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The purpose of the study was to develop and test an

interdisciplinary methodology for applied research in soil and water

conservation in hillslope farming systems. The specific objectives

were to collect baseline data on erosion and sedimentation in the

Sierra region of the Dominican Republic and to evaluate soil

conservation technologies and cropping systems recently introduced

into the area.

Erosion, runoff and sedimentation were measured at three scales

2
of analysis: on-farm experimental plots (22 x 2 m ), small watersheds

2 2
(1-30 km ), and large watersheds (300 km ). Erosion losses in the 16

plots ranged from 0.05 to 0.10 tons ha 1 yr 1 under pine forest, 1 to

-1 -1 -1 -1
3 tons ha yr in pasture, 0.5 to 3 tons ha yr in coffee

plantations, and 6 to 70 tons ha ^ yr ^ for plots in mixed food crops.

Annual storm runoff varied from 1% of precipitation under forest to

12% in an eroded continuously cropped plot. Infiltration and soil

profile analyses and erosion measurements at the plots showed a
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pronounced influence of intensity and longevity of cultivation at the

site. Erosion rates also changed dramatically with the phases of the

cropping cycle on the coffee and food crop plots.

The recently introduced slope modification (hillside ditches) did

not significantly reduce erosion rates at the test plots. The minimum

tillage field trial showed more substantial reductions.

Field data were combined with photogrammetric analyses of land

use to compare erosion and sedimentation rates at the watershed level

for production systems based on coffee and pasture with annual crops,

respectively. The contribution to river sedimentation and flooding

did not differ significantly between the two systems at the watershed

level. In both cases it is the association of annual crops with the

dominant commercial land use that determines the erosion rate. The

planting of coffee for soil conservation was ineffective in most cases

because of high labor and related food crop demands.

Suggested alternatives to coffee include reduction of competition

for land and labor between commercial and subsistence production by

substituting tree crops that meet household demands at the local and

national level. Recommendations for land in pasture and annual crops

are the reduction of tillage in annual crop plots, the mixture of more

food crops into annual cash cropping systems, and the combination of

grazing and tree crops in large holdings.

xm



 



CHAPTER I

INTRODUCTION

The Problem

Almost 10 years after the first dramatic success of the Green

Revolution, the technological breakthroughs remain largely

inaccessible to small farmers of the underdeveloped world. Increased

yields have occurred primarily in large scale commercial or state

enterprises (Harris, 1973; Greenland, 1975; Stevens, 1977). Millions

of small farmers who produce commercial and subsistence food crops and

cash crops for export have maintained or increased production only at

great cost to themselves and to the natural environment (Crosson and

Frederick, 1977; Eckholm, 1976).

These farmers have- expanded into ever more marginal areas (often

arid, semiand, or hillslope environments) or have intensified

cultivation of existing plots, often already located in marginally

productive lands (Brush, 1981). The intensification has been for the

most part without benefit of new technology or capital inputs. It is

achieved through increasingly higher inputs of labor, and often

through practices that damage the long-term fertility and stability of

the soil (Geertz, 1972; Lagemann, 1977) and disrupt hydrologic and

geologic cycles in watersheds (Greenland, 1974; Kellman, 1969;

Pereira, 1973; Rapp, 1977).

Given this situation there is an immediate need for research to

adapt technologies to needs of small farmers within the limits of the

available factors of production and environmental constraints (Crosson
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2

et al., 1978; Hildebrand, 1981; Lagemann, 1977; Makhijani and Poole,

1975; Novoa and Posner, 1981). The "external costs" of watershed

degradation must be considered and tested within the context of such

research (Erickson, 1974; Novoa and Posner, 1981). Beyond the need

for an inventory of the current magnitude of the problem, there is a

real need to describe and test the complex functional relationships

between land use, production, erosion and sedimentation under field

conditions, in order to explore viable alternatives to the causes of

the problem.

It is widely recognized that the combined processes of erosion

and sedimentation pose a serious threat to sustained production in

both upper and lower portions of tropical watersheds (Farvar and

Milton, 1973). The decreasing depth and fertility of the soil limit

the productivity of small upland farms (Greenland and Lai, 1977;

Morgan, 1979), while quantity, quality, and regularity of surface

water supplies limit both urban and agricultural development in the

lowlands downstream (McPherson, 1974; Nelson, 1973; Odum and Odum,

1976). This is especially critical in tropical and subtropical humid

montane environments subject to intense population pressure by farmers

using traditional and semitraditional methods (Antonini et al., 1975;

Floyd, 1969; Santos, 1981; Sheng and Michaelson, 1973; Wilson, 1976).

While subsistence farmers, landless laborers and their

traditional technology are often blamed for deforestation and

environmental degradation under such circumstances (Rodriguez, 1980),

they are constrained by limited access to land and lack of

alternatives (Plumwood and Routley, 1982). The settlement of rugged

hillslopes and the near total deforestation of upland watersheds



 



3

represent a choice by default rather than a free choice between

rational alternatives for sustained production. Moreover, there is

intense pressure for continuous cropping and/or establishment of

pastures on cleared land. Large local landowners, as well as urban

and foreign markets, play a major role in this process (Amin, 1977;

Cultural Survival Inc., 1982, Hildyard, 1982; Nations and Komer, 1982;

Plumwood and Routley, 1982).

Small farmers and shifting cultivators in such areas often

practice forms of management that can be sustained well at lower

population densities or within more hospitable environments to which

they have no access (Bailey, 1982; Grainger, 1980; Nations and Komer,

1982). Although these small farmers in marginal areas are referred to

by many as "subsistence farmers," they usually produce some surplus

food crops. In some cases this sector is a major source of staple

food production for domestic markets (Brush, 1981; Novoa and Posner,

1981). The same farm families often function as a seasonal labor

force in coffee, lumber, and other cash crop harvests (Beckford, 1972;

Frucht, 1967). These subsistence farmer/farmworker populations in

marginal lands highly susceptible to erosion form an integral part of

the regional economy and ecosystem. As such, the problem must be

treated as a complex phenomenon that not only affects the larger

downstream and lowland production systems, but is partially

conditioned by them.

The question remains as to how production can be maintained or

increased (at a sustained rate) with minimum damage to both portions

of the watershed. The need for an answer to this question is

particularly urgent in the Caribbean because of high population
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pressure on hillslope lands (Antonini et al., 1975; Santos, 1981)

coupled with high demand for food crops and relegation of large lowland

tracts to cash crop cultivation (Beckford, 1972; Rankine, 1976; Wilson,

1976).

The resource base in the Caribbean is subject to intensifying

multiple demands by commercial and subsistence sectors for food, cash

crop, wood, fuel and mineral production, as well as protection of the

watershed for downstream development. From a national perspective, the

upland watershed's most important export crop may well be water, needed

for irrigation and hydroelectric projects for downstream development

(Swedforest, 1980). The various types and rates of production demanded

are often competitive in nature, if not mutually exclusive (Crosson and

Frederick, 1977; McPherson, 1974). In many cases the upland regions'

internal situations also clearly indicate the need for change (Brush,

1981; Chaney and Lewis, 1980; Ferreiras, 1979; Hildebrand, 1981; Reiche

and Lee, 1978; Santos, 1981; SEA, 1978).

A Conceptual Model of the Problem

Based upon the information presented above, a model is postulated

that describes the interaction of significant elements in Caribbean

land use systems with regard to the problems of soil erosion and rural

poverty (Fig. 1). The model shows the interaction between population,

land use and the condition of soil, water, and vegetation both within

and outside the study region.

The model diagram follows the format developed by Odum for energy

modelling of ecosystems (Odum, 1971). The tank-shaped symbols (Fig. 1)



 



OI

Fig.1.SystemsmodeloflanduseanderosionintheCaribbean.
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represent storages of land, soil, biomass, water, and economic assets

within the system. The bullet-shaped symbol indicates a

transformation process (in this case photosynthesis), while the

circles define forcing functions from outside the agroecosystem. The

arrow-shaped devices are workgates, which regulate the interaction

between the various mass and energy flows. Changes in the storages

are determined by the input and output flows, indicated by solid

lines. The imports and exports from the system are indicated

likewise.

In this case the export of soil (soil erosion/sedimentation) is

of special interest, along with changes over time of crops, other

vegetation storages, and-human population. The hypothesis implicitly

stated in the model is that upland land use controls both the export

of soil from the system, and the production of food and income for the

population, both in the uplands and the lowlands.

The problem remains to reconcile internal regional development

goals with national priorities to define desirable changes. At best,

the conflicting needs will be met by careful optimization of land and

water use within entire river basins (Pereira, 1973; White, 1977).

The determination of what is optimal implies a client group within a

defined spatial and temporal context. Decisions must be made to

reconcile differences in "optimal" solutions at local and regional

scales, as well as to adjust short-term and long-term costs and

benefits. Policy makers also need information on the distribution and

nature of costs and benefits among various sectors of the population

in order to formulate "optimal" strategies. Resulting rural

development programs must include short- and long-term incentives at
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the local level for the widespread adoption of resource management

practices that will benefit the population of the region as a whole

over the long term (Gladwin, 1981; Hildebrand, 1981; Santos, 1981).

Traditional cost-benefit analysis will not suffice since it

excludes environmental as well as social aspects of the system, assumes

a static system, and has been developed for application over relatively

short time periods (Amin, 1977). The problem requires a more holistic

theoretical and methodological approach that will evaluate

environmental and human concerns on their own terms and within the

total system rather than by econometric criteria.

The Sierra Region

The Sierra is a rugged montane area in central Dominican Republic

that has been subjected to the traditional practice of shifting

cultivation, as well as to extensive exploitation of primary resources

such as timber and mineral deposits. It is a relatively underdeveloped

region within an underdeveloped country where the area under production

2
in the country (27,000 km ) already has surpassed the area of land

2
classified as suitable for agriculture (22,000 km ) (OAS, 1967;

Swedforest, 1980; USAID, 1974). Production increases necessary to meet

the national demands for food and income have come from increased

yields in areas already under production, or from expansion into more

marginal areas such as the Sierra. The latter strategy has dominated

among the poor and landless members of the peasantry (Beckford, 1972;

Antonini et al., 1975), and has been a last resort for the former

employees of mining and sawmill camps and furniture shops, most of
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which had closed by 1979 (Ferreiras, 1979). The major alternative,

emigration to the capital city of Santo Domingo, and to New York City,

provided an outlet for a large segment of the population during the

1960s and early 1970s.

The impact area of Plan Sierra (Fig. 2), an integrated rural

development project within the Sierra, offered a unique opportunity to

examine the apparent conflicts between agricultural development and

natural resource conservation (Santos, 1981). Plan Sierra is a joint

venture between the State Secretariat of Agriculture and the private

sector to initiate and coordinate development efforts in the region in

several sectors: agriculture, livestock, credit associations, health

services, transportation, handicrafts, university programs, and

natural resource management (Quezada, 1977; Antonini and York, 1979;

Plan Sierra, 1979). The Plan's objectives are: 1) to improve the

quality of life of the inhabitants of the Sierra; 2) to manage soil,

water and forest resources; and 3) to promote participation by local

people in the development process (Antonini and York, 1979; Santos,

1981) .

Several hydroelectric and irrigation projects are planned for the

study area (Jorge, 1981). The impoundments will serve the Cibao

Valley downstream. Sedimentation from this area is already a problem

in the Tavera Reservoir, completed in 1977 (Cepeda, 1980). The

magnitude and distribution of erosion in the uplands, however, has

received little attention until recently (Vasquez, 1980).

Plan Sierra has promoted specific farming practices and changes

in land use that are intended to reduce sediment export. A parallel
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objective of the program is the development of viable sustained yield

agricultural systems. Existing land use in the region consists of a

combination of forest, coffee, bush, small plots of annual crops, and

pastures. The relative rates of erosion and sediment yields from the

prevailing land use systems in this area have been estimated, but not

measured (Antonini et al., 1975). Neither have the effects of erosion

within the upland system been investigated. In the absence of basic

data Plan Sierra had to experiment with tentative conservation

practices and crop changes to curtail erosion and to maintain or

improve production. The widespread adoption of hillside ditches and

various forms of terracing was strongly encouraged by credit

incentives to large and small landowners alike. The conversion of

pasture, bush, and crop land to coffee also was promoted through

credit incentives and supported by extension and education programs.

The research project described in the following chapters sought

to define the magnitude of the sedimentation and erosion problems in

the region, to measure the variation of erosion rates under existing

land use systems, and to test the effectiveness and feasibility of

specific land use changes and conservation practices promoted by Plan

Sierra. The study was integrated into the Plan Sierra soil, water and

conservation program. Logistic support as well as the active

collaboration of paratechnical, technical and professional staff made

it possible to conduct the study at a regional scale and with an

intensity of effort that would otherwise have proven difficult if not

impossible.
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Purpose and Scope of the Work

The purpose of the study was to develop and test an

interdisciplinary methodology that addresses the needs cited above

within the context of the Caribbean. Such a methodology, and the

theoretical framework within which it is developed, should meet the

following criteria:

1. Treat the problem in a holistic way, building upon existing

research in several disciplines, and incorporating both physical and

cultural aspects of erosion and land use problems;

2. Be flexible enough to include analyses within a broad range

of temporal and spatial scales of observation and to allow for

differentiation by client groups;

3. Facilitate the participation of clients in research and

extension programs;

4. Be applicable in areas with limited data bases;

5. Yield practical short-term results at the topographic scale

while working toward more basic solutions over the long-term;

6. Be amenable to integration into rural development programs,

from preliminary research to subsequent extension efforts.

Objectives

The specific objectives of the study included short-term

practical achievements at the local and regional level. The latter

were readily accomplished within the larger task of methodology

development and testing and contributed to the development of the

theoretical aspects of this study. The objectives, stated in

chronological order of completion, were as follows:
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1. The study will provide useful information and services for

farmers, rural communities and regional policymakers in the study

area, the Sierra region of the Dominican Republic. This includes the

collection of basic data about the magnitude, distribution, impact and

causes of the problem. (In this case, the basic data will include

knowledge and perceptions of the residents about the study area and

the problems of erosion and sedimentation.) Further, the study will

develop and adapt practical field methods and data analysis techniques

that are suitable for future use by local personnel trained within the

project. The project should become a vehicle for farm extension and

community education in management of natural resources.

2. The study will develop and test a theoretical model of the

relationship between land use, runoff, erosion and sedimentation in

the Sierra. The hypotheses implied in the model will be tested and

the results will contribute to the evaluation and modification of the

model. The refined model will be used as a point of departure for

future simulation and for planning of field trials in the study

region.

3. A general version of the resultant model will be proposed for

application to the problem in the Caribbean. The methodology for

testing the model and applying it to research and extension efforts in

the region will be presented.

The Theoretical Context of the Study

Systems analysis provides a theoretical framework and analytical

tools appropriate to the proposed study and adequate for the complex
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interdisciplinary nature of the problem. It allows the researcher to

focus on the interactions and mutual causality so difficult to include

in other analyses and so critical to understanding the links between

land use, poverty, and erosion. The relationship of the upland areas

to the larger watershed and the national context is also readily

included within this perspective by using the concept of nested

hierarchies in systems of various scales (Antonini et al., 1975; Odum

and Odum, 1976). This feature of systems analysis also allows the

inclusion of boundary conditions on subsystems that may be determined

by the larger system or some elements thereof. As such, the

"structural determinants" of land use and production relationships

(Beckford, 1972) can be considered within what has often been viewed

by structural determinists as a noncompatible methodology. The

theoretical assumptions underlying this approach are in fact

consistent with the world-system paradigm in anthropology (Nash,

1981).

