified on a trial basis and the results are presented

in this guideline.

b. Analyzed tree species

A total of eighteen tree species that have been planted preferentially in arid and semi-arid

areas and for which past research papers are available were targeted for this “Potential

Habitat” analysis. The species include both indigenous and exotic tree species namely^ Acacia

Senegal, Acacia tortilis, Acacia xanthophroea, Azadirachta indica. Balanites aegyptiaca,

Combretum acleatum, Combretum collinum, Combretum molle, Combretum shumannii.

Eucalyptus camaldulensis, Eucalyptus globulus. Eucalyptus saligna, Faidherbia albida,

Melia volkensii, Senna siamea. Senna singuneana. Senna spectabilis Tamarindus indica.

c. Method for the analysis

The distribution map for each tree species provided in the “Useful Trees and Shrubs for

Kenya” published by “World Agroforestry Centre” and WORLDCLIM’s “BIOCLIM weather

factor data” were used for this analysis. The correlation among them was analyzed by using
“Classification Tree Model” to identify the “Potential habitat” (Fig. A-1-l). The prediction

ROC (Receiver Operating Characteristic)accuracy of the model was determined based

analysis (Fig. A-1-2).

on

d. Procedure of the Analysis

The land of Kenya was divided into 20 sq km grids at first and 1,440 meshes were acquired.
Then data on the presence of respective tree species extracted from the “Useful Trees and
Shrubs for Kenya” were mapped on each mesh and shown as “Presence Maps” (Fig. A-1-4 (Left
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side)). Nineteen weather factors of BIOCLIM (Fig. A-1-3, Table A-1-1) distributed into meshes

of the same scale, then compared with the “Presence Maps” and analyzed by
the correlation value was calculated and the “Classification Tree Model

In the next stage, Suitable habitat" and "Marginal habitat" were determined and mapped
by ROC analysis using the cut'off point as a reference point to determine presence or absence

of distribution (Fig. A-1-4 (Right side)). The meshes with distribution probability of lower than
0.01 were categorized as "Potential non-habitat" as it was determined that distribution is

hardly from the view point of statistics.

’S-Plus”. Then

was indicated.

e. Interpretation of the maps

"Suitable habitat" and "Marginal habitat" were regarded as the "Potential habitat" for

forest establishment of respective tree species.

Among them, the "Suitable habitat" are regarded as environments with high distribution

probability and suitable for survival of respective tree species. General planting method is

deemed possible except in case where there are special limitations such as soil conditions that

may compromise the survival. The "Marginal habitat" are regarded as areas with low

distribution probability where additional requirement(s) must be met to ensure survival. In

these areas it is deemed necessary to include management measures for planted trees e.g.

introduction of micro-catchments to improve soil moisture condition, while taking account the

existence of other limitations such as soil properties.

f. Factors to consider in Potential Habitat Analysis

To understand the correlation between tree species distribution and weather factors in

more details and improve the accuracy of the "Potential habitat" determination, it is

important to use more existing distribution data and finer meshes.

For the present study, 20 sq km meshes were used because the plots in the base data were

consistent with the size. However, if more data are available and a more detailed analysis is

required, 1 sq km meshes should be used.

Ideally, there should be more observation points for species presence/absence in each grid,

but sufficient study data does not exist for commercially minor or exotic tree species.

For these reasons, this analysis should be perceived as exploratory.

g. Results of the analysis

Interpretation of the data was tried on the assumption that under the above-mentioned

limitations. The results of the interpretation of factors are described below. Generally, details

analyzed by extracting items of higher distribution probability indicated by the
“Classification Tree Models”, and identifying weather factors influencing the figures and

their values. But, in this analysis data were interpreted by comparing the map showing

“Potential habitat” with the map of BIOCLIM weather factors with high degree of the

Deviance Weighted Score (DWS) (Table A-1-2).

- The limiting factor of 3 Eucalyptus species was interpreted as the amount of annual
rainfall. Eucalyptus saligna is the most resistant species to drought and the areas with

are
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annual rainfall of >401 mm are "Potential habitat", and the areas with >801 mm rainfall

Suitable habitat". The second most resistant species among them is E.

camaldulensis, and the areas with annual rainfall >801 mm are "Suitable habitat" for

this species, whereas areas with >1,000 mm rainfall are “Suitable habitat” for E. globules
(Fig. A-1-4 (10)-(12), Fig. A-1-3 (bI 12».

For Acacia senega!, “Potential habitat” include areas with annual rainfall >401 mm and

temperature of <27.5 °C in the wettest quarter. Areas with the average

temperature of between 17.6 °C to 27.5 °C are designated as "Suitable habitat" (Fig. A-1-4
(01), Fig. A-1-3 (bI 01, 08, 12)).

For Melia volkensii, the conditions with mean temperature of between 17.6 °C to 22.5 ®C

in coldest quarter were identified as "Potential habitat" with the temperatures for

“Suitable habitat” ranging between 20.1 °C to 22.5 °C (Fig. A-1-4 (14), Fig. A-1-3 (BI 1l)).

For Acacia tortihs and Balanites aegyptiaca, the temperature is regarded as the

primary limiting factor. For A. tortilis, the conditions with mean temperature of <25.0 °C

in warmest quarter are required for "Potential habitat" and it must be <20.0 °C for

"Suitable habitat" (Fig. A-1-4 (02), Fig. A-1-3 (B110)). For B. aegyptiaca, the conditions with

minimum temperature of <15.0 °C in coldest month is regarded as "Suitable habitat" in

addition to the conditions with annual mean temperature <22,5 °C (Fig, A-1-4 (05), Fig.

A-1-3 (bioi, 06)).

For Acacia xanthophloea, the maximum temperature of warmest month must be <35.0

°C for “Suitable habitat”. Also, the conditions with mean temperature of driest quarter as

<20.0 °C and annual rainfall of >801 mm constitutes “Suitable habitat” (Fig. A-1-4 (03), Fig.

A-1-3 (BI 05, 09, 12)) .

For Combretum schumannii, the conditions with annual mean temperature of between

22.5 °C to 30.0 °C, and rainfall as >301 mm in wettest month are designated as "Potential

habitat" (Fig. A-1-4 (09), Fig. A-1-3 (bi 01, 13)).

are

mean

h. Challenges

The analysis was conducted by using rough meshes and under the limited number of

existing presence/absence data. Therefore, some areas were categorized as the “Potential

habitat" and not in the "Suitable habitat", according to the analysis results despite being

plotted in the “Presence Maps”. In addition, we must note that the result of this trial does not

mean that the area determined as the “Suitable Habitat” are only the area each species can

grow. This analysis is based on the current presence data from existing literature. Probability

of the existence of the area where there is no experience of planting despite that each

can grow cannot be denied. There is also a probability of the existence of the area where each

species was lost due to some reason despite being once well distributed in the area. Therefore,

the result of this trial does not deny the possibility of growth of each species in the area where

it was determined as the "Potential non-habitat", especially in the area surrounding the
areas where distribution is actually confirmed.

In the future, it is expected that more accurate prediction will be possible by planting
respective tree species in the areas surrounding the areas regarded as the “Potential habitat”

species
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and accumulating the data. In addition, for detailed identification of the "Marginal habitat",

it is also important to accumulate information about site factors that are conducive for

growth of each tree species.

2) Suitable planting areas from a Micro Perspective
a. Natural environmental factors

Even within a limited range, water retention capacity of soil varies depending on micro

topography, soils tjrpes and vegetation. Generally, lands suitable for growth of trees are also

suitable for growth of crops and in such lands agricultural production activities are generally

prioritized. If extra lands under weather and soil conditions similar to productive crop lands

are available, they can be used as optimal planting sites. In addition, it is expected that lands

that are not suitable for agriculture due to other conditions such as land slope angle despite

the same weather and soil conditions with crop lands are proactively utilized for forest

establishment.

For the lands with low agricultural productivity due to water shortage, tree planting can be

practiced using measures such as micro- catchments. It is also important to consider whether

soil with poor water retention capacity can be improved by mixing it with organic matters.

There is need to consider whether profits gained are proportional to the investment costs.

Although fruit trees can be grown in arid and semi-arid areas, it is advantageous to grow

them in lands where there are water sources such as small rivers, considering annual

fluctuation of rainfall amount and the need for stabilization of yields.

For some tree species, it is imperative to select areas with less risk to termites’ damages

which are more prevalent in the drier environment.

b. Social factors

Accessible areas where it is easy to plant and maintain the trees planted with less effort

are desired as a location for tree planting by farmers. A low risk of illegal cutting is also an

important requirement. If watering is necessary for plant growth, it is indispensable to

acquire water use rights through obtaining a thorough understanding of the local community.
Tree planting to demarcate boundaries of own land, and also to prevent livestock browsing

also be strong incentives for local residents to plant trees.

Local community members can also be important actors in promoting re-afforestation

activities. Tree planting on the mountain ridge to prevent soil erosion in agricultural land,

protection of river bank, and also to generate fund for management and maintenance of
public facilities and schools is an important activity in which community could participate. In
such cases, it is required that if the land is communal, common perceptions are shared among
the community members. There is need to establish systems for provision of labor and fair
distribution of proifts in promoting tree planting by local communities.

can
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Section 4. Comparison ofProperties between Acacia Senegal and Melia volkensu

In the Tiva Pilot Forest of KEFRI-Kitui Regional Research Centre, various types of

experimental stands have been established with the support of JICA. Among these
experiments are, plant physiological studies and studies on forest stand density effects for
Acacia Senegal and Melia volkensii.

1) Comparison of drought tolerance through plant physiological studies

(l) Acacia Senegal'^ maximum daytime transpiration rate that indicates the degree of water
loss from stomata is less than half of .M volkensii Thus, drought tolerance of A. Senegal

is stronger than that of .M volkensii, which is said to have strong competitiveness over

water than other plants (Mulatya et ah, 2002).

(2) Although no significant difference was observed in power of water absorption of leaves, it

is determined that A. senegalmz.y photosynthesize with less moisture (Mizobuchi, 2013).

(3) In dry season when water resources becomescarce, both Acacia and Melia defoliate to

prevent loss of water from their leaves (Broadhead, 2000).

