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Soil erosion represents a significant, often hidden cost of land conversion to
human use. It is particularly acute in sub-Saharan Africa, where long-term dependence
on soil functional capacity is profound and intervention resources are scarce. This
dissertation explores soil erosion, focusing on densely populated regions of western
Kenya, in two complimentary ways. First, emergy evaluation, which allows comparison
of ecological and economic flows in common units, quantified erosion severity at three
scales (national, district and landuse subsystem). Second, probabilistic erosion risk
models were calibrated based on empirical observations across the Awach River basin.

Emergy analysis revealed that over 4% of national emergy use is lost topsoil; soil
loss severity increases at the district (2.4 to 14.2%) and landuse subsystem scale (14 —
76%). Agricultural benefit (agricultural yields given natural capital costs) ranges from a

high 7.6 nationally to 2.25 for Nyando District; landuses ranged between 7.4 and 1.32.
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Field observation of potential soil erosion predictors was undertaken at 420 sites
distributed throughout the study basin. Tree-based regression models allowed inference
of soil properties from visual/near infrared reflectance spectra based on an existing library
of laboratory-analyzed samples. Properties successfully delineated included degradation
status, infiltration class (<60 mm/h) and 13 soil performance measures.

Erosion risk was conceptually divided into three factors — site protection,
detachment resistance and hydrologic/terrain risk — to which observed variables were
assigned. Graphical models selected variables conditionally associated with degradation,
and multivariate logistic regression quantified effect strength and direction. Resulting
models correctly classified 73, 74 and 76% of sites, respectively; an integrated risk model
increased accuracy to 84%. The most significant predictors of risk were infiltration class,
ground cover and soil organic carbon content.

Satellite imagery facilitated spatial inventory of degradation, infiltration and land
use. Over 46% of the basin was classified as degraded (27% severely) by a screening
model with 86% accuracy. Infiltration class was classified with 82% accuracy; land use
(8 classes) with 73% accuracy. Landuse change trajectories were inferred by comparing a
1986 scene with a 2001 scene. Markov models, both spatially indiscriminate and risk-
weighted, were developed to compare landuse change scenarios for erosion attenuation
and emergy-based agricultural benefit. Results suggest limited protective effect of
moderate changes in landuse change patterns; cattle density reduction and reforestation
appear most promising. Extreme changes in landuse were observed to restore the basin,
but were highly unrealistic. Spatially targeting low risk landuses to high-risk sites

provided small but significant improvement.
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INTRODUCTION

Statement of the Problem

Soil is functionally a nonrenewable resource. While soil development occurs over
centuries, the world’s growing population is actively depleting the resource over decades.
As a nonrenewable resource, and the basis for 97% of all food production (Pimentel
1993), strategies to protect soil from depletion at rates faster than replacement are critical
for developing sustainable economies.

Concern over soil erosion by water, the primary mechanism for soil degradation
on arable land, has existed worldwide for decades (Sanchez 1973, Kirkby 1980, Pimentel
1993, Morgan 1995). While the problem has been documented on every continent, the
consequences are especially acute in the semi-humid and humid tropics where poverty,
fragile soils, high population densities and intense climatic inputs converge, as is the case
in much of sub-Saharan Africa (Lal, 1985). Soil loss has ecological and economic
impacts at many scales, ranging from the field scale, where nutrient depletion, degraded
soil structure and lost organic matter affect farm livelihoods, to the watershed and
national scale, where sediment and nutrient loads adversely affect important waterways
and ecosystems (Morgan, 1995). Several studies (Smaling 1993, Sanchez et al. 1997)
have documented the crucial role that erosion plays in soil functional degradation
throughout sub-Saharan Africa at these varied scales.

Resource allocations to soil conservation strategies by international agencies and

national governments have been substantial (Kiome and Stocking 1995, Thompson and



Pretty 1996). However, it must be recognized that allocating resources to attenuate soil
losses requires diversion of resources from other sectors of the economy. To what extent
is resource diversion justified, and can the magnitude of the problem be quantified to
quantify the appropriate degree of diversion? There are cases where local success in
controlling and reversing the pattern of soil degradation has been documented (Tiffen and
Mortimer 1993), but throughout most of sub-Saharan Africa, the soil resource continues
to decline (Sanchez et al. 1997), alarmingly quickly in some areas (Oostwoud and Bryan
2001). Soil clearly provides valuable services (structure, chemostasis, water holding,
carbon storage etc.), but without quantifying these values within the context of the larger
natural resource basis of the economy, the decision to allocate resources to protect soils
or reverse degradation trends is based on frequently exaggerated claims of problem
severity (Stocking 1995).

Before resources are targeted to attenuate soil erosion, a clear understanding of
mechanisms that elevate erosion risk is necessary (Pimentel 1993). While several
universal models exist to quantify risk based on empirical factors, their use can introduce
substantial error when applied in regions for which they were not calibrated (Morgan
1995). An alternative approach is to develop local risk models based on rapid
reconnaissance and statistical inference. This approach has particular appeal for the rural
tropics where mechanisms of degradation are poorly understood, and empirical data sets
are less widely available. Furthermore, spatial targeting of intervention resources to areas
of critical need and enumerating the association between land management decisions and

elevated risk are critically important in tropical areas without significant resources.



Ultimately, a decision support model for land management to control erosion
should combine predictions of erosion risk, inference of erosion extent and magnitude,
and a cost/benefit comparative framework within which to compare scenarios for future
development. This combination of process and context facilitates management solutions
to maximize intervention efficiency and system sustainability.

This dissertation explores the costs of soil erosion within the context of the
prevailing resource basis, develops statistical models and a rapid assessment framework
that enumerates soil degradation risk, and interpolates risk models to a meso-scale study
area to compare future land allocation alternatives for controlling natural capital
depletion and supporting rural livelihoods.