Moreover, within the broad framework of systems analysis it is

possible to combine elements of such fruitful and diverse approaches

as the ecosystems-energy analyses developed by Odum and Odum (1976)

and the farming systems research and extension methodology developed

by Hildebrand (1981). Other related lines of research which can be

incorporated include the basic watershed-ecosystems analysis (Hart,

1980), agroecosystems testing and development conducted by Ewel

(1981), farming systems research conducted by Ruthenberg (1976), FIinn

(1980), and Lagemann (1977), and regional characterization of tropical

agroecosystems (Posner et al., 1981).
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Systems analysis offers the potential for experimenting with a

variety of "futures possible" through simulation of dynamic nonlinear

models (Ewel et al., 1975; Forrester, 1971; Lagemann, 1977; Meadows et

al., 1972; Odum, 1971). Such analyses allow us to "optimize" over

various time scales and according to different criteria. Ideally,

this provides planners, policymakers, and their clients with

information about the probable outcome of different resource

management alternatives; the net result can be viewed from the

perspective of the farm household to the national level.

The accuracy and quality of the conclusions drawn from the

qualitative or quantitative analysis of such models depend upon the

accurate conceptual design of the model and the quality of the

information used to evaluate its components (Amadeo and Golledge,

1975; Harvey, 1969; Kuhn, 1962). The model, as a selective

simplification of reality, must be constructed by one who is famil-iar

enough with both the system-at-large, and the problem of interest, to

choose which elements to include, and to describe their relationships

accurately.

A researcher trained in ecosystem analysis and modelling can

perform this combined function by modelling the entire system and by

adding questions of ecological concern and ecological monitoring

methods to interdisciplinary adaptive research in farming systems and

resource management. A general reconnaissance survey of the region,

and interaction with researchers from complementary disciplinary

backgrounds, as well as with project clients, can provide the kind of

information and broad perspective needed to properly define the

system.



 



CHAPTER II

A SELECTIVE REVIEW OF STUDIES APPLICABLE TO THE PROBLEM

Overview

Various aspects of the relationship between erosion,

sedimentation and land use have been treated by geographers as well as

by researchers in several other fields. Although some geographers

(Antonini et al., 1975; Haggett, 1961; Kellman, 1969; More, 1967;

Morgan, 1979; Pereira, 1973) and other scientists (Geertz, 1972;

Greenland, 1974, 1975; King, 1978; Lagemann, 1977) have spanned both

ends of the research spectrum, the literature is generally divided

along these lines and will be reviewed as such.

Erosion and Sedimentation Research in Geomorphology,
Biogeochemistry and Ecology

The theoretical aspects of erosion and sedimentation mechanics at

the micro-scale are fairly well established and understood and already

have been summarized for general reference use by applied scientists

(Brady, 1974; Chow, 1964; Gregory and Walling, 1973; Morgan, 1979;

Toy, 1977; USDA, 1979). What are less clear, and still require a wide

range of basic and applied, theoretical and empirical research, are

the more complex causes and effects of erosion and sedimentation at a

larger scale, under field conditions.

The study of erosion and sedimentation and the mechanisms that

determine their occurrence at the meso- and regional scales under

15
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field conditions is a proper subfield of physical geography since

geomorphology is a traditional and well-developed avenue of inquiry

within the discipline (Gregory and Walling, 1973; James, 1972; Keller,

1968; Morgan, 1979; Stoddart, 1965; Strahler, 1964). Systems theory

has been applied widely in studies of watersheds and other

geomorphological units by British geographers (Chisholm, 1967;

Chorley, 1962; Kirkby, 1978; Ollier, 1968) as well as by numerous

other geomorphologists (Leopold et al., 1964; Leopold and Langbein,

1962; Toy, 1977) and hydrologists (Chow, 1964; Vemuri and Vemuri,

1970). This general approach offers the advantage of integrating form

and process, by accounting for their interactive relationship

(Chorley, 1962, 1969).

The open systems approach allows the inclusion of the

quantitative hydrology/geomorphology tradition that dates from Horton

(1935, 1938) and continues in the work of Strahler (1964) and other

physical geographers. The use of systems theory in geomorphology also

facilitates the study of the human use of the earth, a longstanding

focus of geographic research (Harvey, 1969; James, 1972; Marsh, 1964;

Thomas, 1974) that could lend itself well to quantification within a

systems framework (Stoddart, 1965).

The application of systems theory to the study of watersheds has

also been tested and developed within ecology in recent studies of

biogeochemistry (Bormann and Likens, 1979; Likens et al., 1977) and

resource management (Cooper, 1971; Hall and Day, 1977; Hopkinson and

Day, 1980; Patton, 1971; Thomas, 1974; Van Dyne, 1969). In such

studies the watershed defines the boundaries of the ecosystem and the
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interacting elements whose mutual influences are observed within the

system include physical, chemical, biotic and cultural entities (Odum,

1971, 1982; Odum and Odum, 1976).

The general conceptual framework of systems analysis is well

suited to the study of mutual influence between land type, land use,

plant and animal productivity, and erosion in the upland watersheds of

the Caribbean. Incorporating the broad perspective of the man/land

tradition in geography, the research in open systems geomorphology and

ecosystem analysis also offers valuable methodological examples for

application to interdisciplinary research on the topic.

Models of Erosion and Sedimentation

The range of erosion and sedimentation models in use includes

stochastic and deterministic models, statistical as well as

"parametric" models, and combinations of all of the above. These

models have been developed and applied within scales of analysis

ranging from individual plots to large watersheds.

One school of research focuses on modelling processes and

interactions between the various parts of watersheds as complex

systems (Chorley, 1962; Likens et al., 1977), and the other major

thrust of erosion and sedimentation studies has been to develop

empirical predictive equations (Wischmeier, 1975; Wischmeier and

Smith, 1978). The latter relate land use and management to erosion

loss and sediment yield and have been developed for management

purposes, primarily for use in soil and water conservation programs.
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Empirical Models

The best known and most widely used of the empirical models of

erosion loss is the Universal Soil Loss Equation (USLE), an empirical

formula for estimating potential soil loss by sheet and rill erosion

for individual plots (Wischmeier, 1975; Wischmeier and Smith, 1978).

The USLE is used primarily to predict erosion losses based on a

combination of inherent site characteristics and variables subject to

human intervention and management. Tons of soil lost is the dependent

variable. It is determined by a combination of six independent

variables as follows:

A = RKLSCP, where

A = soil loss per unit area (tons acre ^ or tons (m) ha ^) over

a given time

R = erosive potential of rainfall (based on total energy and

intensity of rainfall)

K = an index of soil erodibility (a measure of soil suscepti¬

bility to erosion based on physical properties)

L = length-of-slope factor

S = inclination-of-slope factor

C = vegetative cover factor, integrating type of cover and

management of crops or other vegetation

P = conservation practice, including structural alteration of

site and/or contour planting.

The apparent disadvantages of this model reside mainly in the

costly and time consuming local calibration required for its proper

application. This is particularly important in underdeveloped
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countries where research funds and personnel are limited and the

complexity of the rural agricultural landscape in the uplands requires

extensive calibration of the model. Rapid changes in farming

practice, crop types and level of technology in many areas would

require almost a continuous update of the calibration experiments.

Such a program of research not only represents a large investment in

and of itself, it implies a diversion of resources from alternative

avenues of theoretical and applied research directed toward cumulative

growth of knowledge about the processes in question.

Another weakness of the USLE is the failure of the conceptual

framework to account for the difference between land cover and land

use systems. There are no economic or social aspects to the model,-,

yet it is proposed as a practical tool for farm and regional

conservation planning purposes. The premises under which the equation

is applied often can be misleading, resulting in serious errors in

planning and management decisions. Aside from the logical pitfalls

inherent in the use of the model, there is the technical drawback of

its inability to predict the feedback effects of current erosion rates

on future land use and productivity which in turn affect future

erosion rates.

The USLE can be a useful tool for prediction of erosion rates

under specific known conditions, given prior calibration for the full

range of conditions in a region. Used alone, however, it does not

constitute an adequate basis for management decisions at the farm

level, much less for regional planning purposes.

The USLE has also been adapted for prediction of sediment yields

at the watershed scale (McElroy et al., 1976; Onstad and Foster, 1975;
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USDA Forest Service, 1980; Williams, 1975) by estimating the sediment

delivery ratio based on drainage area (Hoitan and Lopez, 1971; Roehl,

1962). The models derived from the USLE have been used widely in

economic and land use planning studies for evaluation of specific

cropping systems and/or conservation practices (Kling and Olson,

1975). The weaknesses of the approach include the inherent

limitations of the OSLE as well as the questionable realism of

sediment routing techniques (Skopp and Daniel, 1978).

One empirical model that does not derive from the USLE is used by

the United States Bureau of Reclamation (Flaxman, 1975; Skopp and

Daniel, 1978; Strand, 1975) as well as by international research

organizations (Rapp, 1977). The technique combines flow duration

curves with sediment concentration, the latter derived from either a

sediment rating curve or a power function. Both flow duration and

sediment rating curves describe empirical relationships that must be

determined on site.

The model is useful for prediction of sediment yield over the

long term, given a continuation of current land use conditions, but is

less amenable to integrated watershed management based on land use and

land treatment programs. The flow duration/rating curve model,

however, could be calibrated to particular watersheds or groups of

watersheds for specific land uses and treatments, as has been the case

in paired watershed studies conducted in experimental catchments.

A number of sophisticated digital computer models of runoff

and/or erosion and sedimentation predict water and sediment discharge

by relating hydrologic and physical characteristics of the source
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areas (Chapman and Dunin, 1975; Mein, 1977; Fleming, 1968; Negev,

1967; Ebumive and Todd, 1976; Donigan and Crawford, 1976).

Theoretical Models of Physical Processes

Research conducted by Elwell (1979a) in Zimbabwe resulted in a

simple model similar to the USLE in some aspects, but based on

rational rather than empirical parametfers for estimating sheet erosion

from arable land. Rainfall energy measured in 10-day increments

defines erosivity while the protective value of crops and cropping

practices is assessed according to the percentage of seasonal rainfall

energy "i" intercepted by the vegetative canopy and ground cover.

Potential interception is determined in a fashion similar to the leaf

area index measured by ecologists (Odum, 1971).

Application of the model by Elwell (1979a) in Zimbabwe field

trials confirmed the importance of mulches for erosion control and

demonstrated the potential for reducing soil loss by increasing crop

yields. Moreover, important seasonal relationships were identified

between various protective crop covers and erosivity of rainfall in

given areas. This allowed the identification of the crops or crop

combinations that best protected the soil during periods of intense

rainfall.

The model is particularly applicable to the seasonally dry

tropics where single storm events cause a large proportion of the

total annual erosion loss. The practical application of the model is

aided by a description of the techniques for calculation and field

measurement (Elwell, 1979a).
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Many of the theoretical models describing erosion and sediment

transport processes are mechanistic approximations of reality

(Bennett, 1974). Most of these constructs take systems theory as a

point of departure, although either combined or dispersed systems may

be postulated. The combined system models assume a uniform watershed,

with average physical features and composite land use, and do not

consider distance between source and outlet. In dispersed systems the

runoff and sediments are generated in spatially distinct source areas

and are then routed spatially and/or chronologically through

successive increments of the watershed (Holtan and Lopez, 1971;

Fleming and Leytham, 1976; Frere, 1978; Renard and Lane, 1975; Skopp

and Daniel, 1978).

The models within the theoretical research tradition generally

offer better conceptual realism than the empirical models (Holtan and

Lopez, 1971) but the theoretical models tend to be much stronger in

the explanation of physical and chemical processes and remain largely

underdeveloped in the treatment of biological and cultural phenomena.

These models are just now beginning to be tested in systems that

include human populations, and management options are being added to

the range of variables to be tested. Meanwhile, the vast majority of

field data collected on erosion, sedimentation and land use has come

from empirical studies designed to calibrate predictive equations that

are, essentially, site-specific black box models of complex systems

and processes (Boughton, 1967; Hayward, 1967; Holtan and Lopez, 1971;

Skopp and Daniels, 1978).
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Ecosystem Models of Watershed Processes and Land Use

Two types of ecosystem models that are less frequently applied to

erosion and sedimentation studies warrant special consideration for

their broad applicability and holistic approach. The first is a model

developed to analyze the biogeochemistry of a forest ecosystem at the

Hubbard Brook Experimental Forest in New Hampshire (Likens et al.,

1977). The second is an energy model used to simulate the complex

interaction of population, land use and sedimentation in the Central

Mountains (Cordillera Central) of the Dominican Republic (Antonini et

al., 1975).

The ecosystem analysis studies conducted at Hubbard Brook focus

on quantification of nutrient budgets through monitoring of

meteorological inputs and geologic outputs of nutrients in small

watersheds. The model used for the study places a strong emphasis on

precipitation, runoff, and solute and sediment export from the areas

of interest (Likens et al., 1977). The variables are measured first

under primary undisturbed forest cover, and later under disturbed

conditions. The final product of this analysis is an annual

hydrologic and nutrient budget that includes sediment yields.

Another form of ecosystem analysis is based on the evaluation of

energy pathways within communities of plants and animals, and on the

relationship between those pathways and the physical environment

(Antonini et al., 1975; Odum, 1971). Recent studies using the energy

approach have extended this concept to include the complex transfers

of matter, energy and information in ecosystems that include human

populations. Diverse interactions, ranging from mineral cycling,
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photosynthesis, runoff and sedimentation to economic transactions, are

interrelated by the common denominator of energy flow (Antonini et

al., 1975; Odum, 1971; Rappaport, 1971).

Models using the energy flow language developed by Odum have been

applied to analyses of watershed ecosystems in several environments.

The most pertinent case is a model of the interaction between land

use, erosion and sedimentation in the rugged uplands of the Dominican

Republic (Antonini et al., 1975). As illustrated in the diagrams

(Figs. 3 and 4), the models are dynamic non-linear systems models that

can be simulated on an analog or a digital computer by simultaneous

solution of differential equations. The equations describe the change

in the landscape variables over time. The model indicates mutual

causality between variations in land use and population but does not

account for similar relationships between erosion and land use, since

erosion is not considered as a separate process. The model simulation

demonstrates the implications of current and alternative trends in

land use for future conditions of population, land use and reservoir

sedimentation. The two-part model developed in this study provides

the conceptual point of departure for construction of a single energy

flow model of hillslope land use systems, upland erosion and

downstream sedimentation in the Caribbean.

A Review of Relevant Findings in Experimental Watersheds
and Erosion Plots

During the past 10 years the international scientific community

and policymakers at various levels have focused greater attention on

the problems of erosion and sedimentation, particularly in the tropics



 



Fig. 3 Model of applied research process (after Harvey
1969).



 



Fig. 4. Flow chart of research activities
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(Brown, 1980; Henkes, 1982). However, a large proportion of the

published literature on the topic refers to studies conducted in the

United States. While the findings and methods are not all directly

applicable to the Caribbean, they supplement the less extensive data

base and cumulative research experience available at present from

Third World and Caribbean sources.

Summary of Recent Research in the United States

Three landmark studies in experimental watersheds have set the

methodological and technical trends for studying the impact of land

use on sediment yields in small watersheds. The Coshocton, Ohio,

watershed studies (Harrold et al., 1962; Mustoneu and McGuiness, 1968)

focused primarily on sedimentation rates under various cropping and

land treatment conditions in agricultural areas. Research conducted

at Coweeta, North Carolina, and Hubbard Brook, New Hampshire,

addressed both methodological and theoretical aspects of watershed

biogeochemistry (including land treatment) in forested ecosystems

(Bormann and Likens, 1979; Douglass and Swank, 1975; Likens et al.,

1977). These experiments served as models for a series of applied

watershed studies recently initiated in forests, agricultural land,

and rangeland.

The more recent research has been conducted primarily under the

auspices of federal environmental legislation that mandates

documentation of non-point sources of pollution, including sediment

discharge (Haith and Dougherty, 1976; USDA Forest Service, 1980;

Jewell and Smith, 1976; Rao, 1980; Reikerk et al., 1978). This
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research focuses more on entire watersheds and less on individual

plots, in contrast with prior work conducted by the Soil Conservation

Service at the farm level (Ackerman, 1966). Most of the watershed

experiments combine monitoring of precipitation with recording rain

gauges, continuous monitoring of stream discharge at weirs, sampling

of sediment discharge at weirs, and/or collection of sediments in weir

2
ponds in watersheds with areas less than 20 km (Hewlett et al., 1969;

Ward, 1971).