(4) How deep plants can absorb water from the soil layer is an important factor to determine

their drought tolerance. According to a study on water depth for absorption by 11-years A.

Senegal ondi for 15-years by .M volkensii\xs>\ng stable isotope, it was estimated that water

is absorbed from much deep soil layers, at least deeper than 1 m. It was therefore implied

that both species have a root system that can obtain necessary water from the soil in

deep layer for long period without rain in the dry season.

2) Effect of differences of density on growth

a. Melia volkensii

Effect of tree density on survival, height and diameter growth of .M volkensii were

evaluated in four spacing (2.5 x 2.5 m, 3.0 x 3.0 m, 3.5 x 3.5 m, and 4.0 x 4.0 m) experimental

stands that were established in November 2002. Melia trees turned 11-years old in November

2012. The change of survival rate is shown in Fig. 5. Although survival rate decreased in all

the density plots from 2007 through 2010, no change has been observed since 2010. As at

2012, although the tree height was approximately 8 m in any density plots, the Diameter at

Breast Height (DBH) showed a large value in order; 11.0 cm, 12.4 cm, 12.8 cm and 13.6 cm in

accordance with increase in spacing (Fig. 7, 8, Table 1). Both tree height and DBH increased

most rapidly during the first 3 to 4 years after planting, and then the growth increment

sharply decreased.
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Table 1: Survival ratio, height and diameter growth of M. vo/kensii \n each spacing stand

Measurement Spacing Plot Number of Number Number of

Year.month (m) size planted of trees trees

Helght(m) DBH(cm) Basal

areamean±5.D mean±S.D Max minmax min

2.5 23x20

3.0 19x17

3.5 22x22

4.0 21x18

1636 45 978 1.9 ± 0.7 a

2.2 ± 0.8 a

2.8 ± 0.7 b

1.8 ± 0.6 a

3.2 0.2

3.5 0.2

3.8 0.9

3.1 0.7

2.4 ± 0.8 a

2.5 ± 0.9 a

3.4 ± 1.0 b

1.9 ± 0.8 a

3.9 0.9

4.1 1.0

5.1 1.2

3,4 1.0

0.4

1120 29 898 0.4
2004,Jun

784 30 620 0.6

667 20 529 0.1

2.5 23x20

3.0 19x17

3.5 22x22

4.0 21x18

1636 43 935 4.3 ± 1.3 a

4.7 ± 1.3 ab

5.4 ± 0.8 b

5.3 ± 0.9 b

6.5 0.3

6.2 1.2

6.8 3.0

3.0

6.1 ± 1.9 a

7.0 ± 1.8 ab

8.0 ± 1.6 c

8.4 ± 2.4 be 11.5 2.9

9.4 1.6

9.5 1.9

9.8 2.6

2.9

1120 29 898 3.4
2005,Nov

620784 30 3.2

667 18 476 2.9

2.5 23x20

3.0 19x17

3.5 22x22

4.0 21x18

1636 43 935 5.9 ± 1.5 a

6.3 ± 1.7 a

6.7 ± 0.9 a

6.6 ± 0.8 a

8.7 1.6

7.9 1.4

8.1 4.0

8.2 5.1

8.1 ± 2.8 a 12.4 0.4

9.1 ± 3.2 ab 12.8 0.6

10.4 ± 1.9 b 13.1 3.8

10.9 ± 2.6 b 14.3 4.4

5.4

29 6981120 6.6
2007,Jul

784 29 599 5.3

18 476667 4.7

39 848 7.4 ± 1.5 a

8.1 ± 0.8 a

7.4 ± 1.2 3

7.5 ± 1.3 a

10.0 2.4

9.2 5.9

9,2 4.2

9.2 3.1

10.4 ± 2.5 a 14.6 3.5

11.6 ± 2.2 ab 15.2 6.1

12.2 ± 2.7 b 15.5 3.8

12.9 ± 3.3 b 17.6 5.1

7.62.5 23x20

3.0 19x17

3.5 22x22

4.0 21x18

1636

71223 8.21120
2010,Jun 496 6.0784 24

45017 6.2667

848 8.0 ± 1.6 a

6.4 ± 0.8 a

7.9 ± 1.2 a

7.8 ± 1.4 a

10.7 3.1

9.4 6.3

9.6 4.6

9.4 3.3

10.8 ± 2.6 a 15.1 3.6

12.0 ± 2.2 ab 15.6 6.8

12.5 ± 2.8 b 16.3 3.8

13.3 ± 3.4 b 18.0 5.2

8.2392.5 23x20

3.0 19x17

3.5 22x22

4.0 21x18

1636

23 712 8.71120
2011,May 24 496 6.3784

450 6.617667

8.2 ± 1.5 a

8.6 ± 0.8 a

7.9 ± 1.0 a

8.0 ± 1.3 a

10,7 3.4 11.0 ± 2.8 a 15.6 3.6 8.6

9.8 6.4 12.4 ± 2.3 ab 16.1 7.2 9.2

9.2 5.8 12.8 ± 2.9 b 17.0 3.8 6.7

9.8 4 13.6 ± 3.5 b 18.6 5.2 6.9

8483916362.5 23x20

3.0 19x17

3.5 22x22

4.0 21x18

712231120
2012, Oct 49624784

45017667

b. Acacia Senegal

Effect of tree density on survival, height and diameter growth of Senegal'Neve evaluated

four spacing (l.O x 1.0 m, 3.5 x 3.5 m, 4.0 x 4.0 m and 5.0 x 5.0 m) experimental stands that
were established in November 1998. Acacia trees turned 15-years old in November 2012. The

change of survival rate is shown in Fig. 6. In 1.0 m plot it decreased to 84% in 2010 and further

in
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decreased to 72% and 68% in 2011 and 2012 respectively, while in other density plots

decreased to around 90% and then became stable. As at 2012, the tree height was

approximately 6 m in all density plots. Although the observed annual average growth

increment was 30 to 40 cm, some trees decreased in height hence it can be concluded that

growth in height almost stopped (Fig. 9). With increase in spacing, the DBH showed large

values of 4.2 cm, 9.1 cm, 9.3 cm and 10.9 cm. In 3.5 m and 4.0 m square espacements, no

significant difference was observed in the survival rate, tree height and DBH, but in 5.0 m x

5.0 m plot, the DBH was larger than in other plots and the stem diameters increased

vigorously (Table 2).
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Fig. 9: Trends in tree height of A. senega! Fig. 10: Trends in growth of mean basal area of A. senega!

Table 2; Survival ratio, height and diameter growth of A. senega! \r\ each spacing stand

Plot Number of Number Number of

Size planted of trees trees

(m) trpcs(N/ha) (N) (N/ha)

Helght(m) Basal aer3(cm'] DBH(cm) Basal

area

Max min (m2/ha)

Mcasummcnc Spacing

Year.month (m)
mean t S.D max mm mean ± S.D Max min mcantS.D

1.0 5x5 10000 25 10000 0.9 *

1.1 ±

1.0 *

1.0 ±

0.3 a

0.3 a

0.3 a

0.2 a

1.7 0.5

1.6 0.6

1.6 0.5

1.3 0.7

l.S :b

2.0 ±

1.7 ±

2.0 ±

0.6 a

0.6 a

0.7 a

0.8 a

3.1 0.4

3.1 0.8

3.1 o.a

3.1 0.8

1.4 ± 0.3 a

1.6 t 0.2 a

1.4 i 0.3 a

1.6 ± 0.3 a

2.0 0.7

2.0 1.0

2.0 1.0

2,0 1.0

1.5

3.5 11x8 1364 12 1364 0.31998^ul
4.0 9x10

5,0 11x11

1000 9 1000 0.2

744 9 744 0.1

1.0 5x5 IDOOO 21(0]

1364 11(2)

8400 6.1 d; 1.5 ab 7.8 2.5

12S0 6.S t 0.7 a 7.6 S.l

889 6.4 ± 1.1 ab 7.7 4.8

661 5.S ± 0.5 b 6.3 4,7

15.8 ± 14.S a 51.7 2.5

72.4 ± 30.7 b 127.0 19.1

67.1 ± 38.9 b 133.1 21.2

95.3 ± 31,7 b 133.B 40.1

4.1 ± l.S a 8.1 1.6

8.8 ± 1.8 b 11.0 4.9

8,7 ± 3.0 b 13.0 4.0

lO.S ± 2.4 b 13.1 6.4

13.3

3.5 11x8 9.12010Jun
4.0 9x10 1000 8(1) 6.0
5.0 11x11 744 8(2) 6.3

1.0 SxS 10000 18(0)

11(2)

7200 6.7 ± 1.2 a

6.7 ± 0.7 a

6.7 ± 1.1 a

5.7 * 0.6 a

8.1 3.9

7.8 5.3

8.1 5.4

6.5 4,6

14.9 ± 13.5 a

76.1 ± 32.6 b

70.6 ± 40.0 b

100.0 * 32.6 b

52.8 2.0 4.1 ± 1.6 a 8.2 1.6

9.0 ± 1,9 b ll.S 4.9

9.0 ± 3.0 b 13.3 4.2

10,8 * 2.3 b 13.7 7.1

10.7
3.5 11X0 1364 1250 133.2

138.9

147.4

18.9 9.52011,May
4.0 9x10 1000 8(1) 889 22.4 6.3
5.0 11x11 744 8122 661 51.5 6.6
1.0 5x5 10000 17(0)

1364 11(2)

6800 7.0 ± 1.2 a 8.5 4.0

1250 6.3 ± 0.7 ab 7.2 S.l

889 6.S ± 1.0 ab 7.8 5.2

661 5.5 ± 0.6 b 6.S 4.9

15.9 ± 14.1 a

77.2 ± 32.7 b

74.9 ± 42.1 b

102,8 ± 33.3 b

54.1 1.6 4,2 ± 1.7 a 8.3 l.S

9.1 ± 1,9 b ll.S S.O

9.3 * 3.0 b 13.8 4.S

10,9 ± 2.3 b 14,0 7.4

10.8
3.5 11x8 134.7

149.6

153,9

19.6 9.62012.NOV
4.0 9x10

5.0 11x11

1000 8(1) 27.2 6.7
744 8(2) 56.9 6.8

Section 5. Water Manasement in the Re'fjffhre^att^tdon Site

1) Soil moisture environment in the re-afforestation site

The value obtained by subtracting the evapotranspiration amount from rainfall amount is

called “Available Renewable Freshwater Resources” and is regarded as the theoretical upper
limit of available water resources. However, soil moisture is more important in terms of water

environment in re-afforestation site. Available soil water varies with rainfall and

evapotranspiration, and has significant influence on plant growth. It is known that the

proportion of evapotranspiration in rainfall amount is relatively high in forest than bare
lands and grass lands, and the depth of water to be absorbed by the root system varies with

- 18 -



tree species, the vegetation conditions also affect the soil moisture.

