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Chapter 1
Introduction

During the last century there have been signibcant alterations in the hydrology
of Kenyan watersheds with extensive deforestation, cultivation, drainage of wet-
land systems, dams, weirs and irrigation. These changes have been particularly
intense in the central highlands and western regions of the country due to explo-
sive population growth and rapid expansion of agriculture, coupled with changing
food consumption patterns (for instance a spread in maize production), rampant
poverty and land tenure problems. The result is widespread land degradation due
to increased soil erosion, soil fertility decline, depletion of soil carbon, and soll
physical degradation leading to increases in rundlrainfall! ET) and more rapid
movement of water to and across the ground surface, resulting in a breakdown in
watershed hydrological functions and water-balance debpcits.

Deforestation started during the colonial period in the Sasumua watershed (Figure
1.1), accelerating in later years due to increasing population density in the area.
There have, however, been attempts to reduce encroachment on remaining forest
areas in the upper parts of the watershed and to rehabilitate some of the deforested
land during the last few years, partly as a concequence of dropping water levels
in the Sasumua dam, which supplies about 20% of the water demand of the city
of Nairobi. Ensuring proper hydrological functioning of the Sasumua watershed
Is therefore of critical importance to the future water supply of Nairobi. Simul-
taneously, better land management and reduced land degradation are critical for
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Figure 1.1: 3D perspective view of the Sasumua watershed. The Sasumua dam
can be seen in the center-right of the image.

increased and sustained agricultural productivity in the Sasumua watershed.

This report is part of a study on hydrological services in the Sasumua watershed
in collaboration with the Kenya Agricultural Productivity and Sustainable Land
Management Project (KAPSLMP) and Kenyatta University. The terms of refer-
ence for the land degradation assessment component of the project is presented in
Appendix A.



Chapter 2

Methods

2.1 Study area

The study was carried out in the Sasumua River headwater watershed, which
together with the Chania- and Kiburu River watersheds supplies about 20% of
the total water demand for the city of Nairobi. The Chania and Kiburu rivers are
diverted into the Sasumua reservoir, so not hydrologically part of the Sasumua
watershed studied here. The study area was located in Nyandarua District and
covered a total area of 10,000 ha (100 K The Sasumua watershed has an area
of about 7000 ha.

2.2 Field sampling procedures

In the assessment of land degradation in the Sasumua watershed, bPeld sampling
procedures developed as part of the Land Degradation Surveillance Framework
(LDSF) (Walsh and VEgen, 2006) were used. The LDSF is designed as a diagnostic
surveillance framework for the sampling of entire landscapes or ecosystems, and
has been applied under a range of conditions and climates, from drylands in the
Sahel and East Africa to humid and per-humid ecosystems. A LDSF Sentinel Site,
which has a size of 10 x 10 km, was established covering the Sasumua watershed
and some of the surrounding area (Figure 2.2).
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2.2. FIELD SAMPLING PROCEDURES 7

The basic LDSF sampling unit is a OclusterO which covers and area of 10 ha, and
consists of ten 1000 msampling plots. Cluster centroids were randomly located
within 2.5 x 2.5 km tiles in the Sentinel Site (see map in Figure 2.2), and plots
(Figure 2.1) were then randomly distributed within each cluster. This spatially
stratibed, randomized sampling design (Figure 2.2) reduces local biases that may
arise from convenience sampling and ensures a representative sample of the study
area.

In each of the sampling plots, soil
samples were collected at 0-20 and

20-50 cm depths and current land i
cover characteristics were recorded
using a modibed version of the FAO

d~122m

Land Cover Classibcation System
(Jansen and Gregorio, 2002), in-
cluding information on land cover,
as well as present and historical .-

land use. Visible signs of soil

degradation were also recorded, to-"-\
gether with woody and herbaceous

vegetation cover ratings. Finally, Figure 2.1: Schematic representation of a

woody cover (trees and shrubs sep; Hor sampling plot (1006) with sub-plots
arately) densities were measured in(100 )

each of the sub-plots in Figure 2.1

and measurements of biovolumes were made. In the center points of 47 of the
samplinh plots (Figure 2.2) inPltration rates were measured using single ring in-
pltrometers. These samples, measurements and recordings are the land resource
indicators used in the LDSF to measure current status and changes in ecosystem
health. The nested structure of the data allows for powerful inference through the
application of hierarchical statistical analytical procedures.
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Figure 2.2: Map of the Sasumua watershed showing sentinel site sampling plots
(red crosses), watershed boundary and the Sasumua dam. Watershed boundary
was delineated using adjusted Shuttle Radar Topography Mission (SRTM) data.
Red dot on map inset in lower-right corner shows the location of the Sasumua
watershed.



2.3. ANALYTICAL PROCEDURES 9

2.3 Analytical procedures

2.3.1 Laboratory methods

The top- and subsoil samples recovered from each observation point were analyzed
using infrared (IR) spectroscopy. Details on the analytical setup of IR spectroscopy
used in this study can be found in V(Egen et al. (2006) and Shepherd and Walsh
(2007). A subset of soil samples (17%) was analyzed for pH, base cations, exchange-
able acidity, extractable phosphorus (P), total nitrogen (TN), soil roganic carbon
(SOC) and sand content using conventional laboratory analytical techniques at
the ICRAF soil laboratory in Nairobi.

2.3.2 Statistical analysis

The analyses of LDSF land resource survey data utilize linear, generalized linear
and non-linear multilevel models extensively. In multilevel model model analyses,
as applied in the LDSF, the random part of the model, or what is often referred
as the OerrorO, has structure that arises from the spatially nested design of the
sampling framework. For example, sub-plots are nested within plots, plots are
nested within clusters, and clusters are nested within sentinel sites. This approach
is useful since it allows us to make spatial estimates of important parameters at
the dilerent levels of nesting in our data, each level representing a dilerent spatial
scale at which a given land resource indicator may be measured.