Review of the Literature

Soil Loss Globally and Regionally

Significant literature exists documenting the magnitude of the soil erosion
problem. Pimentel (1993) coalesces evidence from many regions of the world to state
that between 30 and 50% of the world’s arable land is substantially impacted by soil loss.
Soil loss is widely identified as a threat to rural livelihoods (Lal 1985, Kerr 1997,
Sanchez et al. 2003) and aquatic resources (Ochumba 1990, Crosson, 1986). Severe
problems of soil degradation have been documented world wide, including in the United
States (Uri 2001), Spain (Meyer and Martinez-Casasnovas 1999), southeast Asia
(Pimentel 1993), Central and South America (Alfsen et al. 1996), Australia (Dregne
1995) and Africa (Morgan 1995, Lal 1985).

The problem is particularly severe in East Africa because of high population

densities, fragile soils, intense rainfall and limited soil subsidy. Severe erosion has been



documented throughout the area (Oostwoud and Bryan 1997, Mati et al. 2000, Lufafa et
al. 2002, Thomas and Senga 1983), resulting in serious depletion of soil functional
capacity (Zobisch et al. 1995, Gachene et al. 1997, Swallow et al. 2002, Smaling 1993).

Clearly, the effects of soil degradation are felt most acutely by the subsistence
farmers who populate the region. The marked decrease in soil functional capacity that
arises because of erosion and extraction has been illustrated (Sanchez et al 1997), and the
cycle of poverty makes long-term solutions difficult to institutionalize (ICRAF 2000).
The link between soil erosion and subsistence agricultural yields has been widely cited
(Lal 1985, Williams et al. 1983, Mulengera and Payton 1999). While the magnitude of
this problem is still disputed (Crosson 1986, Stocking 1995), it is clear that agricultural
yields in Africa have failed to keep pace with improvements observed in the rest of the
world (World Bank 1996).

Off-farm costs are still poorly documented, but the general concerns of
eutrophication and excess turbidity are widely cited (Lindenschmidt et al. 1998, Crul
1995). Lake Victoria, the world’s largest tropical freshwater lake, situated in East Africa,
has experienced frequent fish kills and algal blooms (Ochumba 1990) and serious
destabilization of trophic dynamics (Lehman et al. 1998, Goldschmidt et al. 1993)
resulting in unreliable fishery production. One presumed cause, a nutrient-rich sediment
plume discharging into Nyanza Gulf, can be seen readily in satellite imagery.

Soil Erosion Models

Measurement of soil loss is an expensive and time-consuming undertaking.

While the reliability of recent methods for assessing past erosion has been illustrated
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rely on physical sampling structures to enumerate soil movement. The extremely limited
variability in site and management characteristics that can be assessed with these methods
given limited research budgets necessitates the use of models that can be extrapolated to a
wider range of conditions. Models of the soil loss process can be divided into physically-
based and empirical approaches. An alternative to model application is local model
development based on direct observation. Each approach is outlined briefly below.
Physically-based models, typified by the Water Erosion Prediction Project
(WEPP) (Foster and Lane 1987, Ascough et al. 1996), simulate the processes of sediment
detachment, transport and deposition using process equations based on continuity
constraints and physical forces (e.g., hydraulic shear stress calculations for modeling soil
detachment by flowing water). The WEPP model is a distributed parameter model,
which allows spatial patterns of erosion and deposition to be identified. This approach is
suited for high temporal resolution studies in small (< 260 ha) (Morgan 1995) basins
where sufficient data exist to estimate suitable values for all model parameters. It is also
crucial if estimates of sediment yield are to be made. The array of physically-based
models is substantial (Dietrich et al. 1993, Moore and Burch 1986, D’ Ambrosio et al.
2001, Botterweg et al. 1998), but most suffer from two drawbacks that limit their
applicability for this study. First, as discussed, model complexity and need for fine
spatial resolution imposes limits for application to small basins. Moreover, the need for
high-resolution input data (e.g. rainfall, atmospheric conditions) limits application of
WEPP to regions with substantial monitoring infrastructure. Second, they are generally

severely over-parameterized for watersheds where significant baseline data collection has



not been undertaken. Model accuracy is compromised when default settings (generally
empirically defined) are used as universal settings.

Empirical models range in complexity, but share the characteristic that they are
developed for specific regions and can be applied to new regions only with considerable
caution (Morgan 1995). The most widely used example of an empirical model is the
Universal Soil Loss Equation (USLE) (Wischmeier and Smith 1978) and various
revisions of that basic framework (Renard et al. 1991), which statistically relates 5
readily observable factors to soil loss rates. The same factors (rainfall erosivity, soil
erodibility, slope, slope length and vegetation cover) are used in the Soil Loss Estimator
for Southern Africa (SLEMSA) (Elwell 1981), an empirical counterpart to USLE
designed for the specific conditions in Southern Africa. Each factor is computed from
standard equations, determined from enormous data sets describing soil loss rates from
standardized plots. The advantage of empirical models is that they are conceptually
simple and require data that, if unavailable, are relatively easy to collect or estimate.
There are several widely cited constraints (Morgan 1995, Jetten et al. 1999). First, as
empirical models, their universal application is inadvisable without formal validation. In
particular, USLE was developed for the Midwestern USA and application to sub-Saharan
Africa (where climate, soil and cropping systems are different) is of questionable utility
(Cohen et al., submitted). Despite this constraint, USLE is widely applied around the
globe (Millward and Mersey 1999, Chen 1998, Lufafa et al. 2002), usually without any
formal ground validation protocol. Second, empirical models are capable of identifying
where erosion occurs, but not where eroded material is deposited because there are no

physical constraints in the USLE model (i.e. continuity equations).