A ma]or topic of the earlier studies was the role of the

undisturbed forest in regulating the hydrologic cycle and sediment

export (Douglass and Swank, 1975; Helvey, 1967; USDA Forest Service,

1980). Among the more important findings were: the importance of

litter versus canopy in protecting the soil against the erosion

potential of rainfall (Table A-l); the impact of forest vegetation on

stream discharge (Dils, 1957; Johnson and Swank, 1973) (Table A-2);

and the association between undisturbed forest cover and low sediment

concentration in streams (Table A-3).

Streamflow, sediment concentrations and mass transport from

forested watersheds showed dramatic changes after harvesting, various

site clearing and management operations, or conversion to other uses.

Several studies reported heavy increases in suspended sediment and

nitrate concentrations after clearcutting (Bormann and Likens, 1979;

Douglass and Swank, 1975; Hewlett and Nutter, 1969; Likens et al.,

1977; Monk, 1976).

Water yield increments proportional to percent area in cleared

openings were reported for several gauged watersheds (Likens et al.,
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1977; Sopper, 1975). This was attributed to increased storm flow as

well as to reduced water consumption by evapotranspiration. Reported

streamflow increases in Georgia, South Carolina, and Oregon ranged

from 40 to 50% (USDA Forest Service, 1980).

The combination of increased sediment concentration and higher

streamflow resulted in dramatic increases in sediment transport after

clearing (Monk, 1976; Sopper, 1975). By contrast, little or no change

was reported in a patch-cut watershed in the Oregon Coast Range, while

much higher figures are reported elsewhere with use of conventional

treatments (Brown, 1982; Monk, 1976).

Results from east Texas forested watersheds identify sediment as

the major pollutant in streamflow. At the same sites, in a study of

harvest practice and related impact on water quality and mass

transport, the highest sediment transport rates occurred in

association with harvesting along streams. The design, construction

and maintenance of roads often are cited as major determinants of

water quality in forested watersheds (Fredriksen, 1970; Pavoni, 1977;

Texas A&M, 1979; Ursic, 1978).

Water yield and mass transport of minerals and sediments from

nonforested watersheds differ markedly from forested sites. A study

of nutrient yields from various categories of land use in the

watersheds of 24 Connecticut lakes estimates contributions of

phosphorus from agricultural and residential-commercial land at 200

and 1100%, respectively, of forest contributions (Hill and Frink,

1978). National averages of erosion rates for various categories of

land use in the United States (Table A-4) agree well with the results
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from the Connecticut study. Transport rates from harvested forests

are extremely high, even in comparison to agricultural uses. The high

rates, however, are offset by the fact that forest harvests are

periodic events that only occur once every 15 to 40 years, even in the

fast-growing pine plantations of the Southeast and the Caribbean. By

contrast, many agricultural uses are sustained continuously on a given

parcel of land.

Recent studies in agricultural watersheds in the United States

concentrate on cropping systems and practices in large scale

commercial farms or ranches. Pollution of surface waters by chemical

fertilizers (Haith and Dougherty, 1976) and pesticides often

overshadows sediment pollution as a subject of public concern (USDA

Soil Conservation Service, 1980). Pathogens entering the waterways

from feedlots and grazing lands (Jewell and Smith, 1976) also attract

more attention, although sediment is the major pollutant, by volume,

discharged into surface waters from agricultural lands. Suspended

sediments in streams and rivers carry pathogens as well as chemical

pollutants. Much of the current research, however, emphasizes the

chemical by-products discharged into waterways in solution from

agricultural non-point sources (Rao, 1980).

Studies of erosion in individual plots offer more information on

the variation in erosion rates with changes in cropping systems, farm

management and conservation practices. Data analyses by Wischmeier

and Smith (1978) for cropped and clean-tilled plots corroborate the

conclusions of studies in forest ecosystems. The canopy cover and

ground cover on the site determine how much rainfall energy reaches
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the soil surface. As in the forest, both canopy and mulch (comparable

to litter) intercept raindrops, but mulch does this so close to the

surface that the drops regain no fall velocity. Mulches also obstruct

runoff flow and reduce its velocity and sediment transport capacity

(Wischmeier and Smith, 1978). Surface roughness of the soil also

influences the velocity and transport capacity of runoff. Thus,

tillage practices, crop yields and crop rotations, as well as above-

and below-ground architectural characteristics of particular plants,

influence the degree to which given cropping systems reduce erosion

relative to a standard clean-tilled plot (Mannering and Meyer, 1963;

Meyer and Mannering, 1961).

Annual row crops vary widely but erosion rates generally range

between 5 and 50% of those measured in clean-tilled plots. For

example, a field tilled with chisel and disk plows, rotated from wheat

to meadow to corn, with one crop annually, loses an average of 9% of

the total loss for a control plot (Wischmeier and Smith, 1978).

Pasture, rangeland, bush and woodland reduce erosion to between 1

and 10% of clean-till soil losses, and undisturbed forest further

reduces the loss to between 1 and 0.01% of the bare fallow. Losses

under harvested, mechanically prepared woodland sites, however, vary

between 10 and 90% of the clean-till figures. Average annual erosion

losses for cropland in the United States bear out the trends reported

by Wischmeier and Smith (1978) (Table A-5).

The same results have been extrapolated to the watershed level

with the use of sediment delivery ratios (USDA Soil Conservation

Service, 1980; Wischmeier and Smith, 1978). The proportion of total
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eroded soil that arrives at a given outlet ranges from 33% in a 1 km

2 2
area to 18% for a 25 km area to 10% for a 250 km drainage area

(Roehl, 1962).

Studies in watersheds and erosion plots in the United States

cannot be extrapolated directly to tropical and subtropical montane

watersheds. Beyond the difference in the ecosystems themselves there

is the even greater divergence in level of technology and the greater

complexity of land cover associations within upland land use systems

of the tropics. The general relationships established between land

cover, erosion, and sedimentation must be tested further and compared

with results from the Caribbean and similar regions.

Erosion and Sedimentation Research in the Caribbean and Similar
Environments

Although few in number, studies of erosion, sedimentation and

land use have been conducted in the Caribbean in Jamaica, Puerto Rico,

Trinidad-Tobago and the Dominican Republic. Information also can be

found from study areas in New Zealand, Australia, Yugoslavia, Kenya,

Tanzania, Zimbabwe, Malaysia, the Philippines, Costa Rica, Guatemala,

and Colombia. These span a wide spectrum of environmental and

economic conditions, but each has in common some combination of

topographic, climatic, cultural and cropping system characteristics

with the upland forest and farming areas of the Caribbean. The

methods and materials used for watershed monitoring and other data

collecting activities offer proven alternatives to the more

sophisticated, expensive experiments in the United States and other

developed nations (Pereira, 1973).
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Watershed and sedimentation studies

Erosion, sedimentation and land use research in tropical

hillslope lands falls into two major categories. The watershed

studies focus primarily on the interaction of climate, topography, and

land use throughout the drainage area in determining river regimes and

erosion and sedimentation rates. By contrast, reservoir sedimentation

studies focus on the identification of sediment source areas as well

as on the immediate protection of reservoir facilities, which often

presupposes an emphasis on the development of physical infrastructure

at various points throughout the watershed.

Representative basins and experimental catchments. Studies

initiated under the auspices of the International Geophysical Year

(IGY) and the International Hydrological Decade account for a large

proportion of the work conducted in the tropics. The representative

basin studies emphasize comparative description of diverse river

schemes and watershed ecosystems on a global basis, while experimental

catchment studies focus more attention on the effects of alternative

land cover and land treatment in a given area.

Among the more important findings to date are the contrasting

characteristics of tropical climate and hydrology when compared to the

more temperate regions. Water balance data, including ratios of

runoff and evapotranspiration to total precipitation, are available in

reports from empirical studies (Golley, 1972; Holdridge, 1967, 1982;

Odum 1970b; Pereira, 1973; Thornthwaite and Mather, 1959). The

seasonal distribution as well as the amount of precipitation varies

substantially from the pattern of temperate areas. Bimodal rainfall
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and river discharge distributions are common. The proportion of total

precipitation that leaves the watershed as evapotranspiration is

higher than in temperate areas and the ratio of surface water

discharge to total precipitation generally is lower, except when

deforestation occurs. The overall amount as well as the intensity of

rainfall usually is higher, making the erosive potential greater than

in most areas of temperate or cooler climates. High erosive potential

of climate often coincides with high erodibility of soils in the

seasonally dry tropics (Elwell, 1979a). The international comparative

statistics on river sedimentation bear out the implications of high

erosivity combined with readily eroded soils and high population

densities in such areas (Douglas, 1968; Holeman, 1968; Stoddard,

1965). Measurements of sediment yield in several catchments in

Malaysia demonstrate the relationship of land use to sediment

transport (Table A-6).

In addition to providing baseline information, the representative

basin and experimental catchment research tests various methods,

materials and modelling strategies. Experimental catchment studies in

New Zealand (Campbell, 1962; New Zealand Ministry of Works, 1968a,

1968b, 1968c, 1970) and Australia (Australian Water Resources Council,

1969; Chapman and Dunin, 1975) emphasize methodology and techniques,

from mapping of sediment sources (Mosley, 1980) and evaluation of

suspended sediment data (Campbell, 1962) to calibration of catchment

models (Mein, 1977; Wood and Sutherland, 1970). Multiple catchment

experiments in New Zealand (New Zealand Ministry of Works, 1970)

provide examples for measuring the impact of farming, forestry, and

range management practices on sediment yield in hilly terrain.
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Reports from Kenya, Tanzania, and Uganda (Blackie, 1972; Pereira,

1973; Pereira et al., 1962, 1967; Rapp, 1977) present useful data for

comparison with some of the land use systems of the Caribbean,

including coffee and other cash crop plantations, grazing, subsistence

farming and forestry. Paired watershed studies spanning four years or

more demonstrated the impact of both land cover and specific

management practices on runoff and erosion as well as on the harvest

within the watershed. In all of the cases cited, researchers

collected frequent stream discharge and precipitation measurements.

Some cases also include continuous monitoring of the above, as well as

sampling of suspended sediments in streamflow. The results of grazing

and range improvement trials in experimental watersheds in Uganda

include a more than twofold increase in depth of penetration of

rainfall into the soil, and a concurrent reduction in peak streamflows

after restoration of overgrazed grasslands (Pereira et al., 1962).

Data from experimental sites in Kenya (Blackie, 1972; Pereira, 1973)

document the effects of replacing tall evergreen forest with tea

plantations. The mean water yields over an 11-year period

effectively were equal for the forested control watershed and an

adjacent area planted in tea. The floods resulting from peak storm

events, however, varied substantially. The minimal impact of the tea

plantation reflects in part the stringent conservation measures

employed during its establishment. By contrast, clearing of

indigenous bamboo forest without immediate replacement by tree crops

increased streamflow 16% (Blackie, 1972). In Tanzania, a cleared

forest planted to a maize and vegetable single-crop system yielded a
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50% increase in runoff, measured as streamflow (Edwards and Blackie,

1975; Edwards, 1977).

Findings from two other study areas in Tanzania, one a cultivated

montane catchment and the other a series of catchments in semi-arid

savanna, offer comparative data on river regimes as well as on

suspended sediment concentrations under changing land use practices

(Rapp, 1977). The catchments represent a complex mosaic of forest,

farm, pasture and bush, which is comparable to many upland catchments

in the Caribbean. During flood peaks, sediment concentrations ranged

from 2000 to 3500 mg L ^ in the upland areas, and from 15,000 to

75,000 mg L ^ in the semi-arid catchments. Flash floods and high

sediment loads in both the montane and savanna areas were attributed

to land use. A comparison of the relationship between drainage area

and sediment delivery ratio in the United States and Tanzania shows

much less reduction in sediment yield with increased drainage area in

the Tanzanian catchments.

Total streamflow and sediment yield were determined by the use of

flow duration and sediment rating curves along with stream gauge and

sediment concentration data. Sampling was carried out with a home¬

made point-integrating hand operated sampler (Nilsson, 1969; Rapp,

1977) and an automatic multi-stage sampler designed for ephemeral

streams. Both the instruments and the methods of analysis used in

this study are feasible for use in the Caribbean.

Reservoir sedimentation. Studies of reservoir sedimentation and

other aspects of regional water utilization and management often

approach the situation as an engineering and economic problem, either
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in terms of reservoir design or in subsequent maintenance of the

completed structure and the watershed. Many studies of this type have

been carried out in Latin America (Casco de Aviles, 1979; Crosson and

Frederic^, 1977; Farvar and Milton, 1973; Rabinovitch, 1979; United

Nations, 1979) including several studies in the Caribbean (CDE, 1981;

IBRD, 1972; Lahmeyer, 1967; McHenry and Hawks, 1966; Noll, 1953).

Most of these works analyze the feasibility of proposed

impoundments or document sedimentation rates in existing structures.

The major hydroelectric and irrigation projects planned or under

construction in the Caribbean lack empirical data on sediment delivery

by watershed subdivisions. Measures of erosion rates within the

watershed also are seldom included. Soil conservation programs, when

they exist, usually are initiated in response to reservoir

sedimentation problems (Floyd, 1969; Gomez, 1980; Paulet, 1980;

Rocheleau, 1980; Santop, 1981; SEA, 1978; Vasquez, 1980).

Several reservoirs are in danger of filling up in half the time

projected for the useful life of the structure (CDE, 1981; McHenry and

Hawks, 1966; Noll, 1953; INDRHI, 1981), and some reservoirs already

require expensive dredging procedures to continue functioning (CDE,

1981) . Serious erosion problems are related to land use in the upper

watersheds as well as in the immediate vicinity of impoundments

(Antonini et al., 1975; Carmona, 1980; Cepeda, 1980; CDE, 1981; de

Leon, 1980).

Erosion rates at the farm and plot level

While experimental watershed research has concentrated primarily

on undisturbed forested areas, the impact of deforestation and
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resultant reservoir sedimentation, erosion studies in diverse

hillslope environments throughout the world have documented soil

losses at the scale of individual farms or small plots. These results

are available for varying crop types, rotation and conservation

practices as well as for a wide range of natural environmental

conditions.

Research on erosion rates in the Caribbean and similar regions

consists primarily of experiments in standard runoff and erosion plots

under various land covers and management practices. Methods tested

and adapted in similar environments offer alternatives to the more

expensive and time consuming instrumentation often applied. An

adaptation of the standard erosion plot with sediment and runoff

collectors tested in hillslope experimental fields in Yugoslavia

provides a simple design for applications in other studies (Djorovic,

1977). Dunne (1977) describes simple erosion plot designs and

summarizes several inexpensive techniques for erosion measurement

without the use of standard plot structures. The Gerlach trough

(Gerlach, 1967) is easy to install and to use for soil loss and runoff

measurements (Morgan, 1979). It has been employed successfully in New

Zealand (Soons and Rainer, 1968), the Philippines (Kellman, 1969),

Israel (Yair, 1972), the United Kingdom (Morgan, 1977), and the

Carpathian Mountains (Gerlach, 1967).

Results from erosion studies in the Caribbean and Latin America.

Results from the Caribbean and neighboring Latin American nations

consistently show that erosion rates vary significantly (up to three

orders of magnitude) with changes in vegetation cover and management
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practice (Table A-7) (Ahmad and Breckner, 1973; Barnett et al., 1972;

Bertoni, 1966; Marques et al., 1961; Noll, 1953; Rocha, 1977; Sheng,

1973; Sheng and Michaelson, 1973; Smith and Abruna, 1955; Suarez de

Castro, 1952; Suarez de Castro and Rodriguez, 1955, 1962; Vincente-

Chandler, 1976; Uribe, 1966). Clean-tilled fallow consistently

yielded soil losses in the range of 100 to 200 tons ha ^ yr \ while

land in annual crops lost approximately 20% of that amount, and

pasture land lost 10% of the cropland losses and about 2% of the

losses sustained in bare fallow plots. Undisturbed forest loses 500

to 1000 times less than the clean-till control plots (Sheng and

Michaelson, 1973). Results from Colombian coffee plantations indicate

fairly low rates of erosion, varying between the ranges common for

forest and field crops, depending on the age of the stand, the method

of establishment, and management practices (Suarez de Castro and

Rodriguez, 1955, 1962). The relative^ importance of farming practice

is also illustrated by the five- to ten-fold decreases in erosion

reported for various conservation practices tested in hillslope food

crop plots in Jamaica (Sheng and Michaelson, 1973).