In the analysis of IR spectroscopy data, calibrations were created using principal
components (PC) decomposition and multilevel linear models, as well as partial
least squares regression (PLSR). The IR spectral signatures were subset for the
spectral region between 4000 and 8000 ctn The number of latent variables to be
retained in the PLSR was determined using leave-one-out cross-validation. Spec-
tral pre-treatment applied prior to calibration included brst derivative Savitzky-
Golay (Savitzky and Golay, 1964) polynomial smoothing and auto-scaling. First
derivative spectra with smoothing were used to minimize potential errors result-
ing from high frequency noise due to variations in grinding and optical setup. In
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the results we present here, wavelengths have been converted to nanometers (nm).
Soil variables were also transformed prior to calibration to obtain approximately
normal distributions.



Chapter 3

Results and discussion

3.1 Land cover

Land cover and land use changes in the Sasumua watershed and surrounding areas
during the last century include widespread deforestation and conversion of previ-
ous forest areas to cultivated and grazing land, introduction of exotic trees and
grasses, which have expanded into areas previously under indigenous vegetation,
and expansion of urban- and peri-urban areas. The Sasumua watershed and sur-
rounding areas were predominantly under forest prior to the colonial period, most
of which was cleared to give way to farms in the brst half of the 20century.
During the last three to four decades, much of the remaining forests in the upper
part of the Sasumua watershed were also cleared. The region is also amongst the
more densely populated in Kenya.

Approximately 19% of the Sasumua watershed is cultivated, with predominantly
potato and vegetable production, but some maize and legumes. About 70% of the
watershed is under grassland (Table 3.1). According to local informants, a large
part of the area was under wheat production some years back, but was converted
to long-term grazing due to reductions in productivity. Livestock include sheep
and cattle, dairy production being an important source of income for farmers in
the watershed. Most of the watershed has sparse vegetation cover (Figure 3.3).
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CHAPTER 3. RESULTS AND DISCUSSION

Table 3.1: Estimated area (%) under cultivation and
grassland, respectively, in each sampling cluster.

Cluster Cultivated Grassland Herbaceous
cover" 65%
1 19 73 72
2 21 70 68
3 21 73 39
4 23 70 39
5 18 73 68
6 19 76 41
7 18 73 73
8 21 73 44
9 18 70 45
10 21 70 7
11 24 60 4
12 16 67 13
13 18 73 73
14 18 70 61
15 18 70 66
16 17 51 8

Mean 19 70 40
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Figure 3.2: Photo from sampling cluster 16 (April 2009).

3.1.1 Woody cover

Woody cover is generally low in the study area (Figure
3.1), with about 42 trees ha' on average based on
Peld measurements of woody cover densities. Cluster | | | | | |
16 is the only forested cluster (Figure 3.2) in the area
sampled, and has about 440 trees haon average, and

a maximum recorded tree density of 4800 trees ha 27 i
Shrub (woody vegetation < 3 m height) densities are
also low, ranging from 1 to 5 shrubs ha. 20 -

We use the woody cover ratings from our Peld surveys
to develop models which relate these measurements to
satellite image surface rel3ectance data. Using this ap-
proach, a map was developed showing the estimated 104 || -
woody cover density (%) in each image pixel (Figure

3.3). A value of 100% on this map corresponds to

closed-canopy forest. The majority of the watershed

has low woody cover, conbrming the results of our
Peld surveys. The highest woody cover densities are
found in indigenous forest areas inside and just outside (') 2'0 4'0 elo 8'0 1(')0
the Aberdares National Park. Tree species in indige-

nous forest areas are predominantlQiea africana and

Dombeya spp., with thick bamboo thickets in valleys

along streams.

®
%15— -
2
(@]
X

Woody cover density (%)

Figure 3.1: Distribution of woody
cover densities within the Sasumua

watershed.
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Figure 3.3: Woody cover density map of the Sasumua watershed and surrounding
areas.



3.1. LAND COVER 15

Figure 3.4: Photo from cluster 16 (April 2009). Area to the left of the electrical
fence is within the Aberdares National Park.
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3.1.2 Herbaceous cover

According to farmers in the study area, there has been

an expansion of herbaceous vegetation with the introduction of livestock produc-
tion, and in particular increased grazing by sheep. These changes in the distri-
bution of woody and herbaceous vegetation infRuence carbon, nutrient and water
cycling through alterations in root distribution patterns and the structure of above-
ground biomass (Gill and Burke, 1999). Farmers in grazing areas also generally
tend to manage their land to reduce woody cover, thus favoring herbaceous vege-
tation (Table 3.1). Herbaceous vegetation in the Sasumua watershed is composed
of a mixture of annual and perennial species, withragrostis spp. and Setaria spp.

as the principal grass species

Herbaceous cover is highest in clusters 1, 2, 5, 7, 13 and 15, and higher than 65%
in about 2800 ha of the watershed (Table 3.1).

3.2 Soil degradation

In the assessment of soil degradation status in the Sasumua watershed presented
here, we look particularly at indicators of soil physical degradation as these strongly
inBuence catchment hydrology and soil erosion risk.

3.2.1 Soil physical degradation

Depth to root-depth restrictions is an indicator of soil physical degradation, and
strongly determines they way in which farmers manage their land. Depth restric-
tions may develop as a result of soil erosion (removal of topsoil), ploughing, use of
heavy machinery, trampling by livestock and other forms of soil compaction. Soill
physical degradation also infSuences soil hydrology strongly by reducing soil inpl-
tration capacity, resulting in increased surface runo!. We record depth restrictions
in the upper 20 and 50 cm of the soil proble, respectively.

