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be reported as containing 2 acres of maize and 2 acres of wheat (which could be 

further subdivided, e.g., 1 acre of maize separated by 1 acre of wheat…) or simply as 

4 acres of maize.  As crops are often rotated between harvests, this definition of a 

field allows crop productivity values for a given field to be reported independently of 

rotation patterns and also allows one to assess the effects of management practices on 

productivity for the entire field, rather than just small portions of it.   

Crop productivity values were only collected for wheat and maize, as these 

are the village’s principal crops.  Crop productivity averages were calculated as the 

sum of all bags of a crop divided by the sum of all acres used to grow the crop, rather 

than the average of each field’s productivity values per crop.  Gross income generated 

from crop surpluses was calculated based on the 2003 price of a 100 kg bag sold in 

the nearest major town, Karatu.  In US dollars, this is $22.12 per bag of wheat and 

$14.30 per bag of maize. 

 

Management factors 

Data about the following management practices are included in this section of the 

report: tillage method, manure usage, residue grazing, and presence of vegetated 

contour ridges.  Tillage method refers to the type of plough that is used to prepare 

fields for seeding—either the ox-plough or the tractor.  Use of ox-ploughs is 

considered a positive management practice because they cause less soil compaction 

and are less conducive to ploughpan formation.  They also generate narrower furrows 

and more precisely follow the field’s natural topography.  By contrast, tillage by 

tractor is considered a negative management practice.  The second management 
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practice is manure usage; as manure increases soil nutrient and moisture contents, it is 

considered a positive practice.  The category of manure usage was originally 

classified as fertilizer usage, with subcategories of chemical fertilizer, manure, and 

green compost.  However, no farmers reported applying either chemical fertilizers or 

green compost to their fields and thus the management practice was reduced simply 

to manure usage.  Grazing of crop residues is considered a negative management 

practice, as the practice causing trampling and soil compaction and, moreover, 

removes the protective cover and nutrients afforded by residues.  Conversely, 

preventing livestock from grazing fields is considered a positive management 

practice.  The final positive management practice is the presence of vegetated contour 

ridges, which reduce runoff and allow for greater soil saturation.  This category 

includes contours vegetated with elephant grass, fodder crops, and any other dense, 

non-competitive shrub.  Farmers who reported the presence of bare contour ridges in 

fields were considered with fields that lacked any sort of contour ridges as utilizing a 

negative management practice. 

The percent improvement of each positive management practice over its 

corresponding negative management practice was weighted to include both maize and 

wheat fields, and a rating factor was derived to assess the positive effect of each 

management practice.  The calculation is as follows, using the example of manure 

usage: 

Rm = Nw · (Pm,w – Pn,w) / Pn,w + Nm · (Pm,m – Pn,m) / Pn,m                               (3.1) 

Where,  
Rm = rating (manure) 
Nw = total # wheat fields 
Nm = total # maize fields 
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Pm = avg. productivity of wheat/maize fields with manure 
Pn = avg. productivity of wheat/maize fields with no manure 
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households are headed by both a mother and father.  As many households also have 

relatives living with them, applying the factor of 1.7 most likely underestimates actual 

family sizes.  The ‘number of livestock’ variable is calculated based on a valued 

weighting of each head of livestock owned by the family (e.g., a cow is four times as 

valuable as a goat or sheep).  Although coefficients are, again, somewhat arbitrary, 

the calculation is as follows: 

Nlivestock = 2 · Ncows + (Ngoats + Nsheep)/2 + Ndonkeys                                        (3.2) 
 

By combining demographic factors ‘number of livestock’, presence of income other 

than crop surpluses, and level of education with the number of total acres owned by a 

farmer, a socioeconomic rating (SR) factor for each farmer was derived.  This factor 

is calculated as:  

 +10 if farmer has income other than crop surpluses    (3.3) 
SR = Nlivestock + 2 · Nacres +5 if farmer has completed secondary school 
 -5 if farmer has not received any formal education 

  
 
Based on each farmer’s socioeconomic rating, farmers were organized into four 

socioeconomic groups (A through D, where ‘A’ represents the wealthiest group).  