While estimation of actual erosion rates is frequently desirable, models developed
to provide categorical information (e.g., degraded/intact) can offer substantial benefits
over a model-based approach (Adinarayana et al. 1999). Limited equipment is necessary
to provide categorical erosion models based on visual designation, and each model can be
developed for the specific region in which it is applied. This allows specific insight into
the effects of local land management on erosion risk, and aids in understanding the kinds
of intervention approaches that might provide protective effects. This direct observation
approach is the strategy used in this work.

Soil Erosion Costs

Soil erosion represents an externality (Loehman and Randhir 1999); that is, some
of the costs of soil erosion are borne by society, now or in the future, rather than entirely
by the landowner. Market prices of goods for which there are external costs do not
reflect the true cost when all inputs are tallied. The literature is rich with efforts to
internalize erosion costs by placing value on eroded soil (Crosson 1986, Bojo 1996).

Soil value can be designated using a variety of methods. The most common puts
soil values into economic units so that market and true prices can be compared directly.
Specifically, attention focuses on production losses as a result of depleted fertility, off-
farm losses (sediment in reservoirs, eutrophication of water bodies, downstream flood
problems), and aesthetic losses (Bandara et al. 2001). Where discrepancies occur, tax
subsidies or policy instruments are necessary to force market prices higher or encourage
better conservation.

Another option is to quantify the value of a resource according to its emergy

content. This approach offers several advantages over methods assigning dollar values to



services for which no formal market exists. First, methods are based on biophysical
observations of production rather than, as is often the case (Alfsen et al. 1996), basing
costs on perception of value (willingness-to-pay survey strategies). Second, emergy
allocation of soil value is donor based. As a result, value is embodied in the storage
rather than the service that soil provides. The assumption is that, within any self-
organizing system, there is a strong link between invested energy and service.

An important issue raised repeatedly in the economic literature on soil
degradation (Alfsen et al. 1996) is that erosion represents a cost that may be acceptable
given specific tradeoffs to lower soil-loss rates. This study explores emergy-based
optimality criteria for mitigation strategy assessment that account for both benefits
accrued to society because of soil degradation (i.e., production capacity), and costs of that
process.

Watershed Scale Erosion Assessment

Watersheds are widely recognized as the most appropriate biophysical or
socioeconomic unit for management and study of water and soil resources (Lal 1999,
Brooks et al.1997). Virtually all development organizations (ranging from the World
Bank to small local NGOs, along with government agencies) are engaging in watershed
management as their primary intervention strategy (ICRAF 2000). The most important
aspect of watersheds that make them ideal study units is that all the effects of land
management in a watershed accumulate to the same point at the basin outlet, a condition
that forces explicit consideration of the linkage between upstream actions and

downstream effects (Luitjen 1999). Furthermore, the scale of a watershed is often most



appropriate to bring together the specific concerns of individual farmers and the larger
scale issues with which policy makers contend.

However, problems arising from the spatial extent of watersheds in comparison
with the scale at which erosion processes are well described. First, many models (i.e.,
strongly physically based models) are eliminated as potential tools if the basin of interest
is substantially larger than 10 km? (Morgan 1995). Second, standard empirical models
require validation, which can be extremely expensive in a large basin with varied
climatic, edaphic and management conditions.

For example, variability in infiltration is a critically important consideration when
assessing risk (Jetten et al. 1993), but methods for inferring infiltration rates that are
specific to land cover, soil, slope and climate across large areas have only recently been
developed (Sullivan et al. 1996). Soil-survey data provide nominal information for soils
under generalized conditions. Land use, degradation status, and natural within-class
variability are all important components of hydrologic response that are overlooked by
using soil survey data (De Roo et al. 1992, Stolte et al. 1997, Ziegler et al. 2001).

Examples abound of studies focusing on soil degradation at the scale of
watersheds and larger (Stolte et al. 1997, Kassam et al. 1991, Sutherland and Bryan 1991,
Mati et al. 2000). The central theme of these studies is that the physical processes of
erosion are abstracted, either statistically or conceptually, to allow analysis at scales that
are more meaningful for policy development. The approach taken in this work follows
this general protocol by exploring statistical association patterns between risk factors and
categories of degradation. Thus, the methods developed in this study are highly scalable

but lack physical process constraints.
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Watershed Rapid Assessment

Rapid assessment protocols are crucial for assessing land and water dynamics
over large areas. Examples of tools used for rapid land assessment are satellite imagery
(Hill and Schutt 2000, Dwivedi et al. 1997, Price 1993), cesium-137 radioisotope studies
for erosion rate inference (Ritchie and McCarty 2003, Bujan et al. 2003) and diffuse
reflectance spectroscopy (DRS) (Ben-Dor and Banin 1995, Shepherd and Walsh 2002,
Ludwig et al. 2002, Kooistra et al. 2001). This study made extensive use of satellite
image interpretation for interpolating field observations to entire watersheds, and spectral
signature analysis for rapid assessment of soil quality.

Diffuse reflectance spectroscopy for soil quality assessment

Conventional methods of soil analysis are well established but limit processing
large numbers of samples because of resource-intensive and time-consuming tests.
However, for accurate assessment of soil throughout watersheds, large numbers of
samples are necessary to capture the significant variability that is widely documented
(Burrough 1989). This is particularly true in regions where soil-disturbance regimes are
of interest under a variety of land-management options.