Severe root depth restrictions (upper 20 cm) occur in less than 1% of the watershed
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Table 3.2: Prevalence of root-depth restrictions (%)
in each sampling cluster.

Cluster 0-20cm 20 - 50 cm
1 0 14
2 0 12
3 0 8
4 0 11
5 4 10
6 0 8
7 0 15
8 0 10
9 7 11
10 2 13
11 0 13
12 0 9
13 2 8
14 0 9
15 0 9
16 0 12
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Table 3.3: Occurrence of texture gradients (%) and high inherent soil degradation
risk (%) in the study area.

Cluster Texture HIDR*
gradients
1 15 45
2 22 52
3 19 34
4 17 45
5 19 41
6 17 30
7 17 41
8 22 41
9 22 49
10 25 49
11 17 52
12 17 30
13 31 49
14 17 37
15 17 34
16 21 42

*High Inherent Degradation Risk

(Table 3.2), while root depth restrictions in the upper 50 cm occur in about 11%
of the watershed.

3.2.2 Inherent soil degradation risk

Areas having physical degradation (i.e. root-depth restrictions at 0-50 cm depth)
or abrupt texture gradients (e.g. sandy loam over clay), or areas with slope >=
30 degrees are debned as having high inherent soil degradation risk. About 42%
of the study area has high inherent risk of soil degradation, mainly due to the
occurrence of abrupt texture gradients in the soil proble, which are likely to create
substantial heterogeneity in local soil moisture characteristics, infduence vegetation
patterns and increase the risk of soil erosion, particularly when vegetation cover is
sparse.
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3.3 Water Bow regulation

Soil surface features strongly determine whether rain water will inPltrate into the
soil or generate runo!. This results in a segregation between several kinds of hydro-
logical functioning of hill-slopes and catchments, including Hortonian (inPltration
excess runo!) and Hewlettian (saturation excess overland 3ow) hydrological be-
havior. In semi-arid and arid areas, Hortonian Bow completely dominates. In
humid areas, catchment hydrology is generally characterized by saturation ex-
cess overland Bow (Cheng et al., 2002), but land degradation (e.g. deforestation,
cultivation, and overgrazing) leads to an increase in Hortonian behavior, greatly
increasing soil erosion risk, and leading to further degradation. Surface runo!
and river discharge generally increase when natural vegetation is removed (Foley
et al., 2005). This is particularly the case when forest is cleared, and the presence
of positive feedback can lead to rapid changes in the state of ecosystems due to
interactions between vegetation and the atmosphere (Sche'er et al., 2005).

The topography of the Sasumua watershed is characterized by steep slopes in the
northern, forested, part of the watershed and along the lower banks of the major
rivers leading into the Sasumua dam (Figure 3.5 (map on the left)). The south-
western and central parts of the watershed are relatively Rat. The map on the right
in Figure 3.5 shows the compound topographic index or steady state wetness index
(CTI) for the watershed. This index is calculated asCTI = In(2+-), whereAs is

the specibc catchment areang? per unit width orthogonal to the Row direction)
and! is the slope angle (radians).

It is critical that adequate vegetation cover is maintained and/or soil and water
conservation is implemented on steep slopes slopes along river banks to reduce
erosion risk. Vegetation bu'er strips should also be maintained and/or established
to reduce transport of sediments into streams and rivers in the watershed.
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Skepe (%) Compound topographic (wetness) index
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Figure 3.5: Slope map (left) and compound topographic index (right) for the
Sasumua watershed.
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3.3.1 Soil inPltration capacity

We model initial and saturated inbltration capacity as;

L(t) = i+ (ig! ig)e™ (3.1)

wherei, is saturated inbltration capacity, i is initial inPltration capacity, t is time,
and k is a rate parameter. Model (3.1) was bt using random intercepts for the
sampled clusters in the Sasumua study area (Figure 3.6), so that the Pnal model
for inbltration rate | in each sampling clustef becomes;

Ij = icj +(i0j ! icj)exp{! eXF(kj)t}

! $ ! $ ! $
. ioJ'0 "!10 .
|j:#icjé’:#!2<€’+#sz§’:!+h (3.2)

h#%$(0,!) ," #$(0,#%

As is evident from Figure 3.7, there is signibcant variability in inPltration rates
between clusters in the study area, particularly initial inpltration capacity. Sat-
urated hydraulic conductivity is highest in cluster 16, which is mainly forested,
followed by clusters 11 and 13, respectively. The lowest saturated inpltration rates
were measured in clusters 15, 5 and 4. InPltration rates are similar in cultivated
and semi-natural areas. While initial inpltration rates are lower in areas having
root-depth restrictions in the upper 50 cm of the soil problep0.01), saturated
inPltration capacity is similar - indicating that compaction might be a major factor
determining runo! risk in the study area. Initial inPltration rates are about 415
mm hr~! lower in grazing areas than in areas without grazing (Figure 3.8), further
corroborating our earlier Pndings indicating that compaction due to trampling by
livestock in grazing areas leads to increased Hortonian behavior in the Sasumua
watershed.
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Figure 3.6: Measured vs btted inPltration rates using model (3.2).
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Figure 3.8: Fitted inPltration curves for grazing areas and areas without grazing
(i.e. cultivated, forest, etc.).