In terms of water management in semi-arid lands re-afforestation , the goal is to use the

limited amount of rain water efficiently for tree growth. Although it is not easy to achieve this
goal, the relationship between forests and soil water in Kenya’s semi-arid areas is introduced

in this section to illustrate how trees and soil water correlate.

In this study, soil moisture was measured using the device called “proifle probe” (Delta-T

Devices Ltd. Type PR6) in each study plot set in the natural stand and spacing trials oi Meha

volkensii and Acacia senega! and bare lands (grass lands) within nursery of KEFRI-Kitui

Regional Research Centre’s Tiva Pilot Forest. The study was started in June 2010 and

additional measurements taken from November 2011. Besides measurements at Tiva, soil

moisture assessment using the same method started for 3 tree species {Melia volkensii.
Eucalyptus camaldulensis and Gmelina arborea) in the Matinyani experimental station

under KEFRI Kitui Center where WUE, growth and survival of these tree species are being
evaluated.

Measurement of vertical profile of soil moisture was basically conducted at the interval of

one month. Changes in water content in spacing trials of Acacia and Melia at depth of 10, 20,

30, 40, 60, and 100 cm are indicated in Fig. 11 and Fig. 12. The relation between planting

density and average water content is not so simple, but the average water content of the plots

with the shortest planting interval (l m x 1 m for Acacia and 2.5 m x 2.5 m for Melia) is the

lowest.

Figure 13 shows the measurement results (average water content) for 3 tree species at the

Matinyani experimental station. Although the three species were planted in the same density

(4 m x 4 m) at the same time (December 2007), soil in Eucalyptus stand was consistently

drier than soil in Melia stand throughout the study period. The tree height difference

between Eucalyptus and Melia was already remarkable (Photo 12) though only 5 years after

planting in December 2007, and such difference in growth rate was thought to be influencing

the soil moisture.
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Fig. 11, 12: Seasonal change of the average water content (Soil depth between 10-100cm)
(Spacing trials of Acacia, from July 2010 to July 2012) (Spacing trials of Meiia, from July 2010 to July 2012)
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Fig. 13: Seasonal change of the average water content
(Matinyani experimental site, from Nov. 2011 to Aug. 2012)

Photo 12: Eucalyptus and Me/ia stand in Matinyani
Euca/yptus \(eft). A/e//a (right) (Feb. 2013)

As soil moisture also varies depending on micro-topography and soil properties, the above

results cannot be applied broadly without discretion. However, these data imply that soil

moisture may vary depending on tree species planted at the same density. Results have also

revealed that species like Melia which hardly dries the soil relative to Eucalyptus may dry

the soil if plantedat close spacing.

2) Water catchment and water saving methods in the re-afforestation site

Water conservation is important especially in arid and semi-arid areas where not only

plant growth but also human lives are affected by water shortage. Re-afforestation activity in

arid areas must therefore be carried out carefully. Basically, plantation size and the number

of trees should be determined on the basis of water consumption of the forest at the time of

forest maturity. Effective use of rain water is also an important measure to increase biomass

at the time the forest has matured. To ensure high survival rate of the planted trees, it is

important to keep the soil moisture condition appropriate for plant growth during the period

in which root system is not well developed.

For this purpose, there are 2 possible measures in particular, ‘Water-harvesting” and

Water-saving”.
U

(l) Water-harvesting technologies

Water-harvesting technologies are used to collect surface water and overflow water, and let

it infiltrate into the soil and increase the water amount available to plants. Besides

harvesting water, micro-catchments also prevent soil erosion.

Table 3 describes features of various water-harvesting technologies and their areas of

application. Contour ridge, bench terrace and fanya juu are applied to large areas including
agriculture production, while the others are basically applied to individually planted trees.

Selection and application of water-harvesting technologies should be determined by the!
geography, precipitation, soil properties, plantation size, available labor force, and
availability of materials, among other factors.
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Table 3: Characteristics and applicable area of each water-harvesting technology
Types of
water catchment

Annual

rainfall

Labor

requirement
Slope Agro'forestry Remarks

1. Feasible oven

laOmm below
have high adaptability to severe
arid condition

Negarim flat ■ gentle diiffcult slightly large
2.

Half-moon MC

a)
most adaptable to arid condition

among 3 types

W'shape MC gentle 200'750mm possible slightly large

b)
correct run-off water on oneV-shape MC gentle 200-760mm possible small
point

c)
improve soil moisture in wide range
(comparison with other 2)

U-shape MC gentle 200-750mm possible small

4. (200)

350'700mm
Contour ridge gentle optimum large mainly use to agro-forestry

5. gentle - steep
(20-50%)

mainly use to agro-forestry
adaptable to steep terrain

mainly use to agro-forestry

Bench terrace 100-600mm optimum very large

6. gentle
(5-20%)

700mm
Fanya-juu optimum large

or more

7. basically
watering

periodically watering is basic

requirement

effective in root development
as well as soil moisture retention

Circular MC basically flat possible small

8. 500-600mm

(in Myanmar)
Big hole flat ● gentle possible slightly large

a. Half-moon micro-catchment

A micro-catchment is constructed by preparing a semi-circle shaped mound to collect

surface runoff water into it. The open part of the half-moon should face the top of the slope.

Soil inside the mound is scooped out and heaped up on the mound part. Size and design of the

mound is determined by the slope, precipitation and target plants, but, in general a 3- m

diameter mound is used for tree planting. The typical height of the mound is 15 - 20 cm, but

this should also be adjusted according to the slope of the land (Fig. 14).

This technology can be applied in areas with rainfall of 200 to 750 mm. Although ideal

slope of <2% for optimal water harvesting efficiency, it is also possible to apply in areas with

a slope of >5% by increasing the height of the mound. This technology can be applicable with

relatively less labor.

Despite that it is categorized as "Half-moon", various shapes including U-shape, V-shape

and W-shape are used depending on rainfall amount and slope condition. Since U-shape

promotes water infiltration into a wide area of land, it is expected to benefit plants other than

the planted trees (Fig. 16). V-shape is effective in concentrating water on one point, and it is

suitable for tree planting in areas with severe dry conditions. W-shape consists of connected

V-shape mounds in a row along the contour line to harvest all surface runoff and is used in

extremely dry areas (Fig. 17). Since surface runoff is collected from wider area than other

types do, the mound of this type becomes weak structurally. Use of other types is

recommended in the area where rainfall per incident is a lot.

Regular maintenance and repair of the mounds is necessary after rainy season. The
mounds can be made more stable by using materials like pebbles. The structure must be

maintained for at least 2 or 3 years until planted trees can use water at the groundwater

level.

The position for planting trees should be determined according to characteristics of the tree
species to be planted and soil properties (Fig. 15). In general, trees are planted inside the
mound where water is concentrated. However, tree species such as Melia volkensii that are

prone to root rot should be planted outside of the mound.
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b. Negarim system

For this technology, square or rhombic compartments separated by mounds are established

(Photo 13). A hole is dug at the lowest part of each compartment to store the water. The size of

each compartment is determined by the number of trees to be grown per unit area and as

influenced by the rainfall amount. Typical size of each compartment is 10 to 100 m2, with size

increasing with rainfall decrease. For the water storage section, the area of 1 m2 is dug down

to a depth of 40 cm and the removed soil is used for constructing the mound (Photo 14, Fig. 18).

The one side of the water storage section has ramped part where trees are planted. This

technology is applicable in the areas with annual rainfall amount <150 mm, and can be

applied on land of slope up to 5%. However, because the runoff water in each compartment is

concentrated on one point, this system is not suitable for agriculture use.

Bund
Water

2Scfn

75cxn
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■ ■r-

Waterlogging

Seedling planting spot
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Negarim water catchment

Photo 13: An arrangement of Negarim MC (Previous pager letf)

Photo 14: Concept of Negarim MC (Left)

Fig. 18: Structure of Negarim MC (Previous pager right)

c. Contour ridge system

For this technology, ditches are excavated along the contour line of the slope in order to

store water (Photo 15). The removed soils are heaped on the lower part of the slope below the

ditches where trees can be planted. 'Typical depth of the ditch is 30 to 45 cm, and interval

between ditches is 10 to 15 m. This is primarily used for tree plantation within agricultural

lands for the purpose of ensuring water supply to crops (Fig. 19).

This technology is effective for areas with annual rainfall of 350 to 700 mm and may be

applied in regions with annual rainfall of about 200 mm if tree planting is the primary

purpose. The interval between ditches is determined by slope and rainfall amount. If the

rainfall of the area is extremely low and the primary purpose is tree planting, the trees

should be planted on the upper side of the ditches. If the water flows in a lateral direction, the

ditch will be divided into several sections by embankments.

Photo 15: An example of contour ridgeFig. 19: Concept of contour ridge

d. Bench terracing

This technology is used to promote infiltration of surface runoff by reshaping the land into

terraces in steep terrains. It is used in areas with annual rainfall of 100 to 600 mm, and

slopes of between 20% to 50%. The primary objective for applying this technology is for
agriculture and trees are planted to protect the terrace edge (Fig. 20, Photo 16). Although the
earthwork volume is large and a lot of labor and funds are required, the terrace is established

permanent structure. This technology therefore should be introduced if appropriateas a

benefits can be realized over a long time.
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Photo 16; An example of bench terraceFig. 20: Concept of bench terrace

e. Fanya-juu terracing

Fanya-juu is a Swahili term means “throwing the soil on the upper side”. This is an

improved version of “Bench terracing”. Ditches are excavated along the contour line, and

removed soils are heaped up on the upper side of the slope. Ditches are 50 to 60 cm in width,

60 to 100 cm in depth on the upper side of the slope, and 50 to 60 cm in depth on the lower

side (Photo 17, 18). Mound should be built to the size of 1 m in width and about 50 cm in height.