DRS is a relatively simple process. A high quality tungsten-filament bulb emits
full-spectrum light (between 350 and 2500 nm), and sensors record reflectance
characteristics of each material in 1-nm bandwidths (Shepherd and Walsh 2002).
Reflectance characteristics have been used widely to differentiate between minerals
(Hunt 1977, Clark 1999), plant and animal tissues (Foley et al. 1998, McLellan et al.
1991, Gillon et al. 1999). Newer applications include quantitative inference about soil

organic matter (Henderson et al. 1992, Sudduth and Hummel 1993, Ludwig et al. 2002)
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and soil properties in general (Ben-Dor and Banin 1995, Shepherd and Walsh 2002,
Reeves et al. 1999). A typical soil spectral reflectance curve is given in Figure 1-1.
Specific soil properties that have been successfully inferred from these curves include
texture, cation exchange capacity, base saturation, pH, organic carbon content,
exchangeable P, exchangeable K, nitrogen species and various contaminants (Ben-Dor
and Banin 1995, Shepherd and Walsh 2002, Ludwig et al. 2002, Kooistra et al. 2001).
Soil physical properties (macroaggregate stability, bulk density) are intuitively less likely
to be inferred spectrally than chemical properties, but have not been fully explored.
Additional soil chemical properties that are candidates for spectral inference include
sodicity, micronutrient concentrations, functional organic matter pools and radioisotope
measurements (e.g., Cs-137, Pb-210). An area largely unexplored for application of DRS
is integrative metrics. For example, fertility, degradation, infiltration capacity, carbon
evolution potential, and structure are composite variables that are impossible to measure
using a single standard laboratory technique. In general, these features of soil are dealt
with using transfer functions that interpret the relative levels of basic soil properties in
comparison with some empirical reference. Since all of basic soil properties are
integrated in a single spectral response curve, there is strong potential that composite
variables can be inferred directly from spectra, obviating the need for transfer functions.
This study addressed two composite variables (degradation and infiltration capacity).

Interpretation methods of spectral response curves vary, but most involve
multivariate data mining tools such as Partial Least Squares Regression (PLS — Ludwig et
al. 2002), Multivariate Adaptive Regression Splines (MARS — Shepherd and Walsh

2002) or Classification and Regression Trees (CART — Shepherd and Walsh 2002).



12

0.5

0.45

0.4

0.35

03

0.25 Hydroxyl

Water
02 Water

0.15

Visible spectral response characteristic

0.1 of red soils {oxisols, ultisols etc.)

0.05

Reflectance relative to Spectralon (white standard = 1)

350 600 850 1100 1350 1600 1850 2100 2350
Wavelength (nm)

Figure 1-1. Typical DRS raw reflectance pattern for a tropical soil. Shown is relative
reflectance versus wavelength. Specific important absorption features are
identified.

These newer approaches supplant linear multivariate methods (e.g., multiple regression,

discriminant analysis) that were only marginally successful for dealing with the

complexities of the soil mixture and the severe co-linearity issues that arise in the

analysis of spectral response curves. This work made extensive use of CART (Breiman

et al. 1986, Steinberg and Colla 1997) in developing spectral response models, both for

DRS data and for satellite image interpretation.

Satellite image processing for spatial erosion risk assessment

Use of satellite imagery to assess ground condition began during the 1970s,
displacing conventional survey methods and aerial photographs as the primary tool for
land assessment over large areas. While application for inference of land cover patterns
is extensive in the literature (Jensen 1996, etc.), less attention has focused on inventories

of degraded land (though see Fenton 1982, Pickup and Chewings 1988, Price 1993,
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Dwivedi et al. 1997). Even less attention has been given to the potential to infer patterns
of infiltration rates from satellite imagery. This is primarily due to issues of spectral
confounding: satellites only measure reflectance from the upper-most layer of the
landscape; and vegetation may mask soil properties that cause variability in infiltration,
necessitating instead a sampling protocol that uses geostatistical inference (Sullivan et al.
1996). Satellite imagery is particularly effective when synoptic data are insufficient.
Time series currently available (Landsat imagery is available from 1973) provide a
sufficient record to be useful for large-area change detection.

Landuse Change Models

The study of patterns of landuse change and the development of models to
forecast it has become central to research in landscape ecology and regional planning
(Turner and Gardner 1990, Verburg et al. 1999). Models have been developed to predict
changes in water flows (Grove and Harbor 1997, Miller et al. 2002, Calder et al. 1995,
Niehoff et al. 2002); biota (Eva and Lambin 2000, Ehrlich et al. 1997, Swenson and
Franklin 2000); urban and agricultural growth (Batty and Longley 1989, Clarke and
Gaydos 1998, Gilruth et al. 1995); and soil degradation (Feoli et al. 2002, West and Wali
2002, Li and Reynolds 1997) among many other applications.

One particularly flexible model form makes use of Markov transitional
probability matrices (Flamm and Turner 1994, Howard et al. 1995, Li and Reynolds
1997). These matrices, calibrated by comparing historical and current landuse maps,
allow stochastic prediction of land use patterns in future landscapes. Conditional
transition probabilities can be manipulated to reflect effects of alternative land

management strategies, allowing future landscapes to be compared. This approach forms
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the basis for scenario assessment. While there are substantially more realistic alternatives
to this method (e.g., Markov cellular automata — Itami 1994), the Markov method offers
the most statistically robust and readily applicable method.