Combining predictions of saturated inbltration capacity (3.2) with recordings of
regular Booding occurrence during Peld surveys, a map showing Booding risk was
generated for the Sasumua watershed and surrounding areas (Figure 3.9). Roads
and other impermeable surfaces are clearly seen in this map as linear features.
The areas to the west of the dam (yellow on map in Figure 3.9) are likely to have
a Rashy response to rainfall according to our predictions.
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Figure 3.9: Predicted risk of Rooding (i.e. areas that are recorded as being regu-
larly Booded during Peld surveys and have low predicted saturateid)(inbltration
capacity based on calibrations of model (3.2) to ASTER ref3ectance data).
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3.4 Solil erosion risk

Sensitivity to soil erosion, or soil erosion risk, is a commonly used measure of
agricultural sustainability. Land management practices that expose soil, deform
soil via tra"c and/or cultivation or grazing, or increase soil erodibility include;

¢ Road building and maintenance

e Site preparation and cultivation practices such as;

— Ripping
— Ploughing
— Mounding

— Fire management

Forest harvesting can also signibcantly decrease soil saturated hydraulic capacity
because of loss of macro-pores with compaction. Runo! control from these struc-
tures is critical to minimize post-harvest erosion. In grazing areas, over-stocking
may lead to soil compaction, reducing inbPltration capacity and increasing runo!
due to collapse of macro-pores.

We assess soil erosion risk by recording visible signs of erosion in each sub-plot
surveyed, as well as types of soil erosion observed (i.e. sheet, rill, gully or mass
erosion). In each plot, visible signs of erosion are scored and can take on values
from O to 4. Erosion risk can then be modeled using an ordinal regression model,

which can be expressed as;

Priy>K ! 1)=logit '(X! ! ¢ ) (3.3)

The ¢« parameters in (3.3) are cut-points, estimated using maximum likelihood
simultaneously with the! coe"cients.

Soil erosion is mainly observed in the lower part of the study area, in clusters 1,
3 and 4 (Figure 3.10), which are the clusters in the study area with the highest
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proportion of bare soils according to our analysis. Overall, soil erosion risk is low
in the study area since much of the watershed is grassland with more than 65%
herbaceous cover density. Visible signs of erosion were observed in about 16% of
the plots sampled, most of the observed erosion being sheet erosion. Soil erosion is
generally lower in cultivated pelds (p<0.05). In cluster 16 (forested), erosion risk

is mainly associated with very steep slopes.

As shown in Figure 3.1, erosion risk is highest along river/stream banks in the
lower parts of the watershed, along the banks of the lake, in the western part of
the watershed as well as in forest clearings. In the neighboring watersheds, erosion
risk is high in newly cleared forest areas.

The combination of low initial inpltration capacity in grasslands (Figure 3.8) and
high erosion risk in the lower sections of the watershed is of major concern in terms
of land degradation risk in the Sasumua watershed. Another factor of concern in
terms of hydrological behavior is extensive compacted paths, tracks and roads in
the area, as well as expanding urban areas without adequate drainage or control
of surface runo! in shopping centers such as Njabini.
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Figure 3.11: Predicted erosion risk in the Sasumua watershed. Areas in orange/red
have erosion risk higher than 50% (i.e. p 0.5).
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3.5 Soil condition

Soils in the Sasumua watershed are predominantly Eutric Planosols and Luvic
Phaeozems, according to ISRICOs SOTER database. The SOTER-based soil map
of the area is shown in Figure 3.12.

3.5.1 Infrared (IR) characterization of soils

Near infrared (NIR) absorbance spectra integrate a number of soil properties,
including soil organic carbon (SOC) content, texture and mineralogy to mention
some, and have been successfully applied in predicting various soil physiochemical
properties in a number of studies, and in developing indices of soil condition or
fertility (VCEgen et al., 2006), as well as erosion risk indices. Spectral characteristics
of soils in the study area are highly variable, as is evident in Figure 3.13.

3.5.2 Soil phyicochemical properties

In this section we report soil physical and chemical properties of soils in the
Sasumua watershed with special emphasis on soil texture and soil organic carbon
(SOC) as these are important indicators of soil condition or quality, and properties

of the soil that strongly inBuence water Row regulation and soil erosion risk. A
subset of 52 (26 top- and 26 subsoil) samples from the Sasumua Sentinel Site were
run through conventional soil analysis in the ICRAF soil laboratory in Nairobi.
This is about 17% of all soil samples collected during the LDSF surveys. Predic-
tion models for SOC, sand content and other key soil properties were developed
based on the IR spectral library (Section 3.5.1).

Calibrations were created using partial least squares regression (PLSR) on brst-
derivative smoothed soil spectra. Prior to developing prediction models, SOC
data were log-transformed to obtain approximate normal distribution. Prediction
model results for SOC are shown in Figure 3.14, while Figure 3.15 shows the results
of SOC predictions on the remaining soil samples (N=255) based on the model
developed in Figure 3.14. As expected SOC concentrations are generally highest
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Figure 3.12: Soil map of the Sasumua watershed (source: ISRIC SOTER
database).