Table 3.1.1 shows the range of values contained in each group. 

 
Table 3.1.1 Range of socioeconomic rating values by socioeconomic group 
Socioeconomic group A B C D 
Socioeconomic rating 46.0 – 118.5 25.0 – 43.0 9.5 – 23.0 1.0 – 8.5 
 

Sample size distribution and bias 

The total sample size of the survey was 50 farmers and 80 fields.  Of the 80 fields 

surveyed, 7 are reportedly used for both wheat and maize cultivation, while the 

remaining 73 are monocultures.  Tables 3.1.2 and 3.1.3 show the distribution of this 
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survey population by variables previously discussed; demographic/socioeconomic 

distribution of the survey population is included in tables in the latter portion of 

section 4.1. 

 
Table 3.1.2 Survey population (n) by region/soil type and field type 

Region Soil type n Total n Wheat n Maize 
n/a Alluvial 9 (11%) 3 (9%) 6 (10%) 

RU1 13 (16%) 11 (34%) 6 (10%) 
RU2 31 (39%) 15 (47%) 26 (42%) Northern 
RU3 

45 
(56%) 

1 (1%) 

26 
(81%) 

--- 

33 
(53%) 

1 (2%) 
RL1 18 (23%) 3 (9%) 17 (27%) Central 
RL2 

21 
(26%) 3 (4%) 

3 (9%) 
--- 

18 
(29%) 1 (2%) 

Southern L1 5 (6%) --- 5 (8%) 
Village n/a 80 32 62 

*percentages relative to village totals 
 
Table 3.1.3 Survey population (n) by field age and management practices  

  n Total n Wheat n Maize 
Cleared before 1976 53 (66%) 27 (84%) 36 (58%) Age 
Cleared after 1976 27 (34%) 5 (16%) 26 (42%) 
Ox-plough 37 (47%) 9 (29%) 37 (60%) Tillage 
Tractor 41 (53%) 22 (71%) 24 (40%) 
Used 44 (56%) 20 (63%) 34 (57%) Manure 
Not used 34 (44%) 12 (37%) 26 (43%) 
Not allowed  42 (58%) 17 (63%) 34 (62%) Residue 

grazing Allowed  31 (42%) 10 (37%) 21 (38%) 
Vegetated  36 (49%) 22 (69%) 29 (48%) Contour 

ridges Bare/none  38 (51%) 10 (31%) 31 (52%) 
* percentages relative to village totals in Table 3.1.2 
 

Certain biases result from the non-random selection of the survey population.  For 

one, fields among the village’s three regions are disproportionately represented: most 

fields surveyed are located in the Northern region and very few are located in the 

Southern region.  Second, a disproportionately high number of wealthier (groups A 

and B) farmers are represented in the survey even though most people in the village 

would likely fall under the category of group C.  These biases are mainly due to the 

facts that farmers were recruited to come to the seminar by word of mouth and that 

the seminar was held in the Northern region.  Some farmers living in the Southern 
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region are a two hour, uphill walk from the village center.  Moreover, recruiting was 

organized by the village’s wealthier farmers (i.e., village chair people and members 

of MESO); their social network likely reflects their own socioeconomic status.  

Lastly, none of the farmers surveyed admitted to currently renting land or being 

tenants themselves, so no correlations could be made for these variables. 

 

3.2 REMOTE SENSING 

Remotely sensed data were collected from two ASTER images and a digital elevation 

model (DEM).  One was taken at 08:08:19 (local time, UTC/GMT +3 hours) on 

October 15, 2002 (level 1B, ID=AST_L1B.003_10152002080819_2008890800) and 

the other June 2, 2002 (level 1B, ID=AST_L1B.003_06022002080252_2007936950) 

at 08:02:52 (local time).  The October image is indicative of conditions at the end of 

the long, dry season (crops have been recently harvested) and the June image of 

conditions at the end of the long, wet season (crops are approaching full maturity).  