Ridges are established along the contour line of the terrace section in order to promote runoff

infiltration and to store water in the ditch so as to maintain soil moisture for long term use.

This technology can be used in areas where annual rainfall is 700 mm or higher, and the

slope is 5% to 20%.

. A*-; «)■

<●

Photo 17: An example of Fanya-juu terracing Photo 18: A variation of Fanya-juu terracing

f. Circular micro-catchment

With this technology, planted trees are encircled by a circular mound and water is pooled

inside the mound (Photo 23). This technology is primarily applied for fruits production within

flat land where watering is possible. Diameter of the circle is generally determined by the
spread of tree canopy. Combining this micro-catchment with mulching can improve water
retention.

g. Large-scale planting pit

By making planting pit larger, the amount of water maintained in soil can be increased. In
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the case of semi-arid area in Myanmar, the planting pits were made by digging 2 m x 50 cm to
a depth of 50 cm, and then digging down 30 x 30 cm at the center to an additional depth of 80
cm. This is effective not only for long-term maintenance of soil water obtained during rainy
seasons, but also for promotion of early development of the root system to the groundwater
level (Fig. 21). Large size seedling of about 1 m in height will be planted in each pit.
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Fig. 21: Large-scale planting pit

Upper letf: Installation of large-scaie planting pit

Upper right: A proceeding to backfill

Letf; Water harvesting and infiltration

ffruno
[C

ivAtet-
/

4

(2) Water-saving technologies

a. Tillage (Soil plowing)

Traditionally, tillage is practiced in various regions for improvement of soil physical

properties, suppression of weeds, and preventing capillary water loss. Since it promotes

runoff infiltration, tillage is also regarded as one of the water harvesting technology. However,

tillage has risks of reducing soil organic matter and increasing soil erosion which can be

mitigated by addition of organic matter and considering it applicability depending on slope.

For trees, soil under the range of canopies should be plowed up to 30 cm in depth (Photo 19,

20).

b. Mulching

Mulching is a technique for controlling evaporation of soil moisture from soil surface by

covering soil surface with either tree branches, grasses, stones or pebbles (Photo 21). Mulching

also helps to adjust the temperature variation within soil and provides an environment

suitable for plant growth. Where organic materials are used, mulching also adds organic

nutrients.

Mulching is generally an effective technique during stages where development of tree

canopies is still in progress. However, there is a risk of plant mulches sheltering termites.

Hence, of this technique should preferably be avoided for tree species vulnerable to termites
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and in areas where termites’ damages frequently occur.

c. Cover plants

Plants covering the soil surface are expected to reduce evaporation from the soil surface.

However, this also poses a risk of causing water competition among trees. Therefore, the

plants that spread wide leaves horizontally across the soil surface like “creeping beans” is
suitable to use (Photo 22).
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Photo 19: An example of Tillage (for fruit trees) Photo 20: An example of Tillage (for agro-forestry)
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Photo 21: Example of mulching (Left; sawdust, Right: twigs) Photo 22: Green gram

(a form suitable as a cover plants)

d. Complete weeding

This is a technique that was developed during Social Forestry Training Project and verified

during the Social Forestry Extension Model Development project, technical cooperation

projects implemented by JICA and KEFRI in Kenya. Weeds are uprooted to reduce their

competition for water with trees and also to reduce capillary water loss from the soil.

Azadirachta indica first year growth is reportedly 4 times higher in complete weeded plots

than in slash weeded plots. Growth difference was continuously maintained in some test

plots. Floor plants provide the covering effect

poses a risk of soil erosion and loss of nutrients
the soil surface, whereas complete weeding

as with tillage (soil plowing). Complete
weeding should not be applied in sloping lands. Spot weeding should be done around the trees
in such site.

on
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e. Direct sowing and direct use of cuttings

Tree nurseries consume a large amount of water especially during dry seasons. Therefore,

it is important to consider direct seed sowing and use of cuttings for direct planting for tree

species that are adaptable to these techniques. This is effective for saving on labor and

seedling production costs (soil, plastic pot, etc.).

Direct sowing has been reported to be applicable for species such as A. nilotica, A. senega},

S. siamea, A. indica. Balanites aegyptiaca, Moringa oreifera and Ziziphus mauritaniana.

Pre treatment to promote germination is required for some of the species, and sowing must

be done at the appropriate season. Countermeasures must be taken against water and light

competition with weeds and damages by livestock browsing.

Direct planting of cuttings is a technology that has already been adopted for hedges of

Euphorbia tirucalli, Gliricidia sepium and Commiphora species such as Commiphora

africana. There are many cases where thick and long branches are used to allow the trees to

serve as hedges in early stages. However, trees that are propagated by use of stem cuttings

cannot develop taproot but develop shallow lateral roots instead. In order to avoid water

competition with crops, the use of root cuttingsis preferred to general method such as potted

seedling.

(3) Watering and irrigation

a. Watering

In some cases, circular micro

catchments are installed for watering of

fruits trees (Photo 23). This is applicable

to the trees that can generate high

profits in short time considering the

initial investment and running costs. As

a certain amount of water is consumed

by watering, consensus building among

community members is required before

the application of this method.

PVC tubes and plastic bottles are used

as small-scale facilities for watering (Photo 24). These can be applicable only to easily

accessible areas because regular management is required.

:v.

Photo 23: Circiter mkro-catchmerit Photo 24: Watering by PVC tube

b. Irrigation

Local consensus building among community members living in the downstream areas is

essential depending on their land use systems. This is not a practical technique except in the

case where it is to be implemented by government department/ ministry. In the long term,

where water is limited, there is a risk of soil salinity.
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3) Re-afforestation and forest management techniques suitable for drylands

This section describes re-afforestation and management techniques in tropical arid and

semi-arid areas.

(l) Raising high quality seedlings

In semi-arid areas, seedlings are often grown as potted seedlings under favorable

conditions such as sufficient watering and shading in the nursery. Acclimatization of the

seedlings to strong light and drought are required before planting, to make them drought-

tolerant.

To improve their drought tolerance, hardening off the seedlings is done at least 2 weeks

before planting through water rationing (to 1/2 to 1/3 of the normal amount) and increasing

the solar radiation (if seedlings are covered). Through these processes, root system

development within the pots is promoted and the balance between aboveground parts and

underground parts (T-R ratio) will be improved to ideal ratio. Strengthening of stem and

leaves, and development of cuticle layer are promoted and this makes the seedlings more

drought tolerant and highly resistant to pests and diseases (Fig. 22).

Although sunken beds are often used in arid and semi-arid areas to maintain soil moisture

in pots (Photo 25), thickened taproots sometimes will develop into the soil. A situation that

makes it necessary to cut thick roots must be avoided as much as possible to ensure high

survival rate. The positions of the pots should be changed on a periodical basis and root

pruning should be done by cutting roots extending outside of the pots before they grow thick.

'7

>

Fig. 22: Benefit from hardening treatmentPhoto 25: A typical seedbed in arid area

(2) Planting methods

a. Planting density

Planted trees compete with other plants such as weeds for water, but also start competing

with each other several years after planting. In arid and semi-arid areas, it is difficult to have

closed canopy forests, and therefore re-afforestation plan should be designed with wider

spacing from the early stage.
There are differences in water consumption by tree species, annual precipitation in the

planting site, and water retention capacity of soil. It is therefore practically difficult to
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determine planting intervals without good understanding of these factors. KEFRI reported
that 5 m X 5 m planting interval is adequate for Melia volkensii (KEFRI, 2010) and this

spacing which gives 400 trees per hectare showed the most prominent diameter growth
among the spacing trials in Tiva Pilot Forest. For Grevillea robusta and Senna siamea that

are recognized as low drought tolerance tree species, approximately same or smaller number

of trees should be planted in comparison with Melia. Acacia species with high drought
tolerance can survive under a relatively higher density. Acacia trees with planting density of

1 X 1 m in Tiva endured the severe drought in 1992.

In testing growth of Prosopis species in agroforestry system in India, it was reported that it

is optimal to control the stand density to 833 trees ha'^ for 2 to 3- year old stand and to 208

trees ha'i for 12- year old stand, without significant decrease in crop yields.

b. Planting hole

Typical size of a planting hole is from 30 cm diameter x 30 cm depth to 45 cm x 45 cm, and

holes within this size range are generally used in drylands region of Kenya. According to the

survey result among farmers with experiences in planting, the size of planting hole was not

considered as a decisive factor affecting the survival rate.

In a case study in central arid zone in Myanmar (annual rainfall amount: 800 mm, dry

season: 7 months), large planting holes were reported to improve survival rate to nearly 100%.

If soil in the planting site is heavy clay and tends to be solidified in dry seasons and the

planting hole is small, plant’s root system cannot extend to surrounding soil and sufficient

growth cannot be expected. In such cases, the planting hole must be larger.

Planting holes should be dug before the end of the dry season. This is to ensure sufficient

water infiltration to the bottom of planting holes at the start of the rainy season. Another

reason is that there is a concern that hole digging may take a long time if the number of trees

to be planted is large.

c. Planting

Tree planting should generally be carried out as soon as possible when adequate moisture

has accumulated in the soil to ensure long growth period for planted seedlings and to promote

sufficient root development and attain high survival rate. Normally, adequate moisture is

thought to be achieved after a cumulative rainfall of 100 mm. However, long duration

between rainfall events in arid and semi-arid areas complicates the decision as to when

adequate moisture is achieved. Soils in arid and semi-arid areas are generally fine and poor

in water retention hence organic matters should be put at the bottom of planting holes to

improve its water retention capacity.