32

CHAPTER 3. RESULTS AND DISCUSSION

Cluster 1 Cluster 2 Cluster 3 Cluster 4
© [ee] [se] [ee]
c o 7] o 7] o 7]
@ — [} — @ — o) -
s < | s 9 | g <o | s <o |
IS VI /IR B
S = ‘4\_1\// S < Nt s =1, = A NP
_2 o A _2 o _~N {‘\\_,/*— 2 o _-4~._“u 2 o _x. S3g.dVs
N N ] N ] N
e TTTTT1 ° TTTTT11T ° TTTTT11 e TTTTT1
1200 2000 1200 2000 1200 2000 1200 2000
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)
Cluster 5 Cluster 6 Cluster 7 Cluster 8
[ce) [c0) [ce} [ce)
S 7] S 7] o 7] <3
0] — @ — [0} - [} -
s o | 2 o | , s o | g o |
g o 8 o / & o / § o
£ — / £ — N/ £ — £ — P
S < / [ \ 17/ [SEEE o < A
2 S N~ DS A R 2 5 _‘/\N’M 2 S ==
2 InN— 2 N AV 2 i 2 7]
N ] N ] N N
e TTTTT1 o TTTTT11T = TTTTT11 o TTTTT1
1200 2000 1200 2000 1200 2000 1200 2000
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)
Cluster 9 Cluster 10 Cluster 11 Cluster 12
[ee] [ee] o] [ee]
c o S 7] c 7
] — [} — [0} — ) —
e o | e o | : e @ | / e 9 | /
I o Fd ] o / © o I o N Je
£ - <= £ - i £ - &'\fc/ £ =R
5 < it S < _|.a. \ 72 o <« S < TN
2 s B R 2 s —-=3~_:J\..’/ 2 S 2 S 1™ N/
< — < — < — < —
N ] N ] N N
© TT T 111 © TT T 111 © TT T 111 © TT T 111
1200 2000 1200 2000 1200 2000 1200 2000
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)
Cluster 13 Cluster 14 Cluster 15 Cluster 16
@ ® @ @ T
o o f o o .
] - @ - J @ - ] R 1
s} © Q © N Q © 2o Q © NG A
§ d_'\}\/ § S i § S " § oS
2 — £ - 2 — 2 -
o < o < o < o <
8 o 7] L o 7 & o7 2 oS 7
< — < — < — < —
N ] N N ] N
° TTTTT1 ° TTTTT11T © TTTTT11 ° TTTTT1
1200 2000 1200 2000 1200 2000 1200 2000

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Figure 3.13: Soil spectral (NIR) library for the Sasumua watershed. Black lines
are average topsoil absorbance spectra in each cluster, while red lines are average
subsoil absorbance spectra.
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Figure 3.14: Measured versus predicted SOC concentrations in soil data training
set (RMSEP ~ 1.2).

in topsoils in the Sasumua watershed (Figure 3.15). The highest contents of SOC
are found in cluster 16, which is forested.

Prediction of sand content from NIR spectra area shown in Figure 3.16.

3.5.2.1 Mapping soil condition

Land productivity and ecosystem services depend chiel3y on rainfall, soil condi-
tion and management practices. The critical role played by soil organic matter in
increasing and/or maintaining land productivity thorough its inBuence on a num-
ber of soil physical, chemical and biological properties is well known. Given the
importance of SOC as an indicator of soil condition, and its infBuences on water
Bow regulation and soil erosion risk, we can model soil condition in the Sasumua
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Predicted SOC (g kg™

Figure 3.15: Box-plots of topsoil (1) and subsoil (2) predicted SOC concentrations

100

80 —

60

40 |

20 —

——

12345678 910111213141516 1 2 3 4 5 6 7 8 9 10111213141516

Cluster

in each sampling cluster in the Sasumua watershed (N=255).
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watershed using a cut-o! for SOC. Determining an appropriate threshold for SOC
can be done by for example using semi-natural areas as reference, but given the
relatively limited number of samples in our data we set this value at the third
quartile (~ 30.6 g SOC kg') in our dataset. This is a strictly local SOC thresh-
old, and the predicted soil condition index presented here is therefore also local to
the Sasumua sentinel site.

We model the likelihood that soil samples fall above or below the above threshold
value using Landsat ETM+ rel3ectance data as predictors, which allows us to make
predictions for the whole of the Sasumua watershed and the surrounding area. The
Landsat ETM+ imagery used in developing this model were brst calibrated to
surface ref3ectance and corrected for terrain elects caused by topographic shading
and aspect.

The resulting map (Figure 3.17), shows that poor soil condition hot-spot areas
(yellow) occur mainly in agricultural belds and degraded grasslands. Many of
these areas are also predicted to have high risk of surface runo! (Rooding) (Fig-
ure 3.9) and high soil erosion risk (Figure 3.11). Areas where two or more of
these risk factors occur should be targeted for further investigation and possible
interventions.
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Figure 3.17: Map of soil condition in the Sasumua watershed and surrounding
areas.



Chapter 4
Conclusions and Recommendations

Land use in the Sasumua watershed is dominated by grazing, with an estimated
70% (4,900 ha) of the watershed currently under grasslands. The area under
cultivation (mainly potatoes, vegetables and other cash crops) is estimated at
about 19% of the watershed, or 1,400 ha. Herbaceous cover is high (> 65%) in
about 40% of the watershed. Woody vegetation cover is generally low for the
region, with an estimated 42 trees ha on average, but with tree densities > 4800
trees ha! in some forested parts of the watershed.

Soil degradation risk is highest in clusters 2 and 11, and is high in about 42% of the
study area as a whole. Most of the areas with relatively high inherent degradation
risk have a combination of abrupt texture gradients and root-depth restrictions in
the upper 50 cm of the soil proble.

Saturated hydraulic conductivity is similar across the watershed, with the excep-
tion of clusters 11, 13 and 16, which have higher saturated inbltration rates than
the other areas sampled. The largest variations are in initial inpPltration rates,
with the lower parts of the watershed having very low initial rates of inPltration.
These areas are likely to have a Rashy hydrological response to rainfall, or strongly
Hortonian behavior.

Soil erosion risk is generally low (< 50%) in the Sasumua watershed, with the
exception of cluster one. A local soil condition index was developed based on
concentrations of soil organic carbon in the watershed and calibrated to satellite

39
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imagery. Poor soil condition hot-spot areas occur mainly in agricultural Pelds and
degraded grasslands. Many of these areas are also predicted to have high risk of
surface runo! (Booding) and relatively high soil erosion risk (> 50%). Areas where
two or more of these risk factors occur should be targeted for further investigation
and possible interventions.