Research on erosion potential in the Caribbean is based upon the

factors in the USLE. Studies conducted in Puerto Rico and the

Dominican Republic have defined the erosive potential of rainfall (R)

(Paulet, 1978), the erodibility of soils (K) (Barnett et al., 1972;

Bonnett and Lugo-Lopez, 1950; Lugo-Lopez, 1969) and the cropping

factor (C) (Santana, 1980) for parts of the region, but the

applicability of the USLE to these areas is questionable (Barnett et

al., 1972). More field data collection is needed on erosion and
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runoff and their relationships to land use within a variety of land

use and ecosystem types throughout the Caribbean.

Results of erosion studies in similar environments. Basic data

on erosion rates are scarce in Latin America and the Caribbean, in

comparison with the humid tropics of Asia and Africa (Lai, 1977b). A

brief summary of selected erosion studies in these regions provides a

broader frame of reference for work already completed or in progress

in the Caribbean.

Many of the crops, the small farm technology and some elements of

the natural ecosystems of West Africa bear a strong resemblance to

parts of the Caribbean. Reports of experiments conducted by Lai et

al., (1979) and others at the International Institute for Tropical

Agriculture (IITA) in Ibadan, Nigeria, indicate a clear relationship

between vegetation cover and erosion rates, with results approximating

those from the Caribbean. Losses from clean-tilled fallow range from

-1 -1 -1 -1
11 tons ha yr at 1% slope to 230 tons ha yr at 15% slope. On

the average, soil erosion varies much more with slope than does runoff

(Lai, 1977a).

Experiments in Senegal (Charreau, 1972) on gentler slopes in the

savanna demonstrate a similar range of soil loss as from the medium

slopes (10%) studied by Lai (1977b). Runoff in cropped plots exceeds

that in natural bush by a factor of 20 to 35 depending upon the crop,

while soil loss increased 30 to 50 times for the same crops as

compared to natural vegetation (Table A-8). Similar results are

reported for other sites in Ivory Coast and Upper Volta.

Lai (1977b) tested the effectiveness of various types of mulch as

well as several variations of minimum tillage. While mulch had less
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effect on runoff, it stopped soil erosion, even on the 15% slopes

(Lai, 1977b). Experiments in Nigeria demonstrated the effectiveness

of alternative methods of field preparation and planting. While

croplands with ridges oriented downslope yielded 28% runoff and 20

tons ha ^ of soil loss, alternate tied ridges across the slope reduced

runoff to 13% and soil losses to 6 tons ha ^ yr ^ (Kowal, 1970).

One West African study reported on the continuous measurement of

erosion in the same plots over several years. Lai (1977b) found that

slope effects may be reversed after a few years. After a rapid

initial loss of the topmost layers on steep inclines the erosion rate

decreases, while gentler slopes maintain a more constant erosion rate.

This indicates the importance of documenting the land use history of

hillslope sites so as to account for the influence of past soil loss

and profile modification.

More detailed surveys of the published West African soil erosion

literature have been complied by Lai (1977a), Okigbo (1977), Fournier

(1967), and Jones and Wild (1975). Projects in progress include

minimum tillage and multiple cropping experiments in plots at IITA

(Lai et al., 1979).

There is also substantial similarity between some of the lowland

dry forest and montane ecosystems of East Africa and the Caribbean.

The farming systems have some crops and practices in common, though

fewer than in the case of West Africa.

Erosion plot studies in Uganda yield similar results to the

experiments already cited in West Africa and Latin America (Table A-9)

(Sperow and Keefer, 1975). The major difference is in the magnitude
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of total soil loss under bare fallow and annual crops, which is

attributable to lower annual rainfall. The relationship between

vegetation types and soil loss, however, is the same.

Similar experiments in Tanzania and Zimbabwe showed the same

range of soil loss for annual crops, bare fallow, and pasture. Losses

under maize in Zimbabwe varied from 4 to 10 tons ha ^ yr ^ (Hudson,

1957). Mosquito netting placed above the soil reduced losses on

clean-till plots to 1.2 tons ha ^ yr \ demonstrating the importance

of interception by canopy and ground cover (Hudson, 1957; Lai, 1977b).

Early erosion studies in Tanzania (Staples, 1939; Rensburg, 1955)

compared sorghum with grass cover and sorghum/grass strip cropping

(Okigbo, 1977; Temple, 1972). Soil losses varied between 9 and 116

tons ha ^ yr under sorghum, depending upon site and cultivation

practice. Grasslands yielded 1.2 tons ha 1 yr ^ and sorghum strip-

cropped with grass yielded from 4 to 60 tons ha ^ yr ^.
Findings in Kenya confirm that infiltration is greatly reduced by

grazing (Stephens, 1971; Thomas, 1974) and that while cultivation may

increase initially, the effect is temporary. Similar results have

been observed in Tanzania with a six-fold increase in peak runoff rate

after conversion from forest to annual crops (Wrigley, 1969).

Hutchinson et al. (1958) recorded a ten-fold runoff increase in clean-

tilled land converted from natural grassland. The end result is

higher runoff and erosion rates under both grazing and cultivation

(Ahn, 1977).

A less typical, broader study of erosion in Tanzania demonstrated

the soil conservation potential of many traditional farming methods,

including mulching and intercropping of field crops with bananas as
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well as other crop association and rotation schemes. The contrasting

erosion plot sites in the Uluguru highlands and the semi-arid central

plains formed part of the same catchment study mentioned above (Rapp,

1977). Although some of the findings closely resemble the results for

other African and Latin American sites (Temple, 1972), high losses

were recorded for clean-weeded coffee, exceeding losses in nearby

plots’with maize (Anderson, 1962). The somewhat atypical results in

this case demonstrate that perennials do not necessarily conserve soil

better than annuals (Ahn, 1977). A wide range of sediment yields is

also reported for tea plantations in East Africa, with differences

attributed to management variables (Othieno, 1975).

Erosion in tree crop plantations is recognized as a ma^or

contribution to regional sediment yields in Southeast Asia, where long

experience with rubber and tea plantations has demonstrated the wide

variation due to management of canopy and ground cover as well as

tillage practices (Coulter, 1972; Edwards, 1977). While tea

plantations yielded approximately one-seventh the soil loss from bare

fallow (Hasselo and Sikurajapathy, 1965) in two cases in India (Table

A-10), the erosion in tea was double that reported for forested plots

-1 -1
m Malaysia and reached rates of 40 tons ha yr in Sri Lanka prior

to implementation of conservation practices (Lai, 1977a, 1977c).

Measurements from several land use and land treatment types in

upland Mindinao in the Philippines (Table A-ll) illustrated the

relationship of both land cover and land use rotations to runoff and

erosion rates (Kellman, 1969). The plantations had relatively little
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impact in comparison with logging and farming uses. The results from

long established rice and corn plots suggest cumulative

destabilization of soil structure under permanent cultivation.

Qualitative and Informal Analyses of Land Use and Erosion
in the Caribbean and Similar Environments

Development and technology transfer projects in erosion prone

areas have yielded useful information on land use and erosion

problems. A few examples of interest include: studies of erosion and

overgrazing in the Bolivian highlands (LeBaron et al., 1979); a

summary of the programs of the Yallahs Valley Land Authority in

Jamaica (Floyd, 1969); the progress reports, project summaries and

consultant reports from Plan Sierra in the Dominican Republic

(Antonini and York, 1979; Chaney and Lewis, 1980; Montero, 1979;

Swedforest, 1980), and development agency communiques on resource

management projects in Cajamarca, Peru (Nicholaides and Hildebrand,

1980b), the southwestern slopes of the Dominican Republic, the

interior of Jamaica, and Haiti (Murray, 1977; Zuvekas, 1978).

Published and mimeographed reports of the government agencies charged

with soil conservation in the Dominican Republic (Gomez, 1980; Lopez,

1980; Paulet, 1980; Russo, 1980; Vasquez, 1980), Puerto Rico, Jamaica,

Trinidad, Tobago, and other areas of the Caribbean (Henriquez, 1962)

also provide useful information.

The qualitative information gathered from such sources can help

link land management variables to the onset, severity, and persistence

of various erosion features and sedimentation problems. The

settlement and development history of a region is often indicative of



 



45

the changing rates of deforestation and the intensity of cultivation

over time. This provides a basis for relating current erosion rates

to the succession of land use systems in an area. Future trends in

land use and erosion rates can be estimated more realistically with

the aid of this type of background information.

The Role of Farming Systems Research in Soil and
Water Conservation

It is important to view the effects of land use and erosion

problems within the source areas rather than simply calculating the

net export of sediment to downstream areas (Carmona, 1980). The key

to changing the situation is to be found in the internal workings of

the upland land use systems (Quezada, 1977) and in their relationship

to the larger system (Antonini and York, 1979). Any changes in

management of the uplands must take into account the causes of current

practices and the practical feasibility of proposed technological or

land use changes (Morgan, 1979; Russo, 1980).

For example, the proposed solutions to erosion problems may

involve specific technical innovations such as mulching or terracing

(Sheng and Michaelson, 1973), or a change of land use may be

suggested. Terracing and mulching with increased crop cover

alternately have received priority in various conservation projects

with contrasting and somewhat unpredictable results. Reports from

Zimbabwe demonstrate the effectiveness of increased crop cover and

mulches (Ahn, 1977; Hudson, 1957), while climatic and farming system

constraints in Kenya make terracing a more attractive alternative

(Ahn, 1977; Thomas, 1974). In Tanzania, terracing in inappropriate
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situations increased the erosion hazard from landslides (Temple and

Rapp, 1972). Both approaches have been tried in the Caribbean (Sheng

and Michaelson, 1973; Wilson, 1976) though the structural

modifications of slope predominate in projects in Jamaica and the

Dominican Republic (Bonilla, 1980; Vasquez, 1980). The advisability

of this approach is questionable.

The evaluation of proposed technological changes must be measured

against the existing practices as well as against the more drastic

option of land use change on a broad scale. For such analyses a

knowledge of erosion, sedimentation and their variation according to

crop and vegetation type will not suffice. The proper choice of

conservation measures depends upon a full understanding of farming and

related land use systems in a region.

Farming Systems, Agroecosystems and Agroforestry Research

Overview

The use of the systems approach in agricultural development

efforts is a relatively recent phenomenon (Dent and Anderson, 1971;

Duckman et al., 1974). Unlike the study of erosion and sedimentation,

the research in this field has been conducted mainly in the tropics.

Ruthenberg (1980) carried out much of the pioneer work in farming

systems, primarily in smallholder farming districts in Kenya, Tanzania

and West Africa. Most of the research in farming systems in Africa

(Ruthenberg, 1980) and Central America has focused on small, limited

resource farmers.

Studies have been conducted by interdisciplinary and often

international teams of agronomists, agricultural economists,
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anthropologists and ecologists. The individual farm enterprise and

the farm household have been the preferred units of analysis. Systems

concepts have been consistently employed, although the methodology and

topical emphasis vary with the regional and disciplinary orientation

of the researchers and institutions involved. The methodological and

substantive contributions of this avenue of research provide a solid

point of departure from which to expand the treatment of ecological

aspects of the problem and to extend the scale of analysis beyond the

farm level.

Selected Examples from Africa

Most of the African research in cultivation and grazing systems

has focused on systems that represent transitions from traditional to

more commercialized forms of production. Collecting, or hunting and

gathering, are largely ignored, as is forestry. Cultivation and

grazing systems receive the greatest emphasis. Ruthenberg (1980)

divides cultivation into shifting cultivation, fallow systems

regulated by farming (pasture-crop rotations), permanent upland

cultivation, arable irrigation farming, and perennial crops. Within

grazing systems pastoral nomadism and ranching are considered.

Ruthenberg (1976) and Flinn and Lagemann (1980) analyzed resource

utilization by farmers, their impact on the quality and condition of

the resource base, and the future implications for sustained

production in the area. Carrying capacity was determined by inherent

qualities and current condition of the environment, level and type of

technology, and standard of living (Lagemann, 1977). Within this
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context, Lagemann tested and criticized Boserup's theory of

agricultural innovation (Boserup, 1965) with respect to environmental

response to intensification of agriculture. The relationship of

current population densities to environmental carrying capacity under

different production systems was demonstrated by simulation models.

The simulations extrapolate current bush fallow practices (in West

African examples) to predict net environmental degradation,

diminishing net yields and decreasing production per unit labor input,

all due primarily to declining soil fertility.

Patterns of land use, spatial organization of cropping, farm

level resource management and farm level economic analyses are

emphasized within this tradition. Methods for evaluating technical

innovations for low resource farmers have also been presented in

recent studies (Flinn and Lagemann, 1980; Flinn et al., 1980). Many

of the recent studies have been conducted in Nigeria in conjunction

with the International Institute for Tropical Agriculture (IITA).

Farming systems research and extension programs also have been

developed in East Africa (Collinson, 1981).

Studies of shifting cultivation systems in West and Central

Africa indicate a potential for maintaining shifting cultivation

indefinitely at a lowered but sustained rate of production, relative

to undisturbed forest systems. Soil fertility is reduced to

approximately 75% of the value for undisturbed forest soils. The

successful attainment of adequate sustained production hinges on the

rotation cycle, which must vary between 20 to 50 years of forest

fallow per year of cultivation. The implications for carrying
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capacity are clear. While the system itself may work, shifting

_2cultivation cannot support more than about 20 to 50 persons km ,

taking into account the required fallow. Further experimental work at

IITA by Greenland, Lai, and others has explored alternatives to this

system, emphasizing soil management and conservation under bush fallow

and continuous cropping (Lai et al., 1979; Lai, 1977a) and continuous

mixed-cropping systems (Greenland, 1975; Ruthenberg, 1976).

Bioeconomic modelling has been proposed to evaluate alternative soil

conservation practices and cropping systems (Dumsday and Flinn, 1977).

Agroforestry research in Africa has combined experiments with

commercial forestry and subsistence agriculture (King, 1968). The

taungya system features mixed cropping of commercially harvested and

replanted forest tracts, with the tenant farmers caring for the

seedlings and saplings as well as their food crops over a period of

about four years (Dubois,.1979; King, 1978). The field of

agroforestry has further developed to include diagnostic and

experimental work with existing subsistence and commercial production

systems that feature some combination of trees, livestock production

and/or field crops (Brookman, 1976; Douglas and Hart, 1976; Olawoye,

1975; Parry, 1957; Raintree, 1982; Lundgren, 1982). Both cocoa and

oil palm production on small farms have been studied within this

context (Flinn, 1980; Grinnell, 1977; Lagemann, 1977; Letouzay, 1955)

as well as many traditional systems of shifting agriculture that

include management of tree crops (Dubois, 1979; King, 1968). In

general, mixed tree crop/annuals production systems are more diverse

and more stable, both in economic and ecological terms (Lagemann,

1977).
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Tree crops can provide fuel wood, high protein forage, lumber,

fiber, food, mulch, and cash crops (Douglas and Hart, 1976). While

establishment of such a stand requires more capital, labor and

management than a plot of annual crops, the products are often of

higher value and can be used on the farm to fill a wide range of

subsistence needs (Lagemann, 1977). Soil fertility and structural

stability are enhanced by partial tree crop cover, providing some of

the ecological benefits of forest fallow without sacrificing economic

production (Nair, 1983). In hillslope environments the combination of

trees and row crops is particularly advantageous since tree crops

offer the soil greater protection from erosion (Douglas and Hart,

1976) .