Planting work should be carried out carefully. Fine roots suffer damage when planting and

this will be a significant factor that decreases the survival rate in arid areas. To improve the

survival rate, cut off branches leaving the top 2 or 3 branches to ensure good balance

between evapotranspiration and water absorption in broad-leaved trees.
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d. Watering planted trees

Arid and semi-arid areas have limited water resources so securing water for domestic and
agricultural use is a priority. It is therefore difficult to secure extra water for planted trees
especially in the dry season. Re-afforestation sites are generally located away from water
sources and it is practically difficult to develop irrigation system or carry water to each site.
Re-afforestation success will therefore depends on selections of drought tolerant tree species,

growing healthy seedlings, planting the seedlings at the beginning of the rainy season, and
securing a sufficient growth period during the rainy season.

Watering is done when sufficient growth period has not been secured due to delay in out
planting and when the rains are too low to attain the standard accumulative amount of
100mm. For trees planted around human dwellings domestic waste water

watering them. In such cases, watering at the regular intervals is more preferable for
promoting root development rather than watering every day with small amounts of water.

can be used for

(3) Management and maintenance of planted trees

Re-afforestation programmes in arid and semi-arid areas are always faced with the risk of
forest fires and damages due to livestock browsing.

Main causes of forest fire are^ fires used for clearing land for agriculture and grazing) fires

used for hunting; and other accidental fires. Fires can easily spread to dried grasses and
branches of shrubs in the dry season. Effective countermeasures against forest fires include^

removal of combustible material such as dried undergrowth, and installation of firebreak

(streaky weeding or streaky planting of trees hard to burn) along the ridge line for fire

prevention. Since most causes of forest fire are man-made, it is important to create

of local residents and obtain cooperation of local communities regarding forest fire

prevention. It is also important to establish systems for monitoring and firefighting.

Grazing of cows and goats has been a traditional practice by the local community, hence it

is difficult to prohibit by law. Browsing is a serious problem affecting management and

maintenance of planted sites. The most reliable measure is to enclose each planting site by

fence but this cost is high and is not practical. As with forest fire, it is necessary to obtain

understanding and cooperation among local residents and make rules of grazing taking

measures to secure livestock feedstuff such as by planting of fodder trees. It is important to

set rules among local residents through discussion in order to enhance management and

maintenance of planting sites. Tree planting in arid and semi-arid area should be carried out

by local farmers as intended by Kenya government policies, and immediate countermeasures

are promotion of tree planting using agroforestry systems in agricultural lands and on land

boundaries where management and maintenance are relatively easy.

awareness

(4) Felling cycle and timing

a. Felling cycle

In order to get the benefit efficiently, it is important to make a good management plan

based on proper knowledge of demands and commodity standards in each region. In the

study in Kitui, Kenya, the market value of coppiced Eucalyptus is generated when the sprout

case
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attains 8cm diameter, and the sprout can be felled in 3-year cycle.

b. Felling time

Although the market value, time and fluctuation of demand are significant factors to

determine felling time, it is recommended to focus attention on water competition with crops

if trees are planted within agricultural lands. It is known that pollarding and pruning reduce

the total root volume and also limit its stretching range. Pruning before starting of the dry

season is expected to mitigate the water competition with crops in the dry season.

Thinning is generally applied to increase biomass but in the case of drylands agroforestry

thinning can be regarded as a technology to mitigate the water competition with crops.

Felling of trees before the start of the dry season can also be regarded as an effective

technique to reduce water competition with crop in the dry season. Especially for the

plantation of semi-deciduous trees and evergreen trees, this application can be presumed as

effective. When appl3dng this technology, it is important to determine the number of trees to

be felled considering the negative effect of increased evaporation of soil moisture caused by

direct rays of the sunlight.

Section 6. Treo Plantins bvAsroforestrvApproach

l) Agroforestry and water management

Securing good site for planting trees is a significant challenge to farmers not only in arid

and semi-arid areas but also other areas because preferable natural conditions are generally

allocated to agriculture by priority. In the areas where there is high risk of trees getting

damaged due to livestock browsing and illegal cutting among other deforestation activities,

farmers want to grow and manage trees in the site within their eyeshot. As a result,

agricultural lands and its surroundings are often selected as tree planting sites. Technologies

that optimize tree-crop production are required and such technologies are commonly referred

to as agroforestry.

a. Features of agroforestry

Agroforestry is not a mere combination of different production activities, but what is to be

adopted in order to comprehensively generate some kind of benefits not achieved by any

mono-culture system. There is no fixed format of agroforestry and various forms are adopted

according to purposes, natural, social and economic conditions.

b. Positive and negative effects of tree planting in agricultural lands

Although agroforestry is adopted to generate some kind of benefits, combinations of

production activities for different objectives have risks of negative effects in some cases.

Expected positive effects of agroforestry include- provision of shades; eiffcient use of light:

improvement of micro-meteorology/micro-climate; prevention of soil erosion? improvement

of soil; increase of biomass per unit area; effective use of space? inhibition of overgrowth of
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weeds; provision of shades by trees; and provision of manure from livestock dung.

Negative effects of agroforestry include- competition for water, light and nutrients* risk of
allelopathy; containment of plant toxins; browsing and trampling by livestock* and risk of

being a host of disease and pest.

Competition over water between trees and crops is a significant issue for agroforestry

especially in arid and semi-arid areas and measures to avoid or mitigate it are needed.

2) Agroforestry niches

According to a questionnaire survey conducted in Kenya, there are not many sites

dedicated to tree planting except wood lots, farm forests or private plantations. Since most

farmers own limited land, trees are planted within the homesteads or compound, in crop

lands and grazing land as hedges and land boundaries.

3) Tree planting in agricultural lands

Tree planting in agricultural lands is adopted to generate profits as much as possible in

limited land areas, and this is regarded as a typical style of agroforestry.

In positioning of trees and crops, there are various forms. However, planting patterns can

be categorized into four: planting along the contour line for prevention of soil erosion;

planting at certain intervals for improvement of microenvironmen t by leafy shades; planting

of trees and crops in rows as alley cropping; and planting of trees concentrated on fixed

sections (Photo 26-30). The biggest problem in tree planting in agricultural lands is decreased

3delds of crops due to water shortage caused by competition between trees and crops. However,

there are also positive effects on crop growth such as prevention of soil erosion, improvement

of runoff water filtration in to the soil, and improvement of microenvironment by leafy shade.

Management techniques are necessary for success in any form of agroforestry system.

Agroforestry system should be designed considering items such as: appropriate planting
layout of trees to fully achieve the intended effects (prevention of soil erosion, etc.); planting
intervals; tree species selection; effective use of space and soil moisture by means of mixed

planting, density control (tree thinning, etc.), branch pruning, and root pruning.

;;r

V

*

. mh-K

f’i*- -I
. . V ●*

Si

y
●

; V

●● ^2.'

Photo 26: A typical agro-forestry style
(Gentle slope; native trees + hedges + crop) Photo 27: Tree planting by setting a compartment

{Eucalyptus + maize + other crops)
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Photo 28; A typical agro-forestry
(Flat terrain: trees + green gram)

Photo 29: Hedge planting of
GreviHea robusta

Photo 30; Intercropping under
Eucalyptus

Important properties required for trees to grow well under agroforestry system
absorption of water primarily from soil depth different from that of

are

crops; expected soil

improvement effects by coexistence with nitrogen fixing bacteria; and a high capacity to
supply organic nutrients. For plants used as hedge-row important factors for species selection
include: promotion of surface runoff infiltration in to the soil and prevention of soil

ease of planting and management; fast growth and benefits as fodder trees.

erosion;

Tree spacing and the number of trees that can be planted are limited by the rainfall

amount. In case of Melia planting in Kenya, 5 m interval is observed in Mbitini area,

Kitui Country with annual rainfall below 900 mm (agro-climatic zone*0 V-2; mean annual

temperature: 21 to 23°C) while 15 to 20 m interval is observed in Mutomo area, Kitui Country
with annual rainfall of about 450 mm (agro- climatic zone V-i; 23 to 29°C) (Photo 31, 32). For

explained that the original interval was 3 m but it was

changed later to secure crop yields. The number of trees that can be grown on a given land
size varies depending on differences in geography, weather, soil conditions and accumulated

experiences of farmers.

the former case, the land owner

I,.
<.

'VlJ 'V!

Photo 31; An example of spacing for Me/la vo/kens/K.])
Spacing: 5x5m

(Annual rainfall: 900mm below, mean a. temp.: 21-23 ®C)

Photo 32: An example of spacing for Mel/a volkensii^
Spacing: 15-20 x 15-20m

(Annual rainfall: around 450mm, mean a, temp.: 23-29 ®C)

Introduction of water harvesting techniques such as micro-catchments to promote water

harvesting and infiltration of surface runoff water in to the soil, and planting of trees with

- 33 -



root system in different development depths (water'use depth) are also important factors for
effective use of soil moisture. Installation of micro'catchments is also effective for prevention

of surface soil loss.

*) Concept and map of the Agro"climatic zone in Kenya is indicated at the end of this guideline.

4) Competition over water between crops and trees

a. Reality of competition

According to result of research, the effects of water competition on crop yields are much

greater than those of shading in arid and semi-arid areas. Through the observation of crop

yield when crop were intercropped with Grevillea robusta in Kenya, there were no effects of

planted trees on crop yields for the first 2 years, but afterwards significant reduction of crop

yields was observed. Maize yield was only a halved even in years of unusually high rainfall. A

similar study with Melia volkensii revealed a yield decline of more than 50%, and negative

effects on yields was confirmed in the range within 13 m from .M volkensii

In JICA’s technical cooperation project in Kenya, maize and beans were intercropped with

the width of 1 m (vegetation covering ratio by crops- 25%), 2 m (50%) and 3 m (75%) among S.

siamea trees was planted at the intervals of 4 m (maize were planted in a reticular pattern at

the intervals of 33 cm, and beans were sowed at the intervals of 16 cm between them). As a

result, despite the crop yields in 50% crop acreage doubled compared to 25%, yields in 75%

crop acreage presented no significant difference from 50% and negative effects on the growth

in height of Senna siamea were observed. In this case, it was estimated that possibility of

intercropping with the planting intervals of trees of 4 m is limited within 2 years.

b. Techniques to mitigate water competition

i. Thinning, Coppicing, Pruning and Pollarding

Competition for water by plants can be controlled by reducing plant biomass. Water

consumption by planted trees can be regulated by reducing transpiration from leaves and

limiting the range within which the root system is extending. Techniques to reduce

transpiration include Thinning, Coppicing, Pruning and Pollarding. These techniques

commonly carried out to produce fuel wood, poles and fodder. These operations should be

undertaken before the onset of the dry season to reduce water competition with crops during
dry season. These management practices are applicable to evergreen and semi-deciduous tree

species.

are

In Coppicing, sprouting capacity significantly varies with tree species. Although Acacia
species are generally said to be poor in coppicing, some reports argue it is possible in some

Acacia species. Since many oi Acacia are important for fuel wood, it is important to research
on conditions that may promote their coppicing. Even species for which coppicing is possible,
sprouting capacity might decrease in the thickened portion. Generally, the portion of <10
in diameter maintains high sprouting ability. In the first felling, stem will be cut at 20 to 30

above ground height (Fig. 23). In the case of Eucalyptus camaldulensis

cm

cm

coppicing in a

semi-and area in Kenya, sprouts grown to >8 cm in diameter were picked at 3-year cycle for
pole production.
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Pruning” is applied in order to increase the value of wood in general. If high value-added

timber production is the main purpose, branches should be pruned while they are still thin

(Fig. 25). Generally, it is recommended to cut off branches up to two third of the tree height.