Agricultural productivity in large parts of the watershed is reported by farmers to
have declined during the last few decades, while the area under grassland, as well
as stocking rates, have increased.

In summary, the main recommendations for management interventions in the wa-
tershed include;

e increased woody cover through planting of indigenous tree species as buler-
strips along streams and rivers,

e alorestation in the upper (headwater) parts of the watershed,

¢ soil and water conservation on steep slopes along river banks in the lower
section of the watershed,

e improved drainage in eutric planosol areas, which are prone to erosion despite
3at topography,

e regulation of stocking densities (particularly sheep) to avoid soil compaction,
particularly in planosol areas where a collapse in soil structure leads to Hor-
tonian behaviour as well as increased soil erosion risk.
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Appendix A

Terms of Reference

KENYA AGRICULTURAL PRODUCTIVITY AND
SUSTAINABLE LAND MANAGEMENT PROJECT
(KAPSLMP)

Terms of Reference (ToRS)
For
A Study on Hydrological Services in Sasumua Watershed

Background

The proposed KAPSLM project aims at promoting sustainable natural resource
use for higher productivity and incomes for rural farmers and maintain criti-
cal ecosystem functions in degraded and environmentally sensitive areas by (i)
strengthening the enabling environment for SLM (policy, regulatory and institu-
tional strengthening); (ii) building capacity for SLM; (iii) investing in community
SLM micro-projects; (iv) supporting innovative incentive mechanisms (such as
Payment for Environmental Services-PES); and (v) SLM program planning, mon-
itoring, and evaluation.
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The PES sub-component of the project will pilot the use PES in the Sasumua
watershed, which supplies 20% of NairobiOs water demand. The Sasumua Water
Treatment Plant near Njabini (Nyandarua District) is owned by the Athi Water
Services Board and operated by the Nairobi Water and Sewerage Company. This
plant supplies about 20 percent of NairobiOs potable water supply. It draws its
water from three rivers: the Sasumua River, the Chania River (part of which is
diverted via a diversion dam into a pipeline that Bows into the Sasumua River),
and the Kiburu River (from which four intakes channel water into a pipeline that
Bows directly into the Sasumua reservoir). The Sasumua watershed covers about
14,000 ha, about two-thirds of which is farmed by small-holders (mainly producing
horticultural crops for the Nairobi urban market), with the rest being intervened
forest reserve (which is used by many households to graze cattle and to collect
fuelwood). The top end of the watershed borders the Aberdares National Park.

Two main outputs are expected from the PES subcomponent: (i) a functioning
PES program in the catchments serving the Sasumua Reservoir, with payments
Pnanced by the benebciaries of clean and secure water; and (ii) lessons for the
implementing PES programs in Kenya and other African countries, and a specibc
replication strategy for Kenya. The main activities of this sub-component will
include the following:

(a) Conducting detailed technical studies to identify the specibc causes of sedimen-
tation and water contamination problems alecting the Sasumua Reservoir and its
water intakes on the Chania and Kiburu Rivers (that is, specibc land uses and their
location in the catchment that contribute to sedimentation or contamination) and
alternatives to reduce problems

(b) Conducting socioeconomic evaluation of upstream areas to identify the specibc
land users who manage the land from which problems originate, and the incentives
and constraints they face in making land use decisions

(c) Establishing an appropriate institutional structure for the payment mechanism
that will persist beyond the end of the project, in particular, arrangements for
payments to service providers and monitoring systems

(d) Preparing a work plan for preparing a work plan for approval by key stake-
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holders in the water sector, including the Nairobi City Water and Sewerage Com-
pany, the Water Resources Management Authority, the Athi River Water Services
Board, and the Ministry of Water Implementing the PES program, by contracting
service providers, then verifying their compliance, and paying them

(f) Drawing lessons from the pilot and developing a replication and scaling-up
strategy

(g) Capacity building for PES in the country and in key institutions.

While most of the activities under the PES sub-component will be implemented
through the support of KAPSLMP, the Bank-Netherlands Water Partnership Pro-
gram (BNWPP) Trust Fund will fund initial detailed hydrological and land degra-
dation studies in the Sasumua catchment.

Objective of the study

The proposed activity will collect data, test and apply hydrological models to as-
sess and quantify the nature, extent, severity and impacts of land degradation in
the Sasumua watershed, thus providing technical information indispensable to the
development of a PES mechanism in the watershed, as well as tested hydrologi-
cal models that could be applied more widely in Kenya and in the East African
highlands more generally

Activities

Design and implementation of watershed management activities is often constrained
by lack of data on how land use in the watershed alects downstream hydrological
services. Lack of data often forces project designers to rely on conventional wis-
dom or crude back-of-the-envelope estimates of how land use changes would alect
hydrological services.

The KAPSLM Project aims to move to a more systematic approach to developing
appropriate watershed plans (which in this case would be implemented through a
PES approach), by (i) identifying the specibc services of interest to downstream
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water users; (ii) carefully delineating the watershed from which service users ob-
tain their water; (iii) identifying critical areas within the watershed that are (or
potentially may) alect the provision of the desired services (e.g. areas prone to
erosion that may be contributing to sedimentation of waterways); (iv) calibrating
and validating hydrological models so as to be able to estimate the changes in wa-
tershed services that would result from land use changes. These activities require
a concerted up-front elort, for which project preparation funds are insu“cient.