Systems Evaluation

Ecological and human systems self-organize to transform sources of available
energy into energy forms with emergent characteristics (Odum 1994). As energy
transformations occur, a portion of energy that was previously available loses its ability
to do work, increasing entropy at the larger scale, as predicted by the Second Law of
Thermodynamics. However, energy retained after adaptive transformations has qualities
(e.g., the ability to reinforce and amplify input flows) that distinguish it in form and
function from the original energy. A sequence of such transformations results in
decreasing quantities of energy, but increasing quality. This organizational property,
energy hierarchy, is a readily observable characteristic of many adaptive systems (e.g.
food webs, governments, watershed hydrologic convergence), and provides the
theoretical basis for emergy analysis (Odum 1996). The maximum power principle
(Lotka 1922, Odum 1994), which postulates that, in order to remain competitive, systems
select for energy use pathways that maximize the useful dissipation of available energy,
suggests that self-organization into energy hierarchies is a means to reinforce exogenous
energy flows. Energy invested in higher hierarchical levels, which feeds back control for
enhanced overall energy capture, embodies value vastly greater than simply the
remaining energy content; emergy analysis is a means to account explicitly for that

whole-system value.
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Emergy and transformity

Emergy is defined as the energy required, both directly and indirectly throughout
a process, to create a product or service (Odum 1996). Since each input to a process is
itself the product of energy transformations, emergy is often conceived of as energy
memory; that is, the energy, usually expressed using solar energy as the common
baseline, that was required throughout the global energy transformation hierarchy. The
standard emergy unit is the solar emjoule (sej), which is distinctly different from the joule
(J) with which available energy is quantified. The quality of energy in any given product
is expressed as transformity and measured as the ratio of emergy (sej) to available energy
(J). Systemic analyses (Christensen 1994, Patten 1995) that ignore energy quality
inevitably undervalue the contributions of low energy concentrated sources (e.g. human
work, information) relative to abundant diffuse ones (e.g., sunlight, wind kinetic energy).

Numerous studies have used emergy accounting to quantify development
tradeoffs that must simultaneously consider economic and ecological costs and benefits
(Portela 1999, Buenfil 2001, Brown and MacLanahan 1996, Odum et al. 2000).
Watershed scale evaluations have focused on water (Romitelli 1997, Brandt-Williams
1999, Howington 1999) and on multi-use functions (Tilley 1999), with significant
attention to soil development and loss. Considerable work has been directed at
evaluations of agriculture (Brandt-Williams 2001, Doherty et al. 2000, Lagerberg 1999,
Odum 1996) with substantial convergence of transformity values for agricultural products
(Brandt-Williams 2001, Buranakarn 1997).

Transformity assessments for topsoil are generally based on work presented in

Odum (1996). These are based on soil development models for temperate regions where



organic matter accumulation is much more rapid that in the seasonal tropics (Brady and

Weil 2001). A model-based approach to soil valuation (Cohen 2001) was used as the
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basis of this work; a transformity for organic carbon in tropical soils is reported that is 2

times higher (2.2E5 sej/J vs. 1.1E5 sej/J) than previously computed (Odum 1996).

Previous valuation ignored soil carbon dynamics (Parton et al. 1994, Bolker et al. 1997),

particularly for tropical areas where soil carbon depreciates at substantially faster rates.

Systems Boundary - defines the analysis bounds and distin-
guished sources from storages

Energy or Material Flow - Arrow indicates direction of influence

Source - Outside delivery of available energy; a forcing function

Storage - A compartment of energy storage within the system;
a state variable.

Heat sink - Dispersion of available energy that accompanies all
real processes; 2nd Law of Thermodynamics

Interaction - Different forms of energy produce something, with
outflow proportional to both; limiting factor interaction

Consumer Unit - Unit that transforms and stores energy and
feeds back control autocatalytically.

Producer Unit - Collects, concentrates and stores low-quality
energy (photosynthesis, chemosynthesis)

Market Transaction - Depicts sale of goods, services (solid) in
exchange for currency (dashed) according to market price.

Miscellaneous Box - Depicts production/consumption units that
do not have specific symbols.

Switching Action - Indicates flows contingent of specific criteria;
threshold function.

Figure 1-2. Energy systems symbols with descriptions.
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Because of the complexity and detail of emergy evaluation, index development is
critically important to facilitate interpretation and comparison across production
processes or between management alternatives. These indices (presented fully in Odum
1996, Ulgiati and Brown 1998, Ulgiati et al. 1995) summarize system resource use
intensity, process efficiency, economic-environment interactions and sustainability. They
are described in detail in the methods section of this study.

Energy systems diagrams

Energy systems diagrams were used throughout this work to characterize complex
systems, and aid in parametrization of simulation models. While many alternative
symbolic languages exist, the energy systems language (Odum 1994) offers a
comprehensive modeling language with explicit recognition of the thermodynamic
constraints that direct real systems.

Description of the Study Site

The Awach River, which drains a small watershed (330 km?; centroid 35.1°E
0.3°S — Figure 1-3) in the Kenyan portion of the Lake Victoria drainage basin, was
chosen as the study site because it exhibits advanced soil degradation (gully formation,
prevalent soil hardsetting — ICRAF 2000). The river system drains into a littoral papyrus
(Cyperus papyrus) wetland before discharging to Nyanza Gulf in eastern Lake Victoria.

Elevations range between 1134 m at the lake edge and 2200 m (mean slope =
6%). The landscape can be divided into lowlands (<1400 m) and highlands (>1400 m),
separated by a steep escarpment. The lowlands consist primarily of Pleistocene lake
plain deposits (Eutric Leptosols, Planisols and Vertisols) with deep profiles and moderate

to low fertility. Shrink/swell potential of these soils is high, as is the prevalence of sodic
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soil phases. Highland soils, which overlay Kericho and Kenya-type phonolite sub-strata,
are deeply weathered (Humic Nitisols, Humic Cambisols, and Luvic Phaeozems) and
structurally stable but with generally low fertility.

Lowland climate is sub-humid tropical (~1100 mm precipitation/yr) with bi-
modal rainfall delivery characteristic of equatorial latitudes. Highland climate is humid
tropical (~1700 mm precipitation/yr) exhibiting moderated bi-modal rainfall due to
continuous subsidized convection from Lake Victoria. Annual solar insolation and
temperature are effectively constant.