While the study of agroforestry is still relatively new, the

field is developing rapidly, in part as a response to the need to

increase small farm production in marginal lands while maintaining or

rehabilitating watersheds and forest resources (King and Chandler,

1978). Current research at the International Council for Research in

Agroforestry in Kenya (ICRAF) focuses on the elaboration of a

methodology for diagnosis of new ones. Rapid survey diagnostic

techniques and combined research/extension programs are being

developed and tested in field sites that include farm level and

community level work as well as experimental plot studies (Raintree,

1982). The multidisciplinary staff includes foresters, agricultural

economists, agronomists, anthropologists and ecologists, among others.

The international client areas for the methodology being developed by

ICRAF include the hillslope farms of the Caribbean, as well as the
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Andean highlands, the Amazonian lowlands, and the African savannas,

and many other fragile and/or marginal environments under cultivation

(King and Chandler, 1978).

Central American Research

Farming systems research in Central America has been conducted at

the Center for Teaching and Research in Tropical Agriculture (CATIE)

in Costa Rica, and the Institute of Agricultural Science and

Technology (ICTA) in Guatemala. Both have sought to serve small

farmers and to modify, rather than replace, traditional systems of

agriculture (including hillslope farming).

Farming systems research conducted at CATIE has emphasized

economic and agronomic description of existing cropping systems

through community and regional level questionnaires and surveys, using

standard sampling procedures (Navarro, 1979). Experiments have

focused on mixed-crop combinations for optimization of production

given the available natural and economic inputs. The general

perspective as well as some specific techniques of ecosystems and

energy analysis have been applied (Hart and Pinchmat, 1980; Moreno,

1977).

Several precedents exist for ecosystem and energy analysis

applied to production systems, including examples from India (Revelle,

1976; Odend'hal, 1972), the United States (Burnett, 1977; Ewel, 1973),

Indonesia (Geertz, 1963, 1972), Guatemala (Carter and Snedaker, 1969),

the Dominican Republic (Werge, 1975) and elsewhere (Lugo and Snedaker,

1971; Odum, 1967). Energy budget analyses more or less independent of



 



52

the systems approach also have been conducted by researchers in the

United States (Lockeretz, 1975; Pimentel, 1973), England (Leach,

1976), and Asia (Makhijani and Poole, 1975; Smil, 1979). The energy

studies at CATIE, however, use the systems approach and focus on plant

and animal production subsystems, as opposed to the socioeconomic or

environmental subsystems (Hart, 1980; Hollé, 1979). The majority of

the cropping systems research does not address questions of erosion

and watershed protection although some studies have been carried out

on erosion rates under hillslope cropping systems (Bermudez, 1979) and

under agroforestry systems (Apolo, 1979).

The application of energy analysis to individual farms (Hart,

1980) represents a distinct and particularly useful subset of the

general body of research at CATIE. The energy analysis methodology

developed by Odum (1971) and Odum and Odum (1976) has been adapted by

Hart (1980) for use in the rural farming districts of Central America.

This method can be used to identify and describe existing successful

adaptations. It can also be used to highlight the functional

relationships found in the average case, in order to choose the

critical points in the system where specific (and viable) changes will

have a major impact on total production (Fig. 5).

Hart (1980) has elaborated further a field survey methodology

using systems concepts and energy flow diagrams in rapid surveys of

rural farming communities, to characterize existing farming systems in

qualitative and quantitative terms. Still lacking are inclusion of

environmental inputs, outputs and storages, and the extrapolation from

the farm to larger scales of analysis.
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A similar approach has been applied to the environmental

subsystem in a National Science Foundation project in the same area

(Berish, 1982; Brown, 1982; Ewel, 1981). The project focuses on

nutrient cycling in small farm and successional plots, and the

research is directed toward improved management of nutrient cycles in

agroecosystems.

Agroforestry research at CATIE has combined with forestry and

watershed protection research (Budowski, 1977; Combe, 1979). The

major experiments to date emphasize the use of laurel (Cordia

alliodora) and poro (Erythrina poeppigiana) trees to provide shade,

reduce erosion, and produce firewood or lumber within coffee

plantations in montane environments (Beer, 1979; Bermudez, 1979;

Rosero and Gewald, 1979; Russo, 1983). Combinations of grazing with

plantations of alder (Alnus acuminata), Eucalyptus sp. and cypress

(Cypressus lusitanica) also have been tested in multiple field trials

(Combe, 1979; Gonzales et al., 1979). One test of the taungya system

has been conducted, using Gmelina arbórea interplanted with maize and

beans (Rosero, 1979). Most of the trials have proven successful when

judged in terms of mixed ecological and economic criteria by

researchers, but widespread adoption by small farmers has not yet

occurred beyond the original centers of innovation.

The planting of nitrogen-fixing leguminous trees in or around

pastures and within coffee and cocoa plantations is common practice in

many parts of Central America, but the density and distribution of the

trees often is very limited. Moreover, the need for the introduction

and/or development of agroforestry systems often is greatest in the
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marginal lands where small farmers are dedicated exclusively to

cultivation of annual crops in slash and burn or bush fallow rotations

(Lagemann, 1978).

The farming systems research conducted at the Institute of

Agricultural Science and Technology (ICTA) in Guatemala, concentrated

more on the socioeconomic subsystem and on the integration of research

and extension (Reiche and Lee, 1978). Extensive contact with

hillslope farmers in Guatemala's rugged uplands also produced some

work related to erosion control (Hildebrand, 1981).

The most significant result of the ICTA research was the

development of a practical multidisciplinary approach that merges

research and extension efforts in farming systems. Farming systems

research and extension (FSR/E) integrates farmers, researchers and

extensionists into an effective group to identify and solve problems

and promote dissemination of the -solutions (Hildebrand, 1981; Gladwin,

1981). This is reflected in the rapid survey technique (sondeo)

developed for use by interdisciplinary research and extension teams

with small, low-technology farmers (Swisher et al., 1982).

The survey itself consists of a series of informal interviews

conducted by an interdisciplinary team that includes a social

scientist (usually an anthropologist), an agronomist or related

technical specialist in agriculture, and an economist (Hildebrand,

1981). The approach borrows heavily from traditional anthropological

field methods with reliance on key informants and on corroboration of

information from various sources. The use of open-ended interviews

with chosen informants contrasts with the random sampling of the
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population so often used with questionnaires or structured interviews.

The latter, more formal approach is a more common and preferred form

of data gathering in many disciplines. However, it is also expensive

and time-consuming, and it presupposes an accurate population census

or property survey on which to base the sample. Formal surveys and

questionnaires also inherently limit the categories of information to

be treated. Little room is left for the definition in the field of

problems not already recognized prior to the survey. Opportunities to

explore the unique relationship between various aspects of a problem

in an area are also constrained by the format. The major

considerations in using the sondeo technique are quality versus

quantity of information and cost of the survey versus useful

information obtained.

The sondeo provides a practical and effective means of

reconnaissance and data gathering. It also lays the groundwork for

future extension programs in the area. During the intensive one-to-

two-week survey, the knowledge and needs of the farmer are

incorporated into the design (form and content) of subsequent on-farm

research projects. This methodology relies heavily on the judgement

of the research team, the local populace, and individual farmers to

define farming systems and their problems and to choose representative

or exceptional cases for further study, according to the goals of each

project (Hildebrand, 1981).

The experiments themselves are on-farm trials which may or may

not be replicated at experimental stations. The sondeo and the field

trials are supplemented by farm record-keeping. A family member keeps



 



57

an account of the farm's inputs and outputs as well as of activities

and movement of materials within the farm itself. These records also

assist in the evaluation of on-farm trial results and provide basic

data for further trials and/or discussions with farmers. The success

of a new technology is judged at least in part by the farmer's

perception of its performance and by its subsequent adoption by him

and other farmers in the area. This indicates tó some extent the

"fitness" of a technology for the farming system as a whole, at the

farm level (Swisher et al., 1982).

The sondeo as well as the subsequent on-farm trials and farm

record-keeping of the FSR/E approach are readily adaptable to soil and

water conservation research in hillslope environments in the

Caribbean. The major elements lacking are greater attention to

natural resource management at the farm level and a method for

predicting and evaluating the success of a given technology at the

watershed or regional level.



 



CHAPTER III

METHODOLOGY

The General Approach

The methods reported in the literature review include a variety

of techniques that can be incorporated into a consistent and

appropriate methodology. The end product, however, must be more than

a method or a collection of techniques. The methodology proposed and

tested in this study is an adaptation of the scientific method in

general, and systems analysis in particular, to the interdisciplinary

study and treatment of the problems of land use, erosion, and

sedimentation in the underdeveloped nations of the tropics. The

research approach combined elements of farming system and ecosystem

analysis, drawing most heavily on the work of Odum (1971, 1982),

Antonini et al. (1975), Bormann and Likens (1979), Hildebrand (1981),

and Hart (1980), all described in greater detail in Chapter II.

The research tested specific management-related hypotheses under

field conditions. The cases studied required immediate action based

on tentative solutions from experimental results, prior to extensive

repetition and replication. The general research model included

direct outputs from verification to policy and production sectors and

a feedback from verification to further experimentation (Fig. 3).

The feedbacks in the research program imply an ongoing process of

learning. The time constraints in applied research were handled by

using these feedback loops to continually test and modify the
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tentative solutions already proposed. This iterative approach has

already been tested in farming systems research and extension programs

(Hildebrand, 1981).

The usual concept of applied research is one of a finite activity

to be carried out and completed by specialists, after which they will

offer a set of definitive conclusions to be implemented. In this

case, the study area was viewed as a system in a flux, constantly

adjusting to changes in internal and boundary conditions. The object

of study in this case also had a subjective component. The role of

people in determining the direction of ecosystem evolution was taken

into account. Residents of the region contributed to the

investigation as both informants and participants in data gathering,

experimental and verification procedures. The researcher participated

in an on-going experiment in which people living in the area sought

short-term relief and long-term solutions to problems at least

partially perceived and defined by them.

The study was designed to accommodate the distinct priorities and

information needs of local clients, scientists, and the regional

policy sector. The experimental design and data analyses tested

multi-faceted hypotheses concerning technology and land use

alternatives for the region. Each experiment included: a primary

hypothesis as to the biophysical or economic performance of a

particular alternative; a secondary hypothesis concerning how the

proposed change would fit into the existing system; and a third

hypothesis that the system, as such, could and should be sustained,

with modifications.
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The primary hypotheses were tested and judged jointly by researchers

and farmers, according to objective, quantitative criteria. The

secondary postulate was tested and judged by the farmer according to

subjective criteria, based on overall practical performance. Researchers

provided a posteriori explanation and interpretation of the farmers'

experience. The value judgement as to the fitness of the existing system

was considered the joint prerogative of the local residents and the

policy sector (clients) while the researcher determined the system's

sustainability by ecological analysis of current trends.

Materials and Methods

The study was conducted at four scales of analysis within a nested

hierarchy of spatial units, including: the Plan Sierra impact area (2500

2 2 2
km ); watersheds of 500 to 100 km ; small watersheds of 1 to 20 km ; and

individual landholdings ranging from 0.5 to 500 ha.

Chronologically the research activities were grouped into three

phases of increasingly finer levels of resolution and greater detail of

analysis. The regional reconnaissance and refinement of problem

definition was followed by detailed characterization of the study sites

at the watershed and plot level. The third phase consisted of monitoring

runoff, erosion, sedimentation, and production under varying land use and

soil conservation practices (Fig. 4).

The conceptual model of the Caribbean region (Fig. 1) formed the

basis for the overall research design, while at each successive level of

resolution a conceptual model was proposed, evaluated through field data

collection, and refined or modified based on empirical evidence and

testing of specific hypotheses inherent in the model.
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Regional Reconnaissance

The inventory of existing land use systems and the condition of

soil and water resources within the Plan Sierra impact area provided

the data for refinement of the problem definition and for subsequent

application of the research design within successively smaller units

of analysis.

Most of the reconnaissance activities were completed between

January and March 1980. A regional description and summary of land

use systems was complied from library and field research. A review

and synthesis of maps, aerial photographs, statistical summaries and

literature relating to the study area preceded the field surveys. The

area was stratified into multitopic subregions based on cartographic

analysis of physical, biotic and socioeconomic characteristics mapped

at scales of 1:250,000 and 1:50,000. The major criteria for zonation

were life zones (Holdridge, 1967; OAS, 1967), topographic

characteristics, and land use characteristics, the latter reflecting

population density as well as condition and productivity of the land.

Maps were compiled by Plan Sierra cartographic and project staff from

topographic and thematic maps at 1:250,000 and 1:50,000 (Jennings,

1979a; OAS, 1967; Swedforest, 1980), and from aerial photographs at

1:20,000.

The field survey was similar to the general procedure outlined by

Hildebrand (1981). Several rapid reconnaissance surveys of erosion

features, land cover and land use systems were conducted within the

regional subdivisions outlined above, as part of Plan Sierra program

development in soil and water conservation. Survey teams varied in
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composition, but usually included the author and one to four

specialists and paraprofessionals in engineering, forestry, agronomy,

and soil conservation.

The surveys included formal and informal interviews with

residents, as well as field mapping of land cover, land use and

evidence of erosion and sedimentation in the various areas visited.

The selection of sites for more detailed observation reflected a

strong reliance on the knowledge of agronomists, foresters and

conservationists already familiar with the area, as well as the

opinion of residents as to what areas constituted typical or extreme

examples of particular physical and socioeconomic characteristics.

Field survey records included numerical data, maps, and interview with

residents, as well as the impressions and observations of the survey

team.

A synthesis of the cumulative results of prior field

reconnaissance by interdisciplinary teams of consultants (Chaney and

Lewis, 1980; Georges, 1981; Hart, 1981; Montero et al., 1981; Navarro,

1981; Nicholaides and Hildebrand, 1980b; Safa and Gladwin, 1981;

Santos, 1981; Swedforest, 1980) supplements the information gathered

from the author's survey. Written reports and personal communication

from the consultants and visiting scientists contributed to updates of

the regional profile.

Refinement of the Research Design

Based on the reviews of regional information and the completed

field reconnaissance, the conceptual model of the region was modified



 



63

to include relationships previously omitted or incorrectly defined.

The research design then was developed to test the major hypotheses

implied in the model. The discharge and sediment yield of two large

watersheds were measured over a 15-month study period. During the

same interval subwatersheds were described and monitored in greater

detail to relate differences in discharge and sediment yield to

varying physical and land use characteristics. Erosion plots

constructed within the subwatersheds provided comparative data on

runoff, erosion and production under different land uses, each with

varying conservation practices.

The 18-month period of study for phases two and three extended

from 1 Apr. 1980 to 30 June 1981. This period included a full

hydrologic year, from 1 Apr. 1980 to 1 Apr. 1981, and also allowed

repetition of sampling and monitoring during the time of peak

rainfall, from April through June.

The spatial and logistical organization of research activities

are illustrated in diagram and tabular form (Fig. 6, Table 1). The

chronological order of analytical and data collection procedures

parallels the general case described in Fig. 4. The choice of study

sites reflects the insights gained from the review and reconnaissance

survey, as well as the information needs of Plan Sierra.

Study Sites

The study sites selected within the Plan Sierra impact region

2
included two large watersheds (500 to 100 km ), five small watersheds

2
(1 to 20 km ) nested within the two larger units, and 16 plots on nine

landholdings situated within three of the small watersheds.
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Table1.Relativelocationandlandcoveroferosionplots. Amina

RiverWatershed

MaoRiverWatershed

Subwatershed
PlotNo.

Cover

SubwatershedPlotNo.
Cover

Prieto
(no.64)

80

Coffee(established)
Pananao
(no.60)91
Sisal,foodcrops

Prieto
(no.64)

81

Coffee(new)

II

92

Sisal,foodcrops

Hondo

(no.67)

82

Pigeonpeas,sweet
It

93

Pasture

potato

Hondo

(no.67)

83

IIII

II

94

Pasture

Hondo

II

84

Yuca,beans,corn
II

95

Yuca

Hondo

II

85

IIIIII

f

96

Pineforest

Hondo

II

86

Pasture

Hondo

It

87

Pineforest

Hondo

II

88

Pineforest

Hondo

II

89

Pasture

t]Mo.96fallsoutsideofPananaowatershedbutservesasasurrogatePananaoforestplot.
cn
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The criteria for selection of the large watersheds for further

study were as follows:

1. Availability of historical data on climate and river
discharge;

2. Current coverage of the area by rain gauges and water level
recorders;

3. Need for erosion and sedimentation data in the area; and

4. Presence of Plan Sierra personnel and facilities in the
region.

The Plan Sierra region is drained by three major rivers, Mao, Bao, and

Amina. All three watersheds are partially contained within the impact

area and empty into the Yaque del Norte River. Each river is a

current or future source of water for hydroelectric and irrigation

projects planned within the borders of the study area. The study

concentrated on the Mao and Amina Rivers.