The BNWPP funding would be used primarily in activities (ii) to (iv)in the above
list. Basically, BNWPP funding would be used to undertake all detailed technical
analyses that are planned. This would allow other funding to be re-allocated to
the parallel social/institutional tracks of preparing the PES mechanism, such as
(a) undertaking surveys and focus group discussions of land users to understand
the costs and benebpts of dilerent land uses and the constraints they might have in
changing land uses; (b) examining institutional arrangements in the watershed to
develop appropriate payment mechanisms; etc. By freeing up resources that would
otherwise be used for the technical analysis, BNWPP funding would thus allow
a much better job of these social/institutional tracks. Specibcally the BNWPP
funding will be used for the following activities and outputs;

SOA. Spatial overview and audit (SOA)

Activity: Recent advances in satellite image technology, Geographic Information
Systems (GIS) and Remote Sensing (RS) software permit rapid acquisition, anal-
ysis, interpretation and display of spatial phenomenon at high resolution. A range
of GIS/RS software, Landsat TM and ETM, high resolution Quick Bird imagery,
topographic maps and recent population censukaras data will be used to prepare
a spatial overview of the proposed project site.

Based on the data generated by the spatial overview, a preliminary environmental
audit will be undertaken in order to identify major sources of water contamination
in the river catchments and overland Bow area. Participatory GIS and other rele-
vant environmental audit techniques will be used in the preliminary environmental
audit.

Outputs: (1) digital maps of land use and land use change in the Sasumua
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catchment area; (2) maps of land tenure in the Sasumua catchment area; and (3)
preliminary assessment of the importance of roads, market places, settlement areas,
agriculture and forest management as sources of contaminants in the Sasumua
catchment area.

LD. Land Degradation Assessments:

Activity: The principal objective of Land Degradation Assessment (LD) is to
assess and quantify the nature, extent, severity and impacts of land degradation
and water contamination in the Sasumua Dam catchment. The study approach
will include participatory GIS, ground surveys of soils and vegetation, laboratory
analysis of soil samples and statistical analysis of land degradation risk. The peld
sampling protocol will be based on a spatial stratibcation and sampling scheme
that considers erosion and sedimentation risks, land tenure type, and major land
use type.

Detailed description of activities:

1. Establish one sentinel site using standard land degradation surveillance pro-
tocol positioned over the Sasumua catchment. The standardized protocol
will provide georeferenced information on vegetation and soil condition at
least 160 randomized 1000-metre-squared sample plots. Within plots, obser-
vations are made on landform, topography, visible signs of soil erosion, land
use, and vegetation type and cover, vegetation density and distribution, and
soils depth; and top soil and sub soil samples will be taken. Vegetation type
is classibed using the Food and Agriculture Organization (FAO) Land Cover
Classibcation System (LCCS), supplemented with woody biomass estimates.
Single-ring inPltration measurements are made on a selection of plots. Saill
samples are characterized by infrared spectroscopy and a subset of samples
submitted for conventional soil fertility and carbon analysis. A Pne resolution
QuickBird satellite image is also acquired for the site and digital elevation
and ancillary GIS layers compiled.

2. Conduct statistical analysis of ground data and satellite data, and mapping
of soil condition index and erosion risk. Specify sustainable soil management
strategies for dilerent areas of the catchment.
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3. Compile results into an electronic atlas.

Outputs: Map of land degradation hotspots for the Sasumua catchment area,
analysis of the statistical relation between land degradation status, land use, and
land tenure, and identibcation of possible remedial actions to mitigation land
degradation risks (eg use of vegetative plters).

HW. Hydrologic modelling and water quality assessment

Activity: The hydrologic modeling and water quality modules will provide infor-
mation on the linkages between land use, runo!, erosion and sedimentation and
water contamination in the Sasumua catchment area. This information will allow
for the identibcation of likely erosion hotspots and sinks, and predictions of the
likely hydrologic consequences of implementing new land uses or land use prac-
tices. The Soil Water Assessment Tool (SWAT2000), a distributed watershed
model integrating both water and sediment yield, will be used for the hydrologic
modelling.

Two iterations of hydrologic modeling are planned. The Pprst iteration will make
use of some of the outputs of the spatial overview modules, including the DEM,
Land Use / Land cover, and stream network. Additional data on soils, rainfall,
evaporation and sediment yield data will also be acquired, partly from past and
ongoing research on the Thika Catchment and from the Nairobi City Water and
Sewerage CompanyQOs treatment works at the Sasumua Reservoir. This iteration of
modeling will primarily be used to identify landscape patches that are likely to be
important sources and sinks of sedimentation and runo!: those areas will then be
given extra attention in the LD module. In the second iteration, the model will be
updated with new information on actual sediment source and sinks as well as the
rates of erosion and sedimentation associated with dilerent types of land use in
dilerent parts of the landscape. The model will then be used to predict the likely
impacts of possible interventions on runo!, sediment yield and water balance at
the catchment scale.

Water quality assessment will involve preliminary assessment of relative impor-
tance of sources of contamination from dilerent sources (agricultural chemicals,
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livestock wastes, human waste and urban run{}-o!). and analysis of water sam-
ples to determine total suspended solids, total dissolved solids, pH, BOD, COD,
DO, nutrients, trace metal and heavy metals, pesticides, PCBs, faecal coliforms,
and faecal streptococci. The samples will be collected at points along the rivers
where there are distinct land use boundaries, (e.g. forest boundaries), at reservoir
entry and outlet points, at the sides of reservoir and at selected points inside the
reservoir located on the surface and below the surface as well as on the bed of the
reservoir. Two sets of samples will be collected, one during the dry season and
the other during wet season. This will be followed by: i) analysis, interpretation
and mapping of water quality results, including implications for water treatment
costs and remedial measures; ii) analysis and interpretation of water quality pa-
rameters; iii) development, trial application and updating of pollution monitoring
and analysis protocol.

Outputs: Preliminary and updated hydrological model of the Sasumua catch-

ment; preliminary and rebned identibcation of water and sediment sources and
sinks; report with geo-referenced data on water quality in the Sasumua catch-
ment; identibcation of major water quality concerns; quantitative estimates of the

potential elects of alternative land management practices on erosion and sedimen-
tation.