This area has been settled at low densities for many years. In fact, there are
records of settlement on nearby Rusinga Island dating more than 50,000 years b.p. and
evidence of proto-hominid habitation as far as 17 million years b.p. (Reader 1997).
Recent settlement changed dramatically during the 1950’s and 60’s during which
migration and sedenterization changed land use patterns and regional livelihood
strategies. Growing evidence suggests that severe degradation began in the early 1960’s
in response to the converging circumstances of poor land use planning and a period of
intense pluvial activity due to El Nino (M. Walsh, personal communication).

Regional population growth (3.9% per year — Kenya CBS 2000) has forced
cultivation of marginal lands on steep slopes; high livestock densities are common
throughout the region. Dominant lowland agricultural land-uses are maize, sugarcane
and communal rangeland, while tea, maize, sugarcane, woodlots and constrained grazing
(using improved breeds) dominate the highlands. Native ecological communities, now
extremely rare, include perennial grasslands with interspersed evergreen/semi-deciduous

bushland in lowland areas, and evergreen broadleaf forest in the highlands.
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Figure 1-3. Geographic location of the Awach River basin in western Kenya. The
centroid of the study area is 35.08°E and 0.31°S.

Plan of Study
The problem of soil erosion is addressed in the literature in two general ways.
The first is technical: define the factors that lead to elevated erosion risk and describe
how can they be managed. The second is decision-oriented: quantify the consequences of
soil loss and costs of mitigation so appropriate policy can be developed. This study links
these approaches within a systems-based decision support framework. There are three

broad objectives for this work:
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J Quantify soil erosion costs in the context of the natural resource basis at three
scales (national, regional and landuse-specific).

o Delineate factors that elevate erosion risk in the region and develop statistical
models to predict degradation probabilities quantitatively.

. Interpolate risk from plot observations to the entire watershed study area to
develop a spatial framework to assess alternative land management scenarios.

Within each objective, there are specific essential tasks. For the first component,
transformities were computed for a wide range of agricultural products characteristic of
Kenya and the study area in particular. Furthermore, two new metrics were defined to
quantify the magnitude of local natural capital depletion within the context of the larger
resource basis more effectively. Of particular importance was defining reliable
transformity values for soil components in tropical ecosystems. Work done tangentially
to this study (Cohen 2001) presents transformity calculations for soil organic carbon, soil
structure and nutrient exchange capacity for tropical forest and savanna ecosystems.

Tasks specific to the second objective are extensive. In order to define the
necessary factors, several layers of analysis were necessary. Calibrations of soil
properties to spectral response characteristics were essential. Coupled with a case-control
sampling protocol, spectral response was used to delineate degraded from intact soils,
distinguish regions of slow infiltration from other areas and develop an emmpirical
composite soil erodibility factor that can be used to assess site risk. Terrain-based indices
and field observations of cover and landuse were used to develop two other composite
variables that describe erosion risk specific to the study area.

The third objective relied on inferential interpolation of landuse, degradation
condition and infiltration capacity from satellite imagery. The spatial extent of soil

degradation, coupled with basin-wide sediment yields, provided a benchmark against
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which alternative land management schemes can be compared. Land cover change
models based on 1986 and 2001 imagery were developed to explore anticipated changes
in basin condition, and to quantify risk attenuation for proposed schemes. Specifically, is
spatial targeting of specific land uses to regions of low inherent risk effective for
maximizing yields while simultaneously minimizing severe natural capital depletion?
Which landuse change scenarios are more desirable for degradation rehabilitation, and is
there a difference between optimal land allocation for controlling erosion and optimal

land allocation when yields are explicitly included in assessment?



METHODS

Two complimentary approaches were used to enumerate the prevalence and
magnitude of soil erosion, and while the two methods are quite different, they converged
to arrive at recommendations for how to manage the problem in western Kenya. First,
methods of emergy analysis were used to compare the magnitude of soil loss with
economic benefits on a common basis. Second, watershed-scale field sampling and soil
analysis were used to assess erosion risk factors, determine land-use degradation
association, and develop a probabilistic spatial model of erosion risk. Finally, the two
approaches were coupled to produce comparative assessments of competing regional
land-use scenarios. The methods section is organized into three main parts: methods for
emergy evaluations of national, regional and landuse subsystems are given first. Then,
methods for modeling soil erosion risk are given, which include field data collection
protocols, statistical analysis and development of integrated models of degradation risk.
Finally, methods for spatial decision support modeling are given.

Emergy Analysis at National, District and Subsystem Scales

Evaluation was performed at three scales, proceeding top-down starting with
large-scale considerations that provide local problem context and progressing to
assessments of individual land-uses. Emergy evaluations were developed for:

o Kenyan national economy

. Kisumu, Kericho and Nyando district economies (third level of Kenyan
governmental hierarchy)

22
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. Specific land-uses that comprise livelihood strategies for people living in the
Awach River basin.

Land-uses explored in detail were commercial agricultural (i.e. sugar and tea),
subsistence agriculture (i.e. maize and sorghum), timber and fuel woodlots, grazing lands,
native forests and shrublands.

Emergy Evaluation Protocols

The standard emergy methods for regional and national analysis (Odum 1996,
Brown and McClanahan 1996, Doherty et al. 2002) were followed in this study. This
multi-step process includes systems diagram development, compilation of critical cross-
boundary flows and internal stock depletion, data collection, and flow
aggregation/summary index development.

Emergy Evaluation Summary Indices

Summary indices allow comparison between systems. The suite of standard
indices, compiled from aggregated flow data, includes total emergy use, emergy use per
capita and per unit area, emergy balance of trade, emergy-money ratio and yield,
investment and loading ratios, described below. Two additional metrics were developed
for this work specifically to quantify relative costs of soil erosion.