DEM data were derived photogrammetrically from the October image and purchased 

separately (ID = ASTER_DEM20030930104051).  Cloud cover in these images is 

minimal (< 1%), however, small clouds do obscure portions of the village in both 

images and thus data from these portions have not been included in certain parts of 

this report (where indicated).  All manipulations and analyses of these images were 

performed using ENVI® 3.6/4.0.  Maps generated from these images were edited in 

                                                   
* Level 1B products contains radiometrically calibrated and geometrically co-registered data for all the 

channels acquired previously through the telemetry streams of the 3 different sensors in level 1A 

(EOS, 2004). 
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Adobe Photoshop® 7.0 for general features (e.g., color classification, legends) and 

only resized from their original resolution where indicated. 

While, chronologically, the June image was taken before the October image, it 

has been used in lieu of a June 2003 image under the assumption that overall 

differences between a June 2002 and a June 2003 image would be minimal (as 

fieldwork was conducted in June/July 2003).  

 

ASTER image preprocessing and georeferencing 

Due to differing flight paths, preprocessing was conducted to reconcile spatial offsets 

between the two ASTER images.  Preprocessing was only conducted at a village scale 

and used the dry season VNIR image as the base.  As the village’s borders are 

demarcated by natural features (streams to the east and west, the Northern Highland 

Forest Reserve to the north, and the Rift Valley escarpment to the south), these 

features were used in conjunction with a topographical map published in the NSS 

report to trace the village’s perimeter as a region of interest (ROI).  This ROI was 

then used to generate a subset image of the village.  A ground control point was 

selected from the center of the dry season subset and its pixel distances to corner 

points were used to create a preliminary village subset of the wet season ASTER 

image (VNIR bands only).   

These two subsets were then matched by geometric correction resampling, 

using standard methods described by Campbell (1996), (see appendix).  A total of 16 

ground control pixels were selected from the dry season image, as recommended by 

Bernstein et al. (1983), and were used to generate a warped version of the wet season 
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image.  This correction reduced the discrepancy between the two images to an error 

of ≤1 pixel near the center and ±2 pixels towards the subsets’ edges.  Geographic 

correction was conducted by imposing dry season corner point coordinates to the wet 

season subset.  While this method seemed to reduce some of the geographic error 

between the two subsets, it was still necessary to add mean offsets of +0.0006ºN and 

+0.003639ºE to the wet season subset’s latitude and longitude values to achieve 

greater compatibility with the dry season image.   

A total of 16 ground control points (collected during July 2003 fieldwork) 

were then used to georeference the dry season subset with GPS measurements.  An 

offset of approximately +0.00045ºN and -0.00017ºE was found and incorporated into 

the dry season image to achieve compatibility.  This offset was also incorporated into 

the wet season image, in addition to its already offset geographic values. 

As MIR, TIR, and DEM ASTER bands are of lesser spatial resolution than the 

15 x 15 m2/pixel VNIR bands, these data were resized (via cubic convolution) to a 

resolution of 15 x 15 m2/pixel and linked to the VNIR subsets.   

In addition to geographic error, considerable error was also noted in portions 

of the DEM.  This error was generally easy to recognize as it was typified by slopes > 

75º and steep, conical structures appearing in areas of low relief.  Figure 3.2.1 

provides an example of an area that contains bad DEM values; DEM data in such 

places were disregarded.   
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Figure 3.2.1 Bad DEM data appear white in original DEM (left) and black in shaded relief (right) 
* 30 x 30 m2/pixel resolution 
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Soil type mapping 

Soil types were mapped using the classification developed by the NSS, described in 

section 2.3 (see also appendix), with the aid of a soil type map superimposed on an 

aerial photograph of the village (NSS, 1989).  Several general trends observed in the 

field (e.g., fields often do not continue onto stony soils) were also incorporated into 

the mapping process.  As altitude and natural features divide the village into three 

regions (Figure 2.3.4), individual soil types were defined regionally (i.e., within 

regional spatial subsets) before being combined to produce the village-scale map.   