Community and other stakeholder involvement, and Training

As the bnal output is expected to benebt and be owned by the communities in the
Sasumua watershed and other key stakeholders such as Nairobi Water Company,
Athi Water Services Board, Kenya Forestry Service (KFS), NEMA and other pol-
icy makers, there is need for these stakeholders to be constantly informed and
appraised as the work develops. In this regard, ICRAF and the KAPSLMP team
shall organize various awareness raising and advocacy activities targeting the com-
munities and other stakeholders. Two mini-workshops shall be organized, one at
the beginning and another at the conclusion of the assignment.

ICRAF shall facilitate short and long term training of GOK o"cers and others
who will be identibed by their respective agencies in respect to PES pilot work.



50 APPENDIX A. TERMS OF REFERENCE

Such training shall be costed and funded separately.

Outputs - Two stakeholder workshop held and reports prepared. The reports
shall indicate the issues raised by the stakeholders and the proposed solutions,
the involvement of the stakeholders in the overall assignment and their level of
involvement in the future. A plan for awareness raising will be developed

The consultant

Due to the technical nature of the assignment and given the need to build on expe-
riences learned elsewhere (e.g. experience with its Rewarding the Upland Poor for
Environmental Services (RUPES) Program and the Pan-Tropical Scoping Study
of Compensation and Rewards for Environmental Services), the entire work will
be contacted to the World Agroforestry Centre (ICRAF) who shall be the lead
agency. ICRAF shall provide and retain the necessary experts with the prereg-
uisite qualibcations for the assignment. ICRAF shall sub-contact Jomo Kenyatta
University for Agriculture and Technology (JKUAT) to undertake the hydrologi-
cal and water quality assessment studies. In undertaking the work ICRAF shall
work closely and report to the Ministry of Environment and Mineral Resources
(MEMR) and the National Environmental Management Authority (NEMA) on
technical matters. ICRAF will also work closely with Nairobi Water and Sewerage
Co. Ltd, the Athi Water Services Board, and the Water Resource Management
Authority, who are the likely end users of the PES model. The World Bank PES
team will also o'er technical support and guidance as required.

Reporting

In all contractual matters related to this assignment, ICRAF shall report directly
to the World Bank KAPSLMP Task Team Leader (TTL) - Andrew M. Karanja
- and to MEMR/ NEMA as relates to technical matters. ICRAF shall provide
Quarterly progress reports to the TTL copied to the PS MEMR and Director of
NEMA.
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1. The Quarterly reports shall give details on each of the activities being exe-
cuted under C1-C4 above.

2. Each Quarterly report shall be submitted 10 days before the end of each
quarter.

3. ICRAF shall provide an end of project report consolidating all the activities
undertaken and their outputs.

4. ICRAF shall provide technical reports on each of the activity areas listed in
C1 to C4 above that shall detail, inter alia, background information, data
collection methods, analytical methods, results and recommendations.

5. ALL reports under (b) to (d) above shall be submitted as hard copies and
as electronic pbles.

Time line

The assignment is planned to be undertaken fronf'1IMay, 2008 to December 3,
2008. ALL the outputs are expected to be completed and draft reports prepared
and submitted by 30" October, 2008 while the bnal reports shall be submitted
before 28" December, 2008. A Pnal bnancial report will be submitted within 3
months of the conclusion of the project.

Publications and results and access to information

ICRAF shall not publish any information related to this contact without informing

the World Bank and the MENR. The material to be published shall be shared well

in advance to give each party adequate time to review and comment as necessary.
The vice-versa shall apply. After any publication each party shall provide at least
three copies of such a publication and make the electronic version of the output
available for reproduction as to other interested institutions that may request. In
case of communications to the Press and other media, such a communication shall
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be shared in advance to MEMR, NEMA, MOA, KS and WB and the role of each
party shall be fully and properly acknowledged.

Data and information collected during this project shall be shared freely without
any hindrance among the parties.

Cost estimate and payment schedule

Cost Summary

Activity Budget (USD)
SO1. Land use and land cover change 11,693
SO2. Land Tenure Maps 3,729
SO3. Preliminary environmental audit 4,429
LD1. Assessment of erosion, sedimentation and contamination risk 31,052
HW1. hydrological modelingHW1 hydrological modeling 9,370
HW2. Water Quality Analyses 17,920
Stakeholder workshops 6,000
ICRAF overheads 17,808
TOTAL 102,000

Payment Schedule

25% on contract Signing
Ist Quarter- June 30" 2008- 20%
2"d Quarter B October 38, 2008- 20%

Final payment (after submission of bnal reports) - 35%

Dissemination

The primary audience for the studyOs outputs is the MENR team implementing
the PES sub-component of the KAPSLM project, NEMA, Nairobi Water and Sew-
erage Company Ltd, Ministry of Water and Irrigation, the ICRAF, and the World
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Bank. Results from the study will also be useful for demonstrating the potential of

the PES approach to the various institutions involved in water resource and catch-
ment management in Kenya (Ministry of Water and Irrigation, Water Resource

Management Authority, Water Service Providers), as well as to other agencies and
donors operating in the East Africa region who have active programs or interest
in watershed management. The methodology and results will be carefully docu-
mented in working papers and other formats and made available to PES innovators
and other practitioners working on similar issues in Kenya and elsewhere in Africa.

The broader project that this BNWPP-funded activity will contribute to already
includes a variety of dissemination activities, including preparation of guides and
workshops. The dissemination of the results generated by the BNWPP-funded
work will be included in the dissemination strategy of the project. The work will
also be disseminated to the wider Bank audience through the Watershed Manage-
ment Community of Practice group.