Flow aggregation

Flows are first aggregated into broad categories. Figure 2-1 is a standardized
economic systems diagram used to summarize and visualize these aggregate emergy
flows and describes the derivation of the standard indices. Aggregated flows include
renewable energy flows (R), local non-renewable flows (N), imported goods (G),
imported fuels and minerals (F), imported services (S) and exported goods and services

(E — also called yield or Y).
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Figure 2-1. Standardized economic systems diagram. Shown are aggregated flows and

indices that result from these flows.

Emergy:money ratio

The emergy-money ratio (Em$) describes nominal purchasing power, in emergy

units, of one unit of currency spent within the local economy. It is computed by dividing

total emergy use (R + N + F) by GNP. In order to compare between nations, money is

standardized to US dollars via mean currency exchange rates for the year of interest.

This index not only describes purchasing power within a region, it also informs

the emergy balance of trade between regions. A detailed discussion of the competitive

disadvantage faced by regions with high Em$ ratios with respect to regions with low Em$

ratios is presented in Cohen, Sweeney and Brown (in preparation).

Environmental loading, investment and vield ratios

The environmental loading ratio (ELR), emergy yield ratio (EYR) and emergy

investment ratio (EIR) form three critical metrics of system condition. These three
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unitless ratios describe development intensity in different ways. The ELR reports the
ratio of non-renewable to renewable flows (Figure 2-1):

ELR = (N+F)+ R [2-1]

As this metric increases, stress on environmental services is anticipated due to
concentrations of non-renewable sources that alter natural energy flow patterns.

The emergy investment ratio (EIR) describes the ratio of purchased inputs to total
flows from within the system (Figure 2-1):

EIR=F + (N+R) [2-2]

This index describes investment because it quantifies nominal levels of
investment from outside the system boundary to match flows of locally available emergy.
A high value indicates that each unit flow of locally available energy has a strong
attracting force for outside sources. The investment ratio exhibits non-homogenous
spatial patterns in landscapes; cities, deltas, mountain ranges and lakes have higher than
average investment ratios because flows converge to these regions. The EIR quantifies
development status of nations and regions, with larger values indicating advanced
development. The EIR for the United States is roughly 7:1 (Odum et al. 1987), while
Thailand has a ratio of 0.46 (Brown and McClanahan 1996).

The emergy yield ratio quantifies net benefit of feedback investment to a nation,
region or process; it is the ratio of emergy output to investment to secure that output:

EYR=Y=F [2-3]
where Y = exported goods and services and F indicates all invested inputs (i.e. fuels,

goods and services from outside the system). When this metric exceeds 1, investment is
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yields net benefit. On a national scale, values less than 1 indicate a nation is a net
importer, generally indicative of advanced development status.

All metrics presented above are most useful in comparison with other regions of
similar scale. Emergy calculations in this study reflect recent amendments to estimates of
tidal momentum absorption (Campbell 1999). To allow common benchmark comparison
with older analyses, all flows were divided by 1.68, as proposed by Odum et al. (2000).
New summary indices

Two new metrics were developed specifically to quantify losses of indigenous
stocks of natural capital within the context of a regional energy basis. Typically, soil loss
is considered non-renewable energy stock depletion (N in Figure 2-1). However,
lumping these flows with mined minerals and locally extracted fossil fuels ignores direct
ecosystem services that these stocks facilitate. Furthermore, while direct economic
benefits of fuel are clear, the benefit of degraded topsoil is not as obvious. It is
reasonable to assume that at least a portion of these flows could be prevented given more
effective land management policies.

Fraction capital depletion. The Fraction Capital Stock Depletion (FCSD) is

computed as the proportion of total emergy use (U) contributed from soil loss:
FCSD=N,+U [2-4]
Where N, is soil loss, a capital stock that economic systems exploit more rapidly
than it recovers, making it effectively a non-renewable use. Large values indicate

substantial external costs to the economy.



27

Agricultural benefit ratio. The agricultural benefit ratio (ABR) compares

agricultural yields (livestock, subsistence and commercial crops) to emergy flows from
natural capital stock depletion:

ABR=Y +N, [2-5]

where Y is emergy yield and N, is soil loss costs. Clearly, soil erosion results
from urban development, but the predominant tradeoff in Kenya is between rural
production decisions and consequent external costs. This ratio is a simple benefit-cost
analysis for regional agricultural activity. Because soil erosion is embodied in
agricultural yields, a value approaching one indicates increasingly deleterious agricultural
effects. The ratio will be generally be substantially greater than 1, indicating agricultural
net yields. However, the ABR magnitude will vary considerably within and between
regions and cropping systems, identifying which agricultural and/or livestock activities
are locally inappropriate. Note that, at the landuse subsystem scale, ABR is inverse of
FCSD. This is not the case at larger scales where yields are not entirely agricultural.

The ABR can provide a quantitative objective function, embodying costs and
benefits of competing interventions, for evaluating alternative land management
scenarios in the agricultural basins such as the Awach River watershed. Methods
optimizing land-use decision-making are described in detail in a later section.

National Scale Analysis

Data sources
Data were retrieved primarily from a national statistical abstract published by the
Kenyan Central Bureau of Statistics (CBS 2000), which compiled national accounts from

1999. Numerous ancillary data sources were used, both to quantify flows not available
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from the statistical abstract and to cross-reference flows to ensure accurate accounting.
These sources included United Nations commodity flow data (UN, 2000), Europa World
Yearbook (Europa Publications, 2001), World Bank national overview (World Bank,
2002), national tidal amplitude statistics (US Dept. of Commerce 1994), a study of wind
power feasibility in Kenya (Chipeta, 1976), global deep-heat flow database (Pollack et al.
1993), and a comprehensive thematic spatial database with precipitation, elevation,
runoff and forest coverages (Corbett et al., 1997).