Within each region, the main criteria used by the NSS to distinguish soil type 

are slope and stoniness.  These factors were used in an adaptive, visual approach for 

mapping soil type polygons as ROIs using linked displays from both June and 

October images (VNIR—Bands 3:2:1, MIR bands) with DEM generated images 

(shaded relief, slope).  It was predicted that stony soils would be discernable from 

soils where stones were absent in TIR bands (as darker, i.e., having lower thermal 

emissivity), however, the combination of poor spatial resolution in TIR bands (not 

ameliorated by resizing), varying moisture content, and varying topography prevented 

the use of TIR data in the actual soil mapping process.  Adjacent soil types of 

different stoniness were thus distinguished by visible differences in land use in VNIR 

bands; stoniness limits the use of mechanized cultivation so there is often a clear 

boundary between farms and natural vegetation (resulting in higher NIR values, as in 

Figure 3.2.2), which was also observed during fieldwork.  Adjacent soil types of 

different slope were distinguished initially in VNIR and MIR images and refined 

through corroboration with the shaded relief image and, occasionally (e.g., Figure 
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3.2.3), the slope image.  MIR images were particularly useful for classifying alluvial 

soil types, as these wavelengths respond mainly to moisture content.  In the portions 

of the dry season image obscured by clouds, the wet season image was used to map 

soil types. 

 
Figure 3.2.2 Example of four adjacent soil types of differing stoniness based on VNIR land use 
differences (the stony soils are the narrow strip just left of center and the area to the far right) 
* 3:2:1† ASTER image, 15 x 15 m2/pixel resolution 
 

                                                   
† Here, and throughout this report, 3:2:1 images correspond to RGB assignments of Red = Band 3 

(NIR), Green = Band 2 (red), and Blue = Band 1 (green). 
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Figure 3.2.3 Example of two adjacent soil types of differing slope based on differences in (a) shaded 
relief, (b) VNIR (3:2:1), (c) slope, and (d) MIR Band 4 
* 15 x 15 m2/pixel resolution before 87% resize 
 
 
Land use mapping 

Land use was initially mapped using 3 broadly defined categories: dense bush/graze, 

sparse bush/graze, and fields.  Table 3.2.1 gives descriptions of the dominant 

vegetation and human use for each land use type. 

 
 Table 3.2.1 Description of land use types for mapping 

Land use Dominant vegetation Human use 
Bush/graze – dense Trees and shrubs Wood collection 
Bush/graze – sparse Shrubs and grassland Livestock grazing 
Fields Wheat, maize, beans, etc. Agriculture 
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It was initially assumed that land use mapping would be accomplished by assessing 

VNIR differences between the pre-harvest (June) and post-harvest (October) images: 

in NIR and red bands, dense bush/graze would exhibit the least variation between 

seasons, whereas fields would exhibit the greatest (as fields would be changing from 

having little to no vegetation to having mature crops); NIR values would be higher 

and red values would be lower at the end of the wet season (June) image than at the 

end of the dry season (October) image, as vegetation would be denser.  Therefore, 

based on this premise, a land use type could be defined as a standard range of NIR 

and red differences.  While the hypothesis of this method generally proved correct 

when its results were compared with the method that was ultimately used to classify 

land usage (described below), the method was not used because, after 

experimentation, overlap ranges among land use types were always far greater than 

each land use type’s unique threshold range (Table 3.2.2).  This overlap can be 

explained by a variety of different reasons.  For example, fields could overlap with 

dense bush/graze where crop failure has occurred, as both would exhibit low spectral 

variation between seasons even though the field is discernable from dense bush/graze 

when viewing either the dry or wet season image alone. 