Within each of the two large watersheds, subwatersheds of

critical concern were selected based on the land use systems, erosion

features, climate, soil, and topography. Ease of access and presence

of soil conservation personnel also played a part in the decision.

Five small watersheds were chosen to test the following

hypotheses: 1) that land use is the major determinant of erosion and

sedimentation in the region; and 2) that the combination of pasture

and field crops common in the densely populated central region

contributes more heavily to sedimentation than land use practices

based on coffee which is more typical in the highlands. The size of

2the watersheds ranged from 1 to 30 km , with two replicates in the

2
first size category (1-2 km ) and three in the second group (10-30

2
km ). The examples represented the smallest scale of analysis in
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which the land use matrices characteristic of the given subregion

could be measured. In each case a cluster of settlements was

included, along with a combination of subsistence and commercial land

uses. This unit of analysis also was compatible with community level

socioeconomic analyses conducted in the region (Georges, 1982).

The smallest scale of analysis focused on landholdings associated

with individual households. Sixteen experimental plots were installed

on property belonging to nine separate households, all situated within

the watershed study areas mentioned above. As depicted in the

research design (Fig. 6, Table 1), two distinct physical subregions

and four major land use types were represented in the three clusters

of plots. The plots were chosen to reflect average characteristics of

microclimate, slope, soil and land use within each watershed. The

first three variables were held constant, while land use was varied.

Nested within the compari-son of land uses was a comparison of soil

conservation practices in plots planted to annual crops and a

comparison of stages of development in coffee and forest plots.

Characterization of Watersheds and Plots Selected for Further Study

Large watersheds

The portions of the watersheds included within the study were

delineated and measured on 1:50,000 scale topographic maps (U.S. Army

Map Service, 1962). Cartographic analysis of drainage networks,

geologic subregions, life zones, topography and land use indicated

areas whose composite characteristics favor high rates of runoff,

erosion and sedimentation.
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The choice of sampling sites for more detailed study of discharge

and sedimentation was based on several criteria, including ease of

access, proximity to homes of observers, established hydrologic

monitoring sites, proposed dam sites, and regularity of the

longitudinal and cross-sectional profiles of the channel in the

vicinity of the potential sampling points. Profiles of the river

cross-sections were surveyed. The relative heights of the bridges and

other large structures along the stream bank also were measured to

provide reference points for reporting maximum flood stages. The

profiles are included in Appendix B.

Small watersheds

The small subwatersheds selected for further study were analyzed

by standard cartographic and photogrammetric methods to determine

total area, average slope, and area and distribution of land cover

types. Land use and socioeconomic characteristics of the watersheds

and their settlements were determined by field observation,

interviews, and a review of statistics available at the community

level.

The average slope was determined by the Wentworth (1930) method,

using topographic maps at the 1:50,000 scale. Each watershed was

mapped separately and overlain with a 1-km grid subdivided into four

cells each, with two diagonal cross sections per grid. The slope from

the center toward each corner was determined by the change in

elevation over the four 0.5-km transects. The average slope (%) was

calculated for each small grid cell (0.25 kg ), then for each larger

2
cell (1 km ), and finally for the watershed as a whole.
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Total area was determined by planimetry. Area and distribution

of land cover types were determined in a three step process, beginning

with the interpretation of black and white aerial photographs at the

1:20,000 scale, taken in January and March 1980. The watershed

boundaries, the stream, its tributaries (if any) and major features

such as roads and paths were delineated on outline maps enlarged to

the same scale, as well as on the aerial photographs. Land cover

subdivisions were outlined on the photographs, based on differences in

color, texture, and pattern. In many cases the fine texture of land

cover subdivisions required aggregation into units of mixed land cover

recognizable by plot or property boundaries. The land cover units

previously outlined were classified according to land use, based on

prior field observations in the study area during the reconnaissance

survey. After transfer to a map of known scale and projection, the

areas of major land use types were measured by planimetry.

The incidence, type and distribution of erosion features in each

small watershed were noted during the initial field visits and during

the 15-month period of study. The number, severity and distribution

of landslips and landslides, gullies, and signs of rill and sheet

erosion were compared between watersheds included in the study as well

as with several other watersheds visited regularly in the course of

related studies. Residents often were questioned about new features,

or noticeable changes in pre-existing gullies, rills and landslides.

Whenever possible, the immediate causes, such as a particular storm

event, agricultural and construction activity, were identified. This

type of qualitative analysis provided a background for further
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refinement of the research design (Mosley, 1980) and for more informed

interpretation of subsequent results.

Detailed analyses of channel erosion, deposition, and range of

flood stages were conducted during field inspection of the stream

courses. Variations in depth and areal extent of sediment deposits

gave some indication of sedimentation rates within the basins. The

general form of channel terraces and floodplains, as well as the

height of residual debris lodged in trees and rocks on the stream

banks, provided indicators of peak annual flood stages. The specific

topographic indicators included erosion features on the stream banks

and breaks in slope along the cross-sectional profile. The cross-

sections were surveyed by the stadia transit method (see Appendix B).

Estimates of peak floods for longer periods were obtained from

interviews with elderly residents of the area. Independent

questioning of several persons established the margin of error in the

responses.

The sampling and monitoring locations within each watershed were

chosen according to several criteria:

1. Situation relative to settlements and the land use to be

evaluated;

2. Ease of access;

3. Security of equipment from vandalism

4. Availability of natural footings and fastenings against
flash floods and transported debris; and

5. Regularity of channel longitudinal and cross-sectional
profiles in the vicinity.

Interviews with residents of the communities within the

watersheds were conducted at local meeting places, in the field and in
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the homes of agricultural laborers and landholders. The Plan Sierra

soil conservationists living in the area also were interviewed, and

they in turn questioned residents about the settlement history, land

use and farming practice, past and present production levels, and

sources of income. Discussions with two anthropologists conducting

land use and migration research in the region also provided valuable

information and insights into the character of the communities in the

study areas (Pessar, 1981; Georges, 1982). Plan Sierra social

workers, agronomists and foresters familiar with the area of interest

also contributed to the socioeconomic profile of the small watersheds.

Description of individual landholdings

Selection of sites for measurement of runoff and erosion in

experimental plots was based on uniformity and degree of slope, as

well as type of land use, management practice and easy access for

construction and sampling purposes. Wherever possible, replicates of

land use and treatment were established within the same watershed and

also in another watershed to determine the margin of error in

measurement and to compare the relative difference in runoff and

sediment yield under varying conditions of site and land use.

The experimental design further subdivided the categories of

forest, pasture, coffee and annual crops to compare undisturbed and

secondary forest, new and established coffee stands, different types

of annual crops, and use of minimum tillage and hillside ditches for

erosion control in fields planted to annual crops. These subsets of

land use type were tested in paired plots in the same or adjacent land



 



72

holdings to guarantee duplication of all other conditions except the

variables of interest. Individual plots were chosen based on field

observation of the above mentioned criteria. The choices were

confirmed after consultation with agronomists, conservation personnel

and residents of the area to determine if the plot in question

constituted a representative example of management relative to the

surrounding watershed.

Formal and informal interviews with owners, residents, neighbors

and local Plan Sierra personnel served to outline the settlement, land

use and production history and the variability of natural conditions

for the individual plots. Detailed information on past and present

crop associations, rotations, yields, labor and material inputs, and

ratios of commercial to subsistence production came from intensive

interviews with the persons directly responsible for management of the

site for a period of 10 years or more. These interviews often spanned

two or three visits by one or more members of the research team. The -

format was open-ended to allow the participants to elaborate on their

experiences.

Farmers were encouraged to discuss their problems with respect to

subsistence and commercial production and to volunteer insights and

judgements as to potential solutions. The women and children working

at each site also were interviewed, usually on separate occasions, to

obtain accounts of their roles in production and natural resource

management as members of the farm household. Their perceptions of

problems and suggestions for changes also were solicited.

The baseline information to be obtained was outlined in diagram

form (Fig. 5). This helped the interviewers to keep track of the
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subject matter covered. It also provided a convenient format for

recording and summarizing responses during or following the

discussion. Information noted on the diagrams and tables served to

evaluate the farm level models prior to initiating the erosion plot

experiments and watershed monitoring activities.

All sites were chosen to reflect variation in land use and

treatment, while slope and soil conditions were held constant and as

close as possible to the average for the watershed. Slope

measurements along the downslope transect were made prior to final

siting of all experimental plots.

Soil profile descriptions, characterization of soil samples by

laboratory analysis, and taxonomic classification constituted part of

the site description at each plot. Rectangular trenches at least 1 m

deep, 1 m long and 0.5 m wide were cut for observation and sampling.

Measurement and description of profile stratification, with detailed

description of color, texture, structure, and uniformity, by horizon,

were carried out according to the procedures outlined in the Soil

Survey Manual (USDA, 1951).

Munsell color charts were used for wet and dry color

determinations in the field (Munsell Color Co., 1951). Laboratory

analyses for N, P, K, and organic matter content followed standard

methods for determination of Kjeldahl N and Bray P by colorimetry, and

for determination of K by atomic absorption (USDA, 1975).

The North District Research Laboratory (CENDA) of the State

Secretariat of Agriculture conducted all laboratory tests for the

project, including physical and chemical characterization of soil
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samples. Soil classifications were confirmed and refined by soil

survey specialists from the Secretariat's South District Laboratory.

The relative infiltration rates of soils at the various sites

were determined by measurements with ring infiltrometers (Gregory and

Walling, 1973; Wisler and Brater, 1959). The inner ring was cut to a

25 cm diameter and the outer ring measured 40 cm across. After

placement in the ground with a minimum of soil displacement, the outer

ring was filled to form a barrier of saturated soil around the inner

ring which was filled to a 10-cm depth. _Throughout the next 4 hours a

nearly constant head of 10 cm was maintained while measurements of

water added were recorded at increasingly longer intervals. The form

used for the field measurements is included in Appendix H.

The frequency, distribution and severity of erosion features on

and around the plot sites were observed and noted prior to

construction of experimental plots. Wherever possible, the

developmental sequence of such features was determined from accounts

by the residents or neighbors and from repeated observation and

photographic records kept over the 15-month study period.

Detailed Analysis and Measurement of Key Parameters

The full characterization of the study areas at all three scales

of analysis served as a point of departure for the third phase of the

study, the measurement of water and soil exports from the individual

plots and from the nested sets of watersheds. Erosion, runoff, and

sediment transport were related to daily and continuous precipitation

measured at 15 stations in and near the Plan Sierra impact area.
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In the large watersheds total sediment transport was measured and

sediment yield was calculated in order to estimate the magnitude of

the erosion problem on the watershed, to predict the future

sedimentation rates of the proposed dams, and to compare the losses

per unit area between the study areas and other sites for which

sediment yields have been reported. The measurement in the small

watersheds showed the integrated effects of land_ use and physical

characteristics in each study site. Subsequent tests of the data by

multiple analysis of variance indicated the relative influence of land

use and physical factors.

Experimental plots were included to demonstrate the impact of

varying specific crop types, land treatments and conservation

practices on erosion and runoff. The plots also provided the erosion

rate data necessary to calculate sediment delivery ratios for the

watersheds. Erosion plots were included because they allow

observation of the problem within the context of individual

landholdings and related households. The experiments were conducted

under the same conditions that limit and influence the management of

individual landholdings. While the most striking effects may be

expressed at the watershed level, the management decisions are made at

the household level. The degree to which such decisions are

constrained by pressures from the larger system does not change the

fact that these decisions directly determine, in turn, the condition

of the larger watershed. Any proposed changes must be tested within a

holistic framework at the level of the land managers.
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Precipitation, discharge and sedimentation in the large watersheds

Records from 15 climatological stations collected by SEA's

Department of Meterology, and INDRHI provided daily precipitation

values as well as continuous data on rainfall amount and intensity at

five of the stations in the region. A multiple correlation analysis

of daily data from all 15 sites was performed to check for duplication

and overlap of information and to determine the variability of

rainfall over the study area (SAS, 1979).

The distribution of rainfall over each watershed and its

subdivisions was determined by the Thiessen polygon method (Wisler and

Brater, 1959). The daily rainfall values from the climatological

stations were extrapolated to the surrounding areas, then aggregated

into units more relevant to the study, such as subwatersheds. The

Thiessen polygons defining the area of influence around each station

were delineated and superimposed on a map of the Mao and Amina

watershed divisions, at a scale of 1:250,000 (Fig. 7). The watersheds

were defined by cartographic analysis of topographic maps at the

1:50,000 scale, and Thiessen polygons were constructed according to

standard methods summarized by Kenah (1980). After determining the

proportion of each subwatershed that fell within the polygon assigned

to each station, a weighted average of daily rainfall was calculated

for each subwatershed.

Stage and discharge measurements. On both rivers, hydrometric

stations maintained by INDHRI were located conveniently near the

downstream borders of the Plan Sierra impact area (Fig. 8), and

relatively close to concrete bridges. The river cross-sections were
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gauged and calibrated periodically, such that the stage measurements

recorded at 0700 and 1700 hrs daily, as well as maximum flood stage,

could be converted directly to discharge rates based upon a nomograph

constructed by INDRHI hydrologists (see Appendix C). The stage-

discharge graphs relate discharge rates obtained through periodic

field measurements using the area-velocity method (Grover and

Harrington, 1943; Herschy, 1978) to the simultaneous reading of river

stage on a simple gauge.

For purposes of this study the nomographs of each river were

segmented and the equations for each segment were determined by simple

linear regression using the Statpak package of statistical programs

(MUSIC, 1967). The gauge readings recorded for morning, evening, and

flood peaks during the study period were converted to discharge rates

using the appropriate equations derived from the INDRHI nomographs.

Stage measurements made at the bridges by project personnel were

compared to simultaneous measurements at the hydrometric stations. A

simple linear regression equation converted the measurements made at

the bridge at sampling time to a gauge reading for the station. This

procedure replaced independent velocity-area discharge measurements

and allowed the substitution of a simple indirect method for the more

difficult and lengthy procedure used initially.

Comparison of rainfall and discharge during the study period to

the historical period. The total monthly rainfall totals over the

study period were compared to the average monthly rainfall totals over

the full period of record at stations with 11 or more years of data.

The SAS (1979) means program was used to compare the data from each
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station for 1980 and 1981 with the prior records. The comparison of

river discharge measurements during the study period and the full

period of record followed the same procedure.

Measurement of suspended sediment concentration. Direct

measurement of sediment concentration required periodic sampling of

river water over the full 15-month study period, spanning three wet

seasons. This allowed sampling under a variety of conditions from low

flow to flash floods. The timing of observations was designed to

sample as wide a range as possible of the variation in discharge and

sediment concentration. In some cases time series samples were drawn

to cover the rise and fall of a particular flood.

The samples were extracted at the bridge site with a modified,

locally built Uppsala-type sampler (Fig. 9), as described by Nilsson

(1969) and Rapp (1977). The finished product resembles the USDA-48

Wading Sampler (USDA, 1979). The diameter of the sample intake nozzle

(0.64 cm) limited the particle size to a maximum of approximately 0.3

cm, which probably did not exclude any suspended sediments. Bedload

was not sampled. The emphasis on suspended sediment load as based on

the high average ratio of suspended sediment to total sediment load

(Gregory and Walling, 1973) and on the even higher ratios reported for

turbulent conditions.