For “Pollarding”, the trunk will be used as timber in the future, so the top branches are cut

at the height of 1.5 to 2 m avoiding livestock browsing damages on sprout (Fig. 24). Grown

sprouts are used as poles and fuel wood. Young sprouts and leaves may be used as livestock
feedstuff depending on tree species.

u

ii. Root pruning

Root pruning mitigates water competition with crops. Roots are mostly pruned at 30 to 50

away from the trunk and at depths of 30 to 50 cm (Fig. 26). Roots are pruned by excavating
trench which can be back-filled or be used as a water storage pit.

Root pruning inhibits the growth of planted trees therefore, this technique should be
undertaken in consideration of economic impact caused by tree growth reduction. However, in

some cases trees whose roots are pruned have revealed better growth rate than unpruned

trees. This is likely to be as a result of rejuvenation of more efficient roots immediately after
the pruning.

cm

lluv'di
pc

ir»

J,rxwoo

cttfCCOQ.1cat

at tte

y-y-7- / ■’' y / ^ j

Fig. 24: Procedure for pollardingFig. 23: Procedure for coppicing

root
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Fig. 26: Procedure for root pruningfor pruningFig. 25: Procedure
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Photo 35: Pollarding of Mango treesPhoto 34: Coppicing of £ camaldulensisPhoto 33: Pollarding of Lannea sp.

iii. Cultural control techniques to avoid water competition

Designing of spatial layout of plants (underground part)

As mentioned in an earlier part of this guideline, plants are segmented by using water at

different depths under natural circumstances. By grasping the properties of root distribution

of target plants and positioning them suitably, it may be possible to ensure effective use of the

limited soil moisture and thereby increase the profit per unit area.

Crops such as pigeon pea, sorghum and pearl millet extend their roots vigorously at the

depth of 2 m, 90 cm and near the ground surface, respectively. Maize develops its roots down

to the depth of 75 cm from the ground surface while green gram and cowpea develop their

roots deep and wide. Trees such as A. nilotica are deep-rooted and Eucalyptus species are

generally known for development of the root system in horizontal directions along with its

taproot. Tree species that can survive in arid areas are deep-rooted; however, there have been

no in-depth study on these species except for a few species. Regarding water competition with

crops, tree species that extend their roots horizontally in a vigorous way like Eucalyptus,

must be avoided or given special management attention.

Designing distribution of growth period

Required growth period varies depending on crops; green gram can mature in 3 months,

whereas pigeon pea matures in about 10 months. Effective use of soil moisture according to
seasonal changes is possible by determining the crops that require a long growth period
assuming a standard water shortage condition in the dry season, and planting early
maturing crops in the rainy season.

5) Tree species suitable for agroforestry

Agroforestry is often expected to provide various forestry products for basic needs of local

residents in the limited land area hence “Multipurpose trees” are positively selected. Such
trees are sources of not only timber but also fuel wood, food, medicine, fodder, bee forages
well as functions of improving the environment (leafy shade and soil preservation) which
much prized. Planting many tree species rather than a single species is preferred to reduce
the risks associated with mono culture.

as

are
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During land preparation, indigenous tree species are often retained and there is no doubt

that such species are already adaptable to the local environment. The choice of which species

to spare should also be guided by tree utilization by local communities. This fact indicates

that those trees are worth to be left without cutting despite the negative effect on water

competition with crops.

Farmers who mainly plant Melia volkensii (for timber production) in semi-arid areas in

Kenya (annual rainfall- about 450 mm, mean annual temperature^ 23 to 29°C) have deviced a

way of increasing diversity by planting other species such as,‘ Azadirachta indica (timber and

medicine), Tamarindus indica (timber and fruit), Mangifera indica (fruit) and Annona

senegalensis (fruit tree). Also, they retaining useful indigenous trees species such as; Acacia

tortilis (feedstuff and bee forage, etc.), Sterculia spp. (timber and ifber), Adansonia digitata

(fruit and ifber), Comiphora spp. (timber), Berchemia discolor (fruit) and this shows their

usefulness to the farmers.
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Photo 36: Acacia tortHis Photo 37: Berchemia discolor

fck~r-' ^

Photo 40: Sterculia africanaPhoto 39: Adansonia digitataPhoto 38; Combretum sp.
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Photo 41: Tamarindus indica (planted) Photo 42; Senna siamea (planted)
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6) Planting in other areas than agricultural lands

a. Hedge planting

Thorn plants and toxic trees can be planted densely as hedges enclosing agricultural lands
for prevention of livestock and human intrusion. Due to ease in establishment, Euphorbia
tirucalli was planted for this purpose in Africa in the past. However, due to the risk of
accidental ingestion of toxic sap by children and limited usage, the use of the species has
declined. Thorn plants popularly used in Africa are Dovyalis caffra and Acacia species.

Characteristics required basically for such trees to be planted are- possibility of

propagation by cuttings; tolerance to pruning; high adaptability to dense planting and

management. Preferential selection of tree species that can be used for other purposes such
as for fuel wood and fodder is necessary for livelihood improvement.

Live fence species are densely planted, hence they have a negative effect on soil water.
However, the number of trees to be planted may be reduced by using tree species whose

branches can be raddled with those of neighboring trees. Tree species for which pruning and

pollarding are possible should be selected. If the inside of the hedges is an agricultural land,
additional management such as root pruning is required to prevent reduction of crop yields.

ease in

ct^

.
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Photo 44; Direct planting of cuttings
{Euphorbia tirucalli)

Photo 43; Hedge planting

{Euphorbia tirucalli)
Photo 45; Fence of deadwood

b. Tree planting on Land Boundaries

In areas where land registration and administration system is incomplete, clarification of

boundaries to third parties is the most important concern for land owners. Since trees are

long-lived, they can be planted for boundary demarcation. In such cases, dense planting such

as hedge line is not required. Therefore, planting intervals can be adjusted according to
rainfall amount and financial status. Existing useful trees may also be used for this purpose.

For new planting, tree species are selected in consideration of the possibility to use them
for timber and fuel wood. As with hedges’ case, if the inside area is an agricultural land, to
mitigate the water competition with crops, root pruning and branch pruning is required,

c. Tree planting within the compound (homestead)

Routine management of trees in the homestead is easy, therefore tree species whose value
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is commensurate with inputs used are often selected for this site. Improvement of living

environment (leafy shade) and contribution to landscaping are also the selection criteria.

Trees of high value such as timber trees, fruit trees and ornamental trees are preferentially

planted within the compound/homestead. Water harvesting by micro'catchments and

watering with a PVC tube should be applied depending on rainfall amount.

Photo 46: Boundary planting {GreviHea robusta) Photo 47: Boundary planting {Comiphora sp.)

d. Tree planting in Grazing Land

For tree planting in grazing land, special care about water

competition with other plants is not an important factor.

Instead, consideration should be given to whether the area has

sufficient rainfall amount for sound growth of planted trees.

Micro-catchments structures cannot be maintained over a long

period because they are frequently trampled by livestock. Since

the grazing land is located away from residential areas, tree

species that can endure extensive management must be

selected.

Planting of trees useful as source of fodder is required and

criteria for selection include^ high nutrition value; livestock’s

preference; absence of toxin and high coppicing ability.

Protection by fences is necessary after planting until trees develop firm roots and grow

enough as fodder trees for livestock (Photo 48).

Photo 48: Enclosure for grazing
prevention
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Chapter 4. For Re-afForeatation in Concerning of Local Water Balance

1. Capacity building on accurate information

From household interviews done in 2010 among 90 farmers (in Eastern Province, Kitui

farmers’ perception about forests and water relationship, the majorityCountry in Kenya) on

of the residents noticed the positive effects of tree plantation on the water catchment.

However most of them believed some false information such as re-afforestation can increase

rainfall and raise the ground water level. Native species including Acacia spp., Lannea spp.

and Ficus spp. and other species like Grevillea robusta, Jacaranda mimosifolia and

Tamarindus indica were believed to have such positive effects, while only Eucalyptus spp.

was thought to have adverse effects on water catchment (Josephine Musyoki, Pauline Bala,

2011, unpublished work). From the results of previous studies, about 70% of the farmers

considered that Melia volkensii planted for agroforestry in their croplands can grow without

competition or eliminate competition with crop if pruning is performed appropriately.

It was noted that there is lack of precise knowledge on the relation between water and trees

(except Eucalyptus) hence dissemination of accurate information and knowledge is necessary.

However, quality of guidance provided by forestry extension specialists is still not

enough. Capacity building of residents is necessary for giving precise information about the

function of re-afforestation on the local water resource, such as increase of water infiltration

rate of forest soil, repression of evapotranspiration from forest floor and better rainwater use

efficiency relative to bare lands. The lack of information poses challenges in designing

appropriate agroforestry systems. It is important to establish a system (networks or

platform) where those who are actually involved in on-site tree planting activities collect

and accumulate hands-on information and share such information with local

communities. Public research institutes should package their research findings on tree

planting and management such that they are accessible to the local community

members as much as possible.