Internal agricultural/fisheries/livestock production, geothermal and hydroelectric
power production forest clearing rates and mining data were all compiled from relevant
Government of Kenya (GoK) sources, including the Ministry of Agriculture and Rural
Development, Ministry of Fisheries, Kenya Power and Lighting Corporation, Ministry of
Forestry and the Bureau of Mines.

Product transformity values

The Kenyan national system is highly dependent on rural agricultural production;
consequently, reliable local transformity values are essential for accurate assessment. A
standard protocol for computing product transformity values (Odum, 2000; Brown et al.
2000; Brandt-Williams 2002) was used for 17 raw agricultural products (e.g. maize,
sorghum, sugar cane, tobacco, green tea leaves), 3 protein sources (fish, and highland and
lowland cattle) and 2 important processed goods (tea and refined sugar). The results are
used throughout this work, particularly for analysis of specific sub-systems within the
study watershed; analysis summary data are presented in Appendix A (Table A-1).

Accurate transformity values for soil are of particular importance for this work.

Previously, soil organic carbon was considered the sole value-bearer for topsoil, and
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relevant calculations were presented for temperate soils that generally accumulate organic
matter more rapidly than tropical soils due to reduced annual oxidation (Brady and Weil,
2001). Work associated with this study (Cohen, 2002) employed dynamic systems
simulation of topsoil genesis to compute transformity estimates for a suite of potential
value-bearers in soil. These include soil organic carbon, soil structure, cation exchange
capacity and exchangeable soil nutrients. Since development of these soil functional
storages is profoundly coupled, the value of eroded topsoil is reported using only the
largest flow to avoid double counting emergy.

A dynamic systems model was calibrated for soils in tropical highland forest and
tropical savanna ecosystems that predominate in Kenya. Table A-8 (Appendix A)
summarizes select model results. The estimated transformity of soil organic matter in the
tropics indicates that it is over twice as valuable as organic material in temperate soils.

Estimates of soil erosion and forest clearing rates

Soil loss is widely considered a major environmental consequence of increased
population pressure. In order to quantify erosion costs to the national economy, reliable
quantitative estimates of annual soil loss were necessary, but were generally unavailable
at the national scale. Two methods were explored: 1) use of soil loss rates on a landuse
basis (Table 2-1 based on Barber 1983), adjusted by a sediment delivery ratio (Brooks et
al. 1997), and 2) measurements of sediment concentration in rivers (Ministry of Water
Development 1992). Typically, the latter would be considered more reliable, but
available data are primarily from the 1970’s and cover a very limited number of rivers.
Therefore, the former was used as the primary method, using river sediment loads to

cross-check.
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Figure 2-2. Land-use map for Kenya ca. 2000 (Corbett 1997).

National soil loss was computed using average annual erosion rates by landuse
(Table 2-1) (Barber 1982). The spatial extent of each land-use was inferred from existing
land cover coverages (Corbett et al. 1997 — Figure 2-2, summarized in Table 2-1). To
ensure that soil loss estimates did not include eroded material that is subsequently
deposited downstream (in wetlands, concave slopes, flow control hedges, etc.), estimated
annual soil loss was multiplied by a sediment yield ratio of 5% (Brooks et al. 1997). This
approach is exceedingly conservative because costs due to soil loss from a site are not
entirely mitigated when eroded material is deposited downstream. Sedimentation in
waterways is generally considered detrimental to ecosystem processes, and therefore may

constitute a substantial additional cost, not included here, rather than a benefit.
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Table 2-1. Soil erosion rates and spatial extent for major land cover classes in Kenya
(1999).

Annual Soil Loss

Zone Area(m?) Area%  Soil Loss (g/mz) (E6 tons)
Barren or Sparsely Vegetated 3.51E+10 6.1% 250 8.77E+00
Broadleaf Deciduous Forest 9.83E+09 1.7% 100 9.83E-01
Cropland/Grassland Mosaic 7.22E+10 12.4% 3000 2.17E+02
Cropland/Woodland Mosaic 2.30E+09 0.4% 2500 5.74E+00
Dry Cropland and Pasture 2.26E+10 3.9% 4500 1.02E+02
Evergreen Broadleaf Forest 1.49E+10 2.6% 100 1.49E+00
Grassland 1.06E+11 18.3% 500 5.30E+01
Savanna 1.64E+11 28.4% 500 8.22E+01
Shrubland 1.39E+11 23.9% 750 1.04E+02
Urban 1.55E+08 0.0% 5000 7.74E-01
Water Bodies 1.40E+10 2.4% 0 0.00E+00

Total 5.80E+11 5.75E+02

Forest clearing is more readily quantifiable. Several sources confirm that clearing
rates have average between 1 and 1.7% per year for the last several decades (Kaufman et
al. 1996). An existing land-use map (Figure 2-2) allowed all forestlands to be identified,
and clearing rates were estimated using an annual forest loss rate of 1.25%.

District Analysis

The next scale of evaluation included districts that define the study area regional
context. Figure 2-3 shows Kisumu, Nyando and Kericho districts in relation to Lake
Victoria and the Awach River basin. While Kisumu district does not contact the study
basin, its importance as a regional trade and manufacturing center warrants its inclusion
to understand the regional role in the national economy better. Systems diagrams were
first developed for each district to guide concomitant tabular evaluation.

Data sources
Reliable data at the district level were difficult to acquire. Quintennial district

development plans report on climate and agricultural production statistics, demographics