 
Table 3.2.2 Seasonal VNIR differences in subsequently defined land use types 

Mean Standard range3 Land use 
NIR1 Red2 NIR1 Red2 

Bush/graze – dense 2.08 21.6 -10.12 to 14.28 15.1 to 28.1 
Bush/graze – sparse 2.98 27.2 -6.18 to 12.14 20.5 to 33.9 
Fields 4.18 32.6 -9.12 to 17.48 20.5 to 44.7 

1 calculated as NIRJune – NIROctober 
2 calculated as RedOctober – RedJune 
3 calculated as mean ± standard deviation 
* Mean values give validity to general hypothesis; standard range values show that 
considerable overlap exists. 
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The method ultimately used to map land use was based on the premise that, in 

the dry season (October) image, ‘bush/graze’ would have the highest simple ratio 

values (NIR/red), whereas ‘fields’ (which have been recently harvested) would have 

the lowest.  The simple ratio was chosen for this task instead of other vegetation 

indices (e.g., NDVI, SAVI) because it is a more sensitive index (i.e., generates a 

greater range of values), though these indices are, for the most part, functionally 

equivalent (Lawrence and Ripple, 1998).  To minimize the effects of different soil 

types’ physiological properties (e.g., slope, stoniness), land use was initially mapped 

within each soil type within each region (i.e., within a spatial subset for each soil 

type).  As fields’ perimeters are readily distinguishable in the October image, the 

initial mapping process was carried out by refining SR thresholds until all pixels 

within clearly defined perimeters were included as ‘fields’.  Figure 3.2.4 shows the 

unique threshold ranges for each land use type within each region/soil type.   

As can be seen in Figure 3.2.4, simple ratio values decline by region (i.e., 

elevation), as does the range of each threshold.  At the same time, within each region, 

there is a similar decline from alluvial to valley soil types (i.e., alluvial thresholds are 

always higher than for soils like RU1, RL1, and L1, which, in turn, are always higher 

than valley thresholds).  This decline, observed mainly in VNIR bands, is due to 

natural attenuation that occurs from topographic influences, as described in section 

1.2; the Northern region has the highest elevation and the alluvial soil type typically 

has the mildest slope (causing less attenuation), whereas the Southern region has the 

lowest elevation and the valley soil type typically has the greatest slope (causing 

greater attenuation).  SLA-NDVI (discussed below) was developed partly to account 
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for this attenuation, as well as any other soil reflectance properties that might vary by 

elevation.   

 

 
 
Figure 3.2.4 Spectrum of simple ratio values indicating thresholds for each region’s soil types’ land 
use types 
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Figure 3.2.5 Broad land use classification using simple ratio and cover thresholds on central valley 
subset; (a) 3:2:1 VNIR image, (b) simple ratio image, (c) thresholds superimposed on simple ratio 
image. 
 
 

To separate ‘dense’ from ‘sparse bush/graze’, the linear relationship between 

NDVI and the fraction of photosynthetically active radiation (f PAR; Tucker, 1979; 

Asrar et al., 1984; Goward & Dye, 1987; Kumar & Monteith, 1982; Monteith, 1972, 

1977; Sellers, 1987; Sellers et al., 1997; Pontailler et al., 2003; Wessels et al., 2004) 

was used.  The equation for calculating f PAR from NDVI is shown below. 

  f PAR = (NDVI–NDVImin)·( f PAR max– f PAR min)+ f PAR min (3.3) 
 (NDVImax – NDVImin)  

 
where NDVI endpoints are site-specific and f PAR endpoints are constant (minimum: 

0.01, maximum: 0.95).  For each soil type, an f PAR value of 0.5 was used to 

distinguish the two types of ‘bush/graze’.  Figure 3.2.5 is an example of the results 

produced by this process. 
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Within the land use type of ‘fields’, ‘fields’ were also separated by presence 

of residues (an f PAR threshold of 0.1 was used) to test whether their presence could be 

correlated to crop density (NDVI) in the June image.  The ‘residues’ category 

includes not only fields that have crop residues still present, but also those that have 

grassy vegetation or any other leafy matter (e.g., compost) that would provide at least 

some improved protection against erosive forces over ‘bare’ fields.  Figure 3.2.6 

provides an example of this separation.  