2. Re-afforestation decreases the amount of ayflilable water

A forest can conserve water as a green dam, which can be effective for water storage, but

cannot increase the rainfall (Hino, 2005). Besides, the water available to the downstream

must be decreased by re-afforestation in upper reach because of a large amount of water

consumption for evapotranspiration. When re-afforestation is done in bare land of Loess

Plateau and evapotranspiration increases by 10 %, the amount of river flow is expected to
decrease by 9 % (Zhang et al, 2008). It is necessary to make it clearly known among the local
community members concerned with re-afforestation in arid and semi-arid areas to restore

vegetation has to exploit a large amount of water to maintain forest for long time. It could
therefore decrease available water for other uses.

3. Water resource conservation

As water is used for various

techniques that can conserve water
purposes and is essential for human life, re-afforestation

resources and minimize water loss from plantation areas
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should be developed.

Planted seedlings use only a small amount of water, but the water consumption increases

continuously as trees grow big. As trees grow over many years, without any control of tree

growth or leaf biomass, the water that flows out from the forest will continuously decrease for

long period and a large amount of water is necessary for their transpiration until harvest.

Therefore, re-afforestation should be designed in accordance with available water and

management should be aimed at controlling water consumption for a long period so that the

local water balance can be maintained.

4. Proper forest structure for wood production

From the mountain areas of Kenya, farmers were forced to move to arid low lands due to

the increase in population and the immigrants planted trees around their settlement as they

have done in their original area. These trees consumed a large amount of water which

increased the pressure on the water resource and failed to harvest their agricultural

production (Rumley et ah, 2006).

Re-afforestation should be conducted after clarifying the aim of forest production such as

suitable size and form of timber and quantity of woody products. In other words, the desirable

forest structure and its re-afforestation management methods must be proposed

comprehensively taking into account of demands of residents, amount of local water resource,

and physiological and ecological properties of planted trees.

5. Techniques appropriate to maintain stand density in low level

As forests in arid and semi-arid area play important roles in enhancing community

livelihoods by supplying fuel wood and timber and contributing to environmental

conservation e.g. soil protection, appropriate density control being most suitable for the aim

of forest production is necessary. Sometimes it is also important to suppress timber

production by well-timed control of tree density, because low stand density is not always

preferable for the conservation of forest environment. In low-density stands, evaporation

from the forest floor is promoted by strong solar radiation. Shrub forest can conserve soil

condition by dense vegetation and produce fire wood. On the other hand, open forest can

produce high quality wood material. Development of techniques appropriate to control stand

density at low level in arid and semiarid area are necessary for the water resource

conservation through a variety of researches. However, there have been no general research

outcomes on low density control that are broadly applicable to different tree species.

6. Consideration for micro-scale differences in site condition

Even in wet area such as Japan with enough rainfall for tree growth, site conditions for

re-afforestation largely vary with locations (upper or lower part of the slope and sides of the

Sea of Japan or Pacific Ocean) and, as a result, tree species for plantation and their

management methods also widely vary. Similarly, as conditions in arid and semi-arid area

also largely vary with small differences in undulation and slope direction, tree species and

management must be adopted in consideration of the difference in micro site conditions.
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Annual rainfall in arid and semi-arid area largely varies from 10 mm to 800 mm

(Yoshikawa et al, 2004). Variation of rainfall significantly influences the changes in soil
moisture content after plantation establishment. For example, if Robinia pseudoacacia (black
locust) is planted in lands with sufficient amount of rainfall over 600 mm in annual average,

the water retention capacity of soil is improved as the planted trees grow. On the other hand,

planting of this tree species in arid area where drought occurs frequently will cause soil

aridihcation (Jin etal, 2011).

7. The right tree in the right place

Although the total amount of water is not sufficient in arid and semi-arid area, there are

various forms of available water sources and many kinds of plants can inhabit with various

life history strategies to enable them to use different water sources.

To secure a wide range of alternative selection of tree species appropriate for planting

under different site conditions, growth characteristics of as many plant species as possible

should be revealed. Very long period of management is necessary to achieve planting

objectives because of slow rate of tree growth. Furthermore various types of tree form and

forest structure are established depending on different procedures during long management

period. Therefore long-term prospect is necessary for the selection of planting tree species.

8. Monotonous and large scale plantation is impractical

In order to mitigate the human pressure on remaining natural forests, tree plantation

should be proactively promoted.However large-scale and monotonous plantations in arid and

semi-arid areas should be avoided to conserve water resources, because of the difficulty to

make consideration for the micro difference of site conditions.

However, large-scale plantations in arid and semi-arid areas should be done with a lot of

precaution considering conservation of water resources. Most of the monotonous and

large-scale re-afforestation in the northern China caused a drying up of the Yellow River due

to the lack of consideration of local water balance. Moreover, most of them were conducted in

degraded crop lands and mountainous barren land which were unsuitable for

re-afforestation. Therefore any attempt of large-scale re-afforestation simply aiming to

increase a forest biomass for carbon fixation poses a great risk of water source depletion and

is not appropriate in arid area (Cao et ah, 2010).

To make matters worse, some big re-afforestation projects have succeeded to establish

beautiful but tentative and small forest vegetation, which gives an impression that

re-afforestation is possible even in a degraded barren land if a proper management is

performed. However these short-term and small-scali outcomes should not support
large-scale and long-term re-afforestation policies in arid and semi-arid area (Cao et al,
2010) without a lot of precaution.

9. Robustness under harsh and drv environment

As the rainfall largely varies across years in arid and semi-arid area, forest structure and

tree properties must have some drought tolerance for their sustainability.
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Therefore re-afforestation techniques must focus on the securement of robustness of forest

vegetation under harsh environment by the coordination of forest water consumption with
the control of leaf biomass (=water loss from forest) based on the selection of tree species that
can adjust its leaf biomass by itself (dieback) when there is low rainfall or during drought.

10. Difference between agroforestrv and re-affnreHtlft.inn

Tree plantation should be started in consideration of the relation between forest and

human life. Therefore, a completely different point of view of forest management is required
between agroforestry tree planting within the compound and tree plantation established in

the rural farms away from the settlement area.

Trees planted within the compound can be protected from illegal harvesting and

livestock browsing hence maintaining a stable forest environment for tree growth. On
the other hand, for re-afforestation in rural farms away from homestead has

prerequisites such as low risk of illegal cutting. There are also other essential

requirements such as selection of tree species suitable for extensive management and

consideration of countermeasures such as fences to prevent livestock grazing. The most
important concern for re-afforestation in such sites is the profits of grown trees and

timbers. On the other hand, trees for agroforestry need to have positive effects

and to conserve and improve agricultural land conditions. There are clear differences

between agroforestry in cropland and re-afforestation as concerns the management

methods including tree species, planting density and management practices such

pruning. Re-afforestation in rural area requires consideration on water environment in

scale of plantation area to eliminate adverse effects of tree growth on local water

balance. On the other hand, trees for agroforestry are required to have positive effects on

crops to conserve and improve conditions of farmland. Because agroforestry requires

consideration on crop production to minimize adverse effects on yields of crops grown
under planted trees.

on crops

as

11. Issues in agroforestrv

Agroforestry is a result of compromise between forestry and crop production by segregation

and competition over water. Apart from timber production, tree species used for daily life

often planted. Management techniques appropriate for tree species which are

important for livelihood of residents but minor in commercial sense are less developed.

For example, ecological and physiological properties of minor tree species are also less

understood; distribution and capacity of water absorption of the root system that

are

significantly affect interspecific competition for water with crops have not yet been

revealed. However, bottleneck of dry land agroforestry is the lack of crucial

information about growth properties of respective tree species and management

techniques appropriate for tree production that ensures effective use of space and water

resources. It is necessary for the management of agroforestry to have consideration of the

effect of tree growth on soil water in re-afforestation area which must be depressed as trees
grow big.
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12. Conclusions

New method of forest management which aims to

develop human life is necessary to base on the precise information such as re afforestation
should depress the amount of available water both in the lower reaches and the concerned
forest.

The selection of tree species and the

different between agroforestry and re-afforestation which support crop production and water

local environment and toconserve

execution of forest management are completely

resource cultivation, respectively,

easy to consider unfamiliar environment to be a simple and monotonous condition,As it is

the necessity to select the right tree in the right place is hard to accept for re-afforestation in
unfamiliar arid and semi-arid area. Even for the local residents who do not have any
information about such delicate selection of tree species for re-afforestation around their

residence shows a tendency to make simple and monotonous forest.

To secure a wide range of alternative selection of tree species being appropriate for
-afforestation objectives under different site condition, growth properties and way of

nursing and cultivation of as many tree species as possible should be revealed.
Water in dry lands is an indispensable currency which can preside over all lives including

re

human society.