While the sampling sites were not ideal by hydrometric criteria,

the accessibility and safety of bridge crossings outweighed other

factors (Herschy, 1978). Wading for samples from steep banks at river

narrows entails undue risk, particularly in areas subject to flash

flooding. The accessibility of the sampling site also can limit
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Sediment

Fig. 9. Uppsala-type manual sampler for instantaneous
measurement of sediment concentrations in
streams (Rapp, 1977; Nilsson, 1969; USDA, 1979).
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the number of observations. The bridge sites allowed simple grab¬

sampling during flood conditions.

Initial results from multiple samples stratified throughout the

river cross-sections showed little variation across the section but

pronounced differences with depth. Subsequent samples were taken in

pairs at 10 and 30 cm below the surface (water depth permitting) at

the center of the section. The samples normally were drawn by

extending the sampler downward from the upstream side of the bridge,

directing the intake into the flow, and extracting the sample just

prior to filling the bottle, to avoid sampling error.

The 1-2 L samples were stored at room temperature at field

headquarters, then shipped periodically to the CENDA laboratory.

Sediment content by dry weight was determined and reported as

concentration (g L ^). Analyses were conducted according to standard

methods for the determination of suspended solids in water. After the

sample volume was recorded, the samples were shaken, then poured into

Gooch crucibles lined with pre-weighed Whatman No. 5 fiberglass filter

paper. After the sample was strained into a flask, under a slight

vacuum, the filter and collected sediments were oven-dried at 105UC

for 24 hrs, then weighed. The final weight minus the previously

determined paper weight gave the new weight of the sediments for a

given sample. The latter then was divided by the sample volume to

obtain the sediment concentration.

Sediment discharge rates and total sediment transport.

Instantaneous rates of sediment discharge in tons sec ^ were

calculated by multiplying total river discharge (m sec ^) by the

sediment concentration (tons m ):
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-1 3 -1 -3
Sq (tons sec ) = Q (m sec ) x Cs (tons m )

where Q = river discharge, Cs = concentration of sediment, and Sq =

sediment discharge rate.

Daily sediment discharge for non-flood sampling days was

calculated by averaging morning and evening discharge rates from stage

measurements. This was multiplied by a time conversion factor to

obtain total river discharge for the day. The total discharge times

the concentration approximates total sediment transport past the

sampling point for that day.

For samples drawn during or very close to short-lived peaks, the

flood peak duration was estimated from field records and observations

as well as from reports by the hydrometric station operator and other

nearby residents. River discharge is derived from measurements or

estimates of the flood stage, using the stage-discharge equations

described above. The instantaneous rates of sediment discharge were

calculated by multiplying sediment concentrations times the discharge

at the time of sampling. In cases of time series sampling during

flood events the average discharge rate for each time interval was

converted to a discharge value, then multiplied by the sediment

concentration. The sum of the river discharge and sediment discharge

over the sampling period provided empirical measures of sediment

transport for flood events of a given magnitude.

Analysis of relationships between discharge, sediment

concentration, sediment transport and rainfall. The frequency

distributions of all variables were tested by frequency analysis (SAS,

1979). Based on the results of the preliminary analysis the
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relationships between discharge, an independent variable, and sediment

concentration and transport (dependent variables) were tested by

simple linear regression of raw and log-transformed data (SAS, 1979).

The relationships between river stage and sediment transport were

used to estimate sedimentation rates of the dams to be constructed

just downstream of the sampling points in both rivers. The daily

discharge for a full hydrologic year during the period of record was

used to generate daily sediment discharge values based on the

relationship established in the previous analyses. The total was

multiplied by a correction factor (ratio of average annual discharge

to the discharge for the 1980-1981 hydrologic year) to predict the

sediment discharge for an average year, as opposed to the study

period.

The relationship between the amount and distribution of rainfall

on the watershed (independent variable) and the discharge and sediment

concentration in the rivers (dependent variables) was tested by simple

and multiple linear regression of raw and log-transformed data (SAS,

1979). The same procedure was repeated by subwatershed. Critical

areas for further study were singled out by the relative strength of

association between rainfall in each subarea and the subsequent river

flood stages and sediment concentration. This information, combined

with field reconnaissance, contributed to assignment of research

priority by subwatersheds.

The relationships between total daily rainfall on the whole

watershed and discharge and sediment concentration also were tested by

simple linear regression. The total volume of rainfall on the
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watershed was compared to total volume of discharge, by month, and the

remainder of rainfall minus discharge was attributed to storage and

evaporation. The results were compared to water balances previously

calculated for weather stations in or near the study area.

Precipitation, discharge, sedimentation, and production in small
watersheds

The proximity of three climatological stations to the respective

study areas allowed direct application of the rainfall data from these

stations. To supplement the existing monitoring network, small

plastic water gauges with 5-cm apertures were mounted at eye level on

wooden supports installed in well-exposed open areas. The amount,

intensity, and duration of rainfall on a daily basis during peak

rainfall periods were recorded.

Discharge and sediment concentration. Discharge measurements

made under relatively low flow conditions followed the procedures

prescribed by the velocity-area method (Herschy, 1978). The surveyed

cross-sections in each stream were segmented and a velocity

measurement was made at the center of each segment.

Surface flow velocity was measured with floats and chronometer as

illustrated in the diagram (Fig. 10). Each velocity measurement

consisted of three to five readings (sec), that were converted to flow

rates (m sec ^), then averaged. One complete velocity measurement was

made for the center of each segment, except in cases where the cross-

section was treated as a single segment. The discharge rate (Q) is

equal to the velocity (V) times the cross-sectional area (A), or a

segment thereof (Ax):

Q(m^sec ^) = V(m sec ^) x A(m^).
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Stage measurements were made at the posts installed as supports for

stationary sediment samplers. An empirical parabolic equation was

derived by plotting field measurements of stage against the discharge

measured at that time. The discharge rate (Q) equals an empirically

derived constant (a) times the square of the stream depth (as

indicated by stage measurements): Q = a(h)2. The discharge rates, by

stage, are listed for each site in Appendix F.

Suspended sediment sampling in the streams required installation

of stationary samplers since flash floods are difficult to predict and

preclude the use of wading samplers. A modified, locally constructed

version of the USDA 59 siphon sampler (Fig. 11) collected samples at

pre-determined stage height intervals during the rising stage of each

flood. The sampling equipment is similar to the "Hayim 7" sampler

used successfully in flash flood sampling in Tanzania and Israel

(Rapp, 1977).

The equipment was located at the center, if possible, or to one

side of the surveyed cross-section in each stream (Fig. 11), depending

upon the requirements for stable installation. All samplers carried

at least five sample bottles arranged in a vertical series, from a

point just above the low flow water surface to approximately 1 m above

that point. The exact range depended upon the indicators of flood

stage along the stream banks. The cross-section profiles with the

position of the sampler and the height of sample intakes are included

in Appendix B.

Project personnel collected the samples as soon as possible after

each flood. The contents of each collection bottle were placed in a
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separate sample container and identified by relative position in the

vertical series as well as by site, date and the estimated peak stage

of the flood. Each sample was assigned to a specific stage of the

rising flood. The samples were sent to the CENDA laboratory for

determination of suspended sediment concentration, as described

previously for river water samples.

Determination of discharge and sediment transport rates from

sampling results. Approximate sediment transport rates (Sa) for each

stage were calculated by multiplying the sediment concentration (Cs)

by an approximation of discharge (0):

-1 -3 3 -1
S(tons sec ) = Cs(tons m ) x Q(m sec ).

Discharge was calculated using the empirically derived stage-discharge

equation for the given site. Stage height was based on the number of

bottles filled in the vertical series on the sampler. Stage was

assumed to be halfway between the intake of the last bottle filled and

the intake for the next bottle up. If the highest bottle filled, the

stage was recorded as greater than or equal to the intake height plus

10 cm.

Total sediment transport (Ts) for individual flood events was

calculated by summing the products of discharge rate (Q) times

sediment concentration (Cs) times the estimated duration of each stage

(t) :

Ts(tons) = Q(m^ sec "*") x Cs(tons m x t (sec) .

Approximate hydrographs of specific events were constructed by

reference to the measured peak height of the flood stage and reports

on duration of the rising and falling stages of the flood. The annual
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suspended sediment transport for low flow (non-flood) conditions also

was calculated for comparison of sediment transport between

watersheds.

The relationship between discharge and sediment concentration for

all events was tested by simple linear regression analysis (SAS, 1979)

with stage and discharge as the independent variables and sediment

concentration and transport as the dependent variables, respectively,

These analyses followed the procedures for derivation of sediment

rating curves used by the U.S. Bureau of Reclamation (Strand, 1975)

and by Rapp (1977) in Tanzania, as described in Chapter II.

Relationship of discharge and sediment transport to land use and

physical characteristíes. The general linear model (GLM) program

package (SAS, 1979) tested the similarity of replicate watersheds and

the significance and degree of difference between watersheds by land

use and other categorical groupings, such as average slope, climate

and size. The similarity of replicates was tested by analysis of

variance, then the significance of differences between watershed

groupings based on land use and physical characteristics was tested.

Summary of production during the study period. The economic

production estimates for the study period were based in part on

extrapolation from intensive interviews with household members

participating in the more detailed farm level experiments. Informal

interviews with other farm families, farmworkers and shopkeepers

contributed to the general profile of economic production. The land

use maps and tables previously described provided a basis for rough

estimates of biological production and productivity. Information from
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Plan Sierra personnel involved in marketing and credit supervision,

and data from a concurrent study by Georges (1982) also were included

in the production profile.

Evaluating the watershed model. The systems models of the

watersheds were evaluated, incorporating the results of the watershed

monitoring and estimates of productivity for the land use units

previously mapped. The meteorologic and geologic inputs and outputs

were calculated directly from empirical data obtained during the study

period. The production estimates for each land use type were based on

a combination of locally recorded yields and estimates of biomass,

production and productivity reported in the literature. Estimates for

bush, dry forest and pine forest were drawn from prior field studies

conducted in nearby areas (Jennings, 1979b; Montero, 1979). Estimates

for coffee crops and pasture were drawn from the literature and

modified to reflect site conditions. Population data were taken from

statistical references and confirmed by a housing count on recent

aerial photographs.

Measurements in small plots

Experimental plots and collectors constructed at 16 sites

captured and retained runoff water and sediments for frequent

measurement and sampling throughout the 15-month period. The

structures were installed within parcels of land maintained under

normal use and management conditions. At the six sites, where new

crops and soil conservation practices were tested, these changes were

already introduced by Plan Sierra. The experiments in these cases
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were carried out over a much larger area than the erosion plots, and

each landholding was managed by the owners and workers who normally

oversee and perform work on the sites. The erosion plots received no

special treatment.

Plot design. The plots measured 22 x 2 m, which approximates the

Soil Conservation Service plots used in the United States (24 x 1.8 m)

and meets the standard specifications used by international research

organizations (FAO, 1977). In the three forested tracts the plots

were widened to 22 x 3 m in order to accommodate ..tree roots and to

include a more representative sample of the vegetation within the

plot.

The plots and collectors (Fig. 12) were designed after Djorovic

2
(1977) and Dunne (1977). The 44 m rectangular catchments were

oriented parallel to the slope and were bordered by single layer

concrete walls on three sides. The blocks were set into the ground

for secure footing, then sealed with mortar to prevent runoff from

entering or leaving. At the lower boundary of each plot a wooden

plank anchored a sheet metal apron that drained the runoff from the

plot (at soil surface level) to a funnel, through plastic tubing, and

into a modified oil-drum for storage.

Most sites were equipped with two tanks in series, so that

overflow from the first tank drained into the second. One site

(number 95, Pananao) required three tanks due to the high proportion

of runoff and low water storage capacity at the site. A modification

of the design also was required for plots with deep hillside ditches

cut across the slope. This was the case in the two plots planted to
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Fig. 12. Illustration of erosion plot with runoff and
sediment collectors.
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pigeon pea and sweet potato with minimum and normal tillage (numbers

82 and 83, Los Montones). The modified design illustrated in Fig. 13

is a combination of the standard plot and the Gerlach trough

collection device (Morgan, 1979). Due to the modifications both plots

at this site required three collection tanks.

3
The maximum installed storage capacity (0.5 m ) was determined by

cost and maintenance considerations. The use of a slot divisor to

split the sample prior to collection would have been ideal for

experimental purposes, but costly to produce. An increase in storage

3
capacity to 1 m also would have proven costly and difficult to

install.

The plots were installed during March and April 1980 and

collection began at most sites on 1 May. The runoff and sediment

collected in the tanks were measured, sampled and removed as soon as

possible after each rainfall event. _Nevertheless, many composite

results were obtained, as well as some results recorded for individual

events. Overflows were rare, so that the total rainfall and soil loss

measurements were not jeopardized by composite collection of water and

sediment for two or more events.

Procedures for field measurements, sample collection and

laboratory analysis. The procedures for measurement and sampling of

the collected runoff and sediment at all 16 sites followed standard

methods cited in the literature (Dunne, 1977; Djorovic, 1977; USDA,

1979). The total depth from the bottom of the tank to the water

surface (cm) and the depth of sediment deposits (if greater than 5 cm

in depth and uniformly distributed) were measured. If a deep (>5 cm)
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Fig. 13. Illustration of alternative erosion plot design with three
subsections.
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uniform sediment layer was present, one sample of sediment and two

water samples from the center and top of the tank were taken by

inserting closed 1- L bottles, opening them at the desired sampling

depth, filling them slowly, and then capping the bottles while still

in place (Fig. 14 ) .

Where sediment depth was uneven or less than 5 cm, the water and

sediments were mixed vigorously with a paddle to suspend all of the

sediment. Three samples were drawn, one each from the bottom, center,

and top of the mixture. The remainder of the water and sediment was

drained and mopped to leave the tanks clean and dry before the next

storm. Maintenance and equipment checks were performed also after

sampling.

Samples were sent in lots to the laboratory for analysis of total

solids by the same methods described above for river and stream

samples. Samples high in sediments were transferred to containers of

known weight, then were oven-dried and weighed, without filtration.

Determination of runoff, sediment volume and total soil loss.

Water and sediment depth measurements recorded were converted to

volume using a nomograph that relates depth and volume in the

cylindrical tanks, when positioned as in Fig. 14. The water volume

(Vw) was calculated as follows from total volume (Vt) and sediment

volume (Vs):

Vw(1) = Vt(l) - (0.5 x Vs)(l).

This assumes that 50% of the volume occupied by the saturated sediment

deposits actually was filled by water.
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The total sediment volume was read directly from the nomograph.

Total runoff for each plot was calculated by summing the water volume

for all the tanks on the plot.

Total soil loss was determined by combining the total volume and

sediment volume calculated above with the sediment concentration of

the samples. For the cases in which the tank contents were mixed

prior to sampling, the total soil loss (Ls) from each plot and for

each sample period was determined by the following equation:

Ls(tons) = Cs(tons m x Vt(m^),
where Cs = average sediment concentration of all three samples, and Vt

= total sample volume in tank.

In cases that required separate sampling of the sediment, the

concentration of the sediment sample (Csl) was multiplied by sediment

volume (Vs) and the suspended sediment concentrations were averaged

(Cs2) then multiplied by the corresponding liquid sample volume (VI)-.

The total soil loss was calculated as follows:

-33 -33
Ls(tons) = Cs(tons m ) x Vs(m ) + [Cs2(tons m ) x vl(m )],

where VI = Vt - Vs. The program used for both calculations is

included in Appendix E.

Relationships between rainfall, runoff and erosion. Rainfall

data for the plot experiments were take from the same source as the

small watershed study areas in which the plots were situated. The

rainfall totals for the plot sampling intervals were calculated

separately for each case, since the sampling schedule was not uniform

within or between sites. Simple linear regression was used to test

and describe the relationships of total rainfall amount, total runoff,

and soil loss per unit area for each land use and management category



 



99

tested. Coefficients of erosion and runoff were derived for each land

use and agronomic practice. These factors represent ratios of soil

loss and runoff under a given land use or practice to the values

obtained for forest sites. The significance and relative strength of

the relationship between land use and management and runoff and

erosion losses were tested by analysis of variance (SAS, 1979).