 

 
Figure 3.2.6 Field land use classification using cover thresholds on portion of RU1 subset; (a) simple 
ratio image, (b) VNIR image, (c) thresholds superimposed on VNIR image 
 
 

SLA-NDVI 

The Soil Line and Altitude Adjusted NDVI (SLA-NDVI) measures relative 

reflectance for NIR and red bands based on the degree to which they vary with 
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respect to an altitude-adjusted soil line.  It was devised for this study based on the 

observation that VNIR DN values generally decrease with altitude—despite similar 

vegetation densities among regions—and that this attenuation may be influenced by 

reflectance properties of different soil types in the village (again, which are defined in 

part by elevation) in addition to natural topographic factors.  Therefore, in order to 

better estimate vegetation density (i.e., canopy/surface cover) for the entire village, 

this attenuation must be accounted for.   

For ASTER bands (NIR = Band 3, Red = Band 2), SLA-NDVI is represented 

as equation (3.4).  A SLA-NDVI value near or below zero indicates that a pixel is 

most likely bare soil, whereas values greater than zero indicate vegetation. 

[Band 3 / (a3 · DEM + b3)] - [Band 2 / (a2 · DEM + b2)] 
SLA-NDVI  = 

[Band 3 / (a3 · DEM + b3)] + [Band 2 / (a2 · DEM + b2)] 
(3.4) 

 
         Where,  

DEM = elevation 
a2-3 = slope of linear equations between Band 2-Band 3 and elevation 
b2-3 = y-intercept of those equations   
 

Slope-intercept values are calculated based on the changes in Band 2-3 reflectance 

that occur over elevation.  The following is a description of the method used to derive 

these values for the Kambi ya Simba subset.   

All dry season (October image), village pixels with valid DEM data were 

exported into ExcelTM at altitudinal intervals of 50 m.  For each interval of pixels, the 

data set was reduced (by removing values not in the soil line) until a linear equation 

for the soil line was found with r2 values greater than 0.975.  Figure 3.2.7 provides an 

example of this method; in this case, the soil line has a slope of 0.792 and a y-

intercept of 13.382. 
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Figure 3.2.7 Example of soil line equation derivation 

 

After acquiring a soil line equation for the entire village (based on all pixels in all 

intervals’ soil lines), equation (3.5), as well as an equation for each interval, the 

median Band 2 DN (=66) for all soil pixels in the village was entered into each 

altitudinal interval’s soil line equation to generate Band 3 values.  The village Band 2 

median value was used as opposed to the Band 2 median value for each altitudinal 

interval so as to prevent Band 3 values from being artifacts of their soil lines (i.e., the 

equation would then return the median Band 3 value for each interval).   Band 3 

values were then plotted over elevation, weighted by the number of pixels contained 

at each interval (e.g., n = 4012 in Figure 3.2.7).  The regression equation (3.6) 

generated from this plot was used for a3 and b3 (Figure 3.2.8).  Values for a2 and b2 

were calculated by substituting the Band 3 equation for the Band 3 variable in the soil 

line equation for the entire village to solve for Band 2, as shown below. 

  
The village soil line equation: 
 
 Band 3 = 0.897 · Band 2 + 4.284                                                                (3.5) 

 
Band 3 change over elevation (Figure 3.2.8):  
 
 Band 3 = 0.0153 · DEM + 40.029                                                               (3.6) 

 
After substituting (3.6) for Band 3 in (3.5) and solving for Band 2: 
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