Forest management based on the maintenance of local water balance is the fundamental
for appropriate wood production corresponding to the initial objectives of sustainableissue

development of forestry under persistent water consumption. New systematized techniques
for re-afforestation in dry lands are desired to establish and to maintain the open forest with

adequate tree density control. Especially to clarify the effects of tree density on the forest
development, many kinds of forests which have precise past management history are

to compare growth properties under many kinds of site conditions. Then it is the

of dry land forestry which should be started immediately, because a long time is

necessary

issue

necessary to establish suitable experimental forests.
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Annex 1

Determination of potential planting area

by

ROC analysis” and “Classification tree models
u
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Latestclimaticdata (1960-90)
19factorof BIOCLIM (explained variable)

4?^

ROC Analysis
Stochasticity threshold to
determine the potential area I

r

'/
I

Prediction of the potential area
Suitable habitat- Marginal habitat

Fig. A-1-1: Flowchart for analysis

ROC Analysis of A. Senegal ROC Analysis of volkensii

*Cut-off point

/
>.>>

/ >>
* Cut-off point

(/}(/}
C .c .
Q) » ●© ●-
0)O)

I

■

AUC=0.99AUC=0.86

T T T T T

1-Specificity

Accuracy of the model:‘‘Excellent’
(Swets 1988)

1-Specificity

Accuracy of the model: "very good'
(Swets 1988)

Suitable Habitat: The area where has much feasibility more than the cut-off point

Marginal Habitat: The area where has feasibility between 0.01 and cut-off point

Fig. A-1-2: Verification of the accuracy of the classification tree model and its feasibility threshold value
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Fig. A-1-3: Map of 19 climatic factors by BIOCLIM and map of topography (altitude)
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B10I4

A,

A :
(«

BI 18

Altitude

Table A-1-2: Nineteen climatic factors of BIOCLIM

Climatic FactorClimatic Factor

Bin Mean Temperature of Coldest QuarterB101 Annual Mean Temperature

Mean Diurnal Range (Mean of monthly (max, temp. - min, tamp.)) BI12 Annual PrecipitationBI02

Isothermality (BIQ2 / 8107) (« 100) B113 Precipitation of Wettest MonthB103

Temperature Seasonality (standard deviation * 100)

Max. Temperature of Wannest Month	

Min, Temperature of Coldest Month	

Temperature Annual Range (BIOS - B106)	

Mean Temperature of Wettest Quarter	

BI14 Precipitation of Driest MonthBI04

BUS Precipitation Seasonality (Coofficient of Variation)BI05

B116 Precipitation of Wettest QuarterBI06

BI17 Precipitation of Driest QuarterB107

BI18 Precipitation of Warmest QuarterBIOS

Mean Temperature of Driest Quarter BUS Precipitation of Coldest QuarterBIOS

Mean Temperature of Warmest QuarterBlIO
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Fig. A‘1'4- Present distribution and Suitable/Marginal habitat of each tree species
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09. Combretum shumannii 10. Eucalyptus camaldulensis

s

y

t

' /
Suitable/Marginal habitatPresence distribution Presence distribution Suitable/Marginal habitat

11. Eucalyptus globulus 12. Eucalyptus saligna

. j4.

'-r:
■l

J*

Suitable/Marginal habitatPresence distributionSuitable/Marginal habitatPresence distribution

14. MeUa volkensii13. Faidherbia albida

I

Sr
r\

y

\

Suitable/Marginal habitatPresence distributionSuitable/Marginal habitatPresence distribution

16. Senna singuneana
15. Senna siamea

1 /
r

s
1^

j
V.

n-
/●

'\y

■f ■ ■, y y

1 fi'
(I

i* 'i
V

r

/0
^7

Suitable/Marginal habitat
Presence distribution

Suitable/Marginal habitatPresence distribution

Marginal habitatSuitable habitat
Q PresenceLegends:

- 53 ”



spectabilis

A ■■

/●

!f.\j I'l ^■

.9

<v

j

Suitable/Marginal habitatPresence distirbutionSuitable/Marginal habitatPresence distirbution

Marginal habitatSuitable habitatLegends: □ Presence

Table A-1-2; Deviance Weighted Score (DWS)

Bioclim parameters

BI01 BI02 BI03 BI04 BIOS BIOS BI07 BIOS BI09 BI10 BI11 8H3 BE14 Slto QI17 d!15 BHSOWS (*)

2.7 2.8 4.2 14.5 3.2 0.0 3.6 20,2 10.9 0.0 00 . .30 33 00 9 0 J/ 00 4'»

0.0 0.0 0.0 4.7 16.5 6.2 7.4 ao 7.1 7.0 20 0 00 (kz 2 0 00 6 0 _ 34__^ 2 ■» 4«f
2^0 OO 0.0 9.2 29.4 0.0 4.0 0.0 2.7 7.3 00 jtO.S 2 4 OO IST J0_ 31 00 13
0.0 3.3 0.0 15.9 0.0 7.7 10.1 0.0 3.5 19.7 00'"..00.^ ^58 'uQ ,80, 27, SS 52 00
0.0 0.0 0.0 3.0 12.5 2.6 3.1 0.0 31.0 0.0 00 27 t QQ .5.2. _ 5® *3 00
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6.1 10,1 0.0 7.6Balanites aeir/j>tiaco

Combratum acuhatum

8,5 38.9 3;9 0:0
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Eucalyptus globulus	
Eucalyptus saligna

0 0 0.0 4 0

Faidierbia albida 0.0 0.0 0.0 26.2 0.0 0.0 15.5 0.0 0.0 0.0 00 150 9 2 00 00 0.0 88 -m :t4:g-
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Senna siamea

5.2 13.7 0.0 20.3 3.8 6.4 14.7 0.0 17.4 0.0 0.0 m p.O go 115 41 00 3,0 0 0
3.4 0.0 0.0 13.1 33.7 2.3 0.0 5.9 0.0 0.0 00 3,0 7^0 00 30 8 4- 30 3 / 104

Senna singuneana

Senna spectabilis

Temarirtdus indca

10.6 3.9 0.0 12.1 0.0 6.5 0.0 0.0 0.0 Q.Q 7 9 t8J 27.9 OQ 00 00 3 6 00
6.1 0.0 0.0 7.6 0.0 0.0 0.0 0.0 0,0 OG 00 26.6 13.9 86 00 _ 00 I2.j_ ^Ob

2.5 4.9 0.0 0.0 0.0 7.8 40 3 9 "oo 92~111~ 4/" 00 ' 627.4 3.4 0.0 6.9 27.6

BI 01 Annual Mean Temperature

Moan Diunral Range (Moan of monthly (max tamp - min temp))
Isothermality (B102/BI07) (» 100)

Temperature Seasonality (standard doviaOon *100)
Max Tomporature of Warmest Month

Min Temporaluro of Coldest Month

Temperature Annual Range (BI0S-BIO6)
Mean Temperature of Wettest Quarter

Mean Temperature of Driest Quarter

Moan TomporoUire of Warmest Quarter

81 II Mean Temperature of Coldest Quarter

Annual ^cipitabon

PrecipitaUon of Wettest Month

Precipitadon of Driest Month

Procipitation Seasonality (Coefficient of Variation)
Precipitation of Wettest Quarter

Precipitation of Driest Quarter

Precipitation of Warmest Quarter

Precipitadon of Coldest Quarter

6102 BI 12

61 13

BI 14

BI 03

BI04

BI 05

BI 08

BI 07

BI 08

BI IS

BI 16

01 17

BI 18

BI 19
BI 09
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Annex 2

Tree species that has high drought-tolerance

l) 15 highly drought-tolerant tree species and its characteristics

- Acacia nilotica (L.) Del. (subsp. Nilotica)

- Acacia senegaKh) Willd.

- Acacia tortilis (Forssk.) Hayne

■ Acacia xanthophloea Benth.

● Azadirachta indicah. Juss.

■ Balanites aegyptiaca (L.) Del.

- Combretum^^-p'. {C. aculeatum, C. collinum, C. molle, C. shumannii)

- Eucalyptus camaldulensisYidhTih

* Eucalyptus saligna Smith

- Faidherbia albida (Del.) A. Chev.

- Gliricidia sepium (Jacq.) Walp.

- Grevillea robustaA. Cunn. ex R. Br.

■ Melia volkensii Guerke

- Senna siamea (Lam.) Irwin et Barneby

* Tamarindus indicah.

2) List of highly drought-tolerant tree species distribute in Kenya
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Annex 3

Agro'climatic zone of Kenya
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Fig. A-3-1: Agro-climatic Zone Map of Kenya

(Ministry of Agriculture, Kenya, 1980 (Organization at the time in 1980))

Published at the web site:

http://eusoilsjrc.ec.europa.eu/esdb.archive/eudasm/africa/lists/cke.htm
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indication of rainfall, evaporation, potential for plant growth andTable A-3-1: MOISTURE AVAILABILITY ZONES with an

risk of cropfailure		
average annual

potential evaporation

(mm) - EO

risk of failure of an

adapted maize
potential for

plant growth
average annual

rainfall (mm)- rr/EO vegetationzon
classification

assuming that soil conditions are

not limiting	

{%)e

excluding areas above 10,000 ft altitude

extremely low

(0-1%)
very highmoist forest1200-20001100-2700humid> 80

very low

(1 - 5%)
moist and dry

forest

dry forest and
moist woodland

high1300-21001000-1600sub-humid65-00

fairly low

(5-10%)
high to medium1450-2200000-1400semi-humid50-65

lowdry woodland
and bushland

semi-humid to

semi-aird

medium1550-2200600-1100IV 40-50 (10-25%)

high
medium to lowbushland1650-2300450-900V 25-40 semi-aird (25-75%)

very high

(75 - 95%)

bushland and

scrubland
low1900-2400VI 300-55015-25 aird

extremely high

(95-100%)
very lowdesert scrub2100-2500VII 150-350< 15 very aird

Table A-3-2: TEMPERATURE ZONES with an indication of mean maximum, mean minimum and absolute minimum

temperature, night frost andaltitude	
moan annual

temporaluro

absolute min.

temperature

mean max.

temperature

(°C)

mean min.

temperature
general

description
altitude (feet) altitude (meters)classification night frostzone

('’O (°C) CO

cold to

very cold

more than more than Afro-Alpine

highlands

very
9 less than 10 less than 16 less than 4 less than -4

10000 3050common

6 10-12 very cool 16-18 4-6 -4 to -2 9000-10000 2750 - 3050common

Upper

highlands
7 12-14 cool 18-20 6-8 -2 too occasional 6000-9000 2450 - 2750

6 14 -16 fairly cool 20-22 8-10 0-2 7000- 8000 2150-2450rare

Lower

highlandscool

temperature
5 16 ■ 18 22-24 10-12 2-4 6000 - 7000very rare 1850-2150

warm

4 18-20 24-26 12 ■ 14 4-6 5000-6000 1500- 1850none
temperature

3 20 - 22* fairly warm 26-28 14-16 6-8 4000 - 5000none 1200 - 1500 Midlands

2 22 ■ 24 ● 28-30warm 16-18 8- 10 3000 - 4000none 900- 1200

fairly hot to

very hot
24 - 30 ●1 30 ● 36 ●● 18-24" 10 -16 0 - 3000none 0-900 Lowlands

* these are averages for the whole country; for areas in and west of the Rift Valley the temperature
for areas east of the Rift Valley one degree colder than indicated

*+ at the Coast 28 - 31 and 20 - 23 resp.

range is one degree warmer and

- 82 -
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