Evaluation of the farm household models. Both the input-output

model and the systems model that were developed and evaluated during

phase two were updated and refined. Modifications were based on the

results of the runoff and erosion experiments and the final interviews

with the residents, including an inventory of the year's production

activities and inputs and outputs at the household level. The changes

in income, labor requirements and ratio of subsistence to commercial

production received special emphasis in evaluating the socioeconomic

aspects of changes in crops, land use, and conservation practices.

The physical impact of the proposed changes was also evaluated using

the empirical data from erosion plot measurements.

The final model was modified to demonstrate clearly the effects

of each proposed solution on the physical, biological, and

socioeconomic elements and their interactions within the system. The

model provided a common ground on which to consider the effectiveness

of proposed changes in environmental terms and their practicality and

acceptability within the conditions under which households must manage

their resources.

After modification, evaluation, and analysis of the household

models, the results and insights from the analysis, along with the

empirical data collected at that level, were extrapolated to the small
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watershed model. The relationship between various land uses at the

watershed level was examined, using the model as a guide. The

repercussions of drastic changes in the proportion of any given land

use within the system were studied. The difficulty of determining

watershed management by a composite of household decisions constrained

by the larger system was illustrated by juxtaposition of the models at

both scales of analysis. A nested model was constructed to illustrate

the relationships of mutual causality between the systems of different

scale within the physical and socioeconomic hierarchy.



 



CHAPTER IV

RESULTS AND DISCUSSION

Regional Profile

Erosion and excessive storm runoff are serious problems within

the Sierra. Residents of the area are aware of soil loss and

depletion under shifting cultivation, bush fallow and continuous

cropping on the hillsides. Farmers point to declining yields as

evidence that the soil has "worn out". Many people from the area note

the disruption of river regimes and cite water quality and

availability as problems. •

The condition of the land also speaks for itself. Erosion

features of almost every category are seen on the landscape. While

dramatic features, such as deep gullies or denuded hillsides, are not

common, there is widespread evidence of sheet and rill erosion. Many

areas also exhibit impoverished stands of natural vegetation which are

more subtle, secondary results of prior erosion. The varied

expression of the problem within the region reflects the physical and

cultural diversity of the area itself.

2
The Plan Sierra region includes 2500 km situated on the northern

slopes of the Cordillera Central. The population is approximately

120,000 (Chaney and Lewis, 1980) and the average population density is

-2
48 persons km . While the density itself is not extreme, the region

has the highest ratio in the country of available labor force per unit

or arable land (SEA, 1978; Ferreiras, 1979). The full significance of

101
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this relative measure of high rural population density becomes more

apparent when viewed against the backdrop of physical, biotic and

socioeconomic characteristics of the region.

Physical and Biotic Aspects

The landscape is characterized generally by rugged topography,

and pronounced intraregional variations exist in landforms, soils, and

parent material (Fig. 15) (Antonini and York, 1979). Climate also

varies dramatically, with average annual precipitation ranging from

1000 to 1800 mm (Jorge, 1970), influenced primarily by differences in

elevation from 100 to 1800 m (Antonini and York, 1979; Swedforest,

1980).

The drainage density of the area is high, due to the combination

of high rainfall and rugged topography. The project area contains the

upper and middle watersheds of three major rivers (Bao, Mao, and

Amina) which flow into the Yaque del Norte, the country's largest and

most important river (Fig. 16) (de la Fuente, 1976). Numerous

ephemeral and permanent streams of lesser magnitude are encountered

throughout the area. The discharge of both large and small streams

varies markedly, with flash floods occurring during the two rainy

seasons and many stream beds going dry during the midsummer and late

winter dry seasons. Interviews with local residents suggest that

deforestation has substantially exaggerated the normal range of

variation.

The majority of the soils of the region are classified as

Dystropepts or Eustropepts (Nicholaides and Hildebrand, 1980b)
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according to the Soil Taxonomy (USDA, 1975), although they vary

substantially in color, texture and chemical composition. As members

of the Inceptisol soil order they are primarily poorly developed

"young" soils, with development limited in most cases by the steep

slopes.

What most soils of this region have in common is their inadequacy

for many forms of agricultural use. They are poorly suited to the

semi-traditional land use systems that currently are found in the

Sierra. These soils are difficult to manage given their shallow

depth, low fertility, weak structure, and high susceptibility to

erosion by overland flow and mass wasting (Antonini et al., 1975;

Swedforest, 1980).

The natural vegetation reflects the combined variation of

geology, climate and soils (Fig. 17), while the actual vegetation is a

result of the natural vegetation further influenced by the intensity

of deforestation during the last 20 years, and by the character and

intensity of current land use. Land cover is a mosaic of forest,

coffee plantations, bush (secondary growth), small plots in mixed

field crops (conucos), and extensive areas in pastures.

Due to the highly "aggressive" climate, rugged topography, and

intrinsic properties of the soils, visible evidence of erosion is

widespread, and recovery from deforestation is slow (Swedforest,

1980). Many large land tracts are covered by eroded and/or compacted

pastures, or by secondary growth woodlands of poor quality.
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Socioeconomic Aspects

The population of the Sierra is characterized by a deeply

entrenched poverty manifested in several forms: high rates of

illiteracy (73% outside of the towns); high unemployment and

underemployment; 88% incidence of parasite infestation (SEA, 1978);

high incidence of malnutrition and other chronic health problems

(Ferreiras, 1979); depressed wage scale ($3-$4 R.D. day ^ for day

labor vs $7 R.D. day ^ in the Cibao Valley); low annual income (65%

-1 -1
earned $2 day or <$500 R.D. year per family in 1975) (Sharpe,

1977); high rates of emigration to Santiago, Santo Domingo and New

York City; and high level of dependency on remittances sent by

relatives working outside the region (Antonini and York, 1979; Pessar,

1981).

Basic services which are taken for granted in more urbanized

parts of the country, such as electricity, all weather roads, and

minimal health care and educational facilities, are limited primarily

to the towns and the areas along the connecting highways (SEA, 1978;

Ferreiras, 1979). Residents of the area, particularly women, cite

lack of fuel (firewood) and potable water as serious problems

(Jennings and Ferreiras, 1979; Safa and Gladwin, 1981).

Land tenure within the region reflects the situation in the

country as a whole. Most land is in medium-sized holdings, while the

remainder is divided into a few large tracts (some of which are state

land), and numerous small holdings (Ferreiras, 1979; Wilson, 1976).

Sharecropping is widespread.

The region is maintained in a subordinate position within the

national economy. The status of the economy, the distribution of
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land, and the management of the region's natural resources are

inextricably linked. The area is predominantly agricultural and a

large percentage of the population is employed in subsistence

agriculture and/or coffee production (Antonini and York, 1979).

Yields of agricultural products are 21% below the national average

(Ferreiras, 1979), a condition which can be attributed in part to a

"hostile" natural environment with steep slopes, shallow soils of low

native fertility, and variable, unpredictable rainfall. Superimposed

on these conditions are a variety of land use systems which have

resulted in varying degrees of soil erosion, depletion of soil

fertility, and modification of microenvironmental factors such as soil

moisture and temperature.

Farming and Related Production Systems

The agricultural production systems of the Sierra are almost all

agroforestry systems (Fig. 18). They are mixtures of field crops,

commercial tree crops (coffee), pasture and forest (semicommercial,

successional, and "wildlands"). Although these categories are named

for the dominant vegetation, or the products of greatest value, each

refers to a matrix of subsistence and commercial production, including

a variety of food and cash crops. Combinations occur as rotations

over time or as associations (of crops and/or land use) in space.

They vary according to the demands of local, national, and

international markets, the subsistence needs of the farm family, the

availability of land, labor, water, energy and capital resources,

long- and short-term climatic constraints, tradition, and impact of

emigration.
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Field crops

Production of field crops tends to be limited to low-value crops

such as manioc (yuca), with some mixed subsistence and commercial

production of red beans, corn, cowpeas, peanuts, sisal and tobacco.

Intercropping is common practice and the plots are relatively small

(0.2 to 1.0 ha) with intercropping of two or more crops. Monoculture

is also practiced with tobacco, red beans, and sisal.

Field crops may have several distinct roles in the overall

production strategy of a given farm household. The plot may occupy

the entire landholding of a sedentary subsistence farmer who

supplements family income by raising other crops in more distant

forest lands, by sharecropping, or by seasonal day-labor. Field crops

often are found in areas predominantly covered by forest and pasture.

Shifting cultivation (slash and burn) is still widespread,

particularly in remote areas of higher elevation, where extensive pine

forests are found (Swedforest, 1980; Montero et al., 1981). The

practice also is common in the drier forests at lower elevations. It

deviates from the classic pattern (Greenland, 1974) primarily in its

long fallow (10 to 15 years).

This practice stops primarily because of lack of accessible

forests, in populous zones at 500 to 700 m elevation. The dominant

method more closely resembles the bush-fallow farming systems

described in recent West African research (Ruthenberg, 1976; Lagemann,

1977). Field crops are rotated with pasture and/or a 2-to-10-year

fallow in bush (secondary growth). Plots of this type may be

cultivated by the owner (in a small holding), or by sharecroppers,

renters, and/or hired help in large landholdings.



 



Ill

Field crops often also constitute the first "stage" in the

transition from forest, bush, or unimproved pasture to coffee or

improved pasture. Sharecroppers usually are engaged to clear and

cultivate the land for one or two years with an agreement to plant

pasture when they leave. Coffee plantations also may be started with

intercropping of bananas, plantains, other fruit trees, coffee plants

and some field crops (Martinez, 1979). Erosion features of varying

severity often are present in field crop plots. The most common forms

of erosion are rill and laminar (or sheet) erosion. In some cases it

clearly affects production, particularly in cases where sloping land

has been under continuous or near continuous cultivation for long

periods (up to 30 years). The problem is aggravated by the common

practice of planting row crops vertically on the slope (Antonini and

York, 1979).

Pasture

Large land tracts are maintained in poorly managed pasture by

absentee owners or by large landholders (Antonini and York, 1979;

Pessar, 1981). The limited milk and meat production from these

pastures is not available to most of the local population, and much of

it is marketed outside the region. Production is relatively low (300

kg ha ‘*‘yr ^) (Antonini et al., 1975), but this form of land use

requires few inputs other than land, animals, and minimal labor and

management. Moreover, the product is always in demand and brings a

good price locally or in Santiago, so marketing is not difficult.

This form of land use has proven to be very efficient for large
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landholders (Antonini et al., 1975) in terms of return on resources

invested (excluding land). It also has been widely used as a strategy

for holding land in speculation.

Soil degradation is one reason for relatively low production per

unit area. The shallow soils on steep slopes, often overgrazed and

compacted, form winding, irregular, impermeable "terraces" along the

well-worn cattle trails. Overgrazing in clay soil areas underlain by

nonpermeable bedrock also provides the necessary conditions for

landslips (Antonini et al., 1975). Continued grazing after slippage

retards recovery even further. Gully erosion is common.

Tree crops

Tree crops include bananas, plantains, coffee, and a variety of

palm products. Plantains and bananas often are intercropped with

coffee and are staples in most parts of the Sierra. They frequently

are intercropped with field crops and are found in dooryard (or patio)

gardens. The trees provide harvestable produce for about two years,

but the plants may remain in place for some time thereafter. Unlike

most tree crops, bananas and plantains afford little protection to the

soil, at least not under current management practice. Their principal

erosion prevention value lies in their longevity relative to most

field crops.

Coffee

Coffee is the most important tree crop in terms of number of

persons employed. It is one of the most widely distributed crops in



 



113

the Sierra, accounting for more than 5000 ha in 1978 (SEA, 1978).

More than 1900 farmers are engaged in coffee production, and the total

number of persons involved exceeds 10,000 (close to 10% of the

population) if their families are considered. The number of hired

laborers (estimated at 7000) puts the total at over 17,000. (This

estimate is based on figures from SEA and interviews with local

growers). This figure is not surprising since labor accounts for

approximately 80% of normal on-farm operating costs (excluding fixed

costs of land and infrastructure, and marketing costs).

The labor demand is markedly seasonal, and harvest, which is the

peak employment period, lasts two to three months. The laborers often

reside on or near the farm, supplementing their incomes by shifting

and/or bush fallow cultivation or other forms of temporary labor.

Some of the work force also migrates seasonally from the Cibao valley

or from more remote parts of the Sierra. This work force differs from

the usual one which is composed primarily of Dominican men in that it

includes women and children as well as some Haitian workers.

Coffee production also influences the local economy in a less

direct fashion. Traditionally, it has been carried out on medium¬

sized to large landholdings by families who support and supplement

this activity with adjacent holdings in pasture, field crops, and

forest. Many of the larger holdings are not contiguous; that is, one

household may have scattered large subdivisions of land in various

kinds of production up to two hours distance from the home. The large

farm owners often own and manage other small businesses such as coffee

processing and marketing operations, supply stores, informal credit,
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breeding, sale and rental of work animals, and transportation of

people and goods to San Jose, Janico, and Santiago.

Fragmented holdings and diversity of land use also are

traditional strategies of smallholders, but within a different

context. Smallholder coffee production has been limited primarily to

small plots for home or local consumption or it has been a secondary

activity supplementing field crop production or off-farm employment.

The crop also is economically important at the national level,

being the export of second highest value (SEA, 1978). The Sierra is

the home of the Juncalito variety (Coffea arabica var Juncalito), the

best of the traditional varieties (SEA, 1978). There is a long

history of coffee production in some parts of the region. Yields are

low (230 kg ha ^) compared to international averages for commercial

production. However, these yields reflect the use of traditional

methods, without fertilizers, pesticides, technical assistance or

credit. Post-harvest losses due to transportation problems also

decrease the net yields.

Most of the established plantations are of the native variety,

but the Brazilian dwarf variety (var Caturra) has been propagated in

the region with great success in recent years. The coffee is

intercropped with plantains, bananas, fruit trees, and shade trees,

resulting in a diverse, three-tiered "forest" of sorts (Martinez,

1979).

The "imitation" of the adaptive mechanisms present in the natural

forest is striking. The planting of nitrogen-fixing leguminous shade

trees and the use of natural successional species, such as Cecropia
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spp., facilitate recycling between soil and vegetation and retain more

nutrients within the stand.

Ecologically the coffee plantations are limited mainly to the

part of the region at or above 700 m. The principal coffee producing

areas are characterized by higher and less variable rainfall, lower

temperatures, high relative humidity, and a tendency toward heavier

(clay) soils. Erosion in established plantations tends to be very

low, in some cases approximating the erosion rates under forest

(Rocheleau, 1980). However, the system as a whole has erosion

problems.

The relative advantage for erosion protection is based upon the

length of the production cycle (about 20 years) and the excellent

protective properties of the established plantation, with shade trees

playing a critical role (Suarez de Castro, 1952; Suarez de Castro and

Rodriguez, 1955). The clearing, tilling, and planting required to

establish the plantation may cause extensive losses of soil, equal to

those under field crops, during the initial two years of the cycle.

The renewal of an older plantation also may cause varying degrees of

erosion, depending upon the method employed. In some traditional

operations the renewal is done on a continual basis and the shade

trees are left intact for two or three cycles of coffee planting, thus

reducing total erosion over the long term.

Another aspect will be treated in depth below: the almost

universal association of field crops and pasture with coffee

plantations, both within, adjacent to, and scattered around the main

holdings. Depending upon the functional relationships that exist, and
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the researchers interpretation, much of the loss from these associated

land uses can be attributed to the coffee production system.

Palms

Palms, a common feature of the agricultural landscape in this

region, are important for wood, fiber, food, and animal feed at the

farm and household levels (Antonini et al., 1975; Safa and Gladwin,

1981). They also serve as important sources of income for rural

women. The fronds of a number of locally abundant palm species serve

as raw material for various forms of cottage industry. The ma]or

commercial uses include: thatch roofing material for tobacco sheds in

the Cibao Valley; woven seats for handcrafted wooden chairs produced

in the region; woven shipping containers for dried tobacco; woven

cargo bags for transport of local produce on burros and mules.

The latter two processes yield extremely low wages: $.50 R.D.

paid per pair of bags, at >12 hours labor invested per pair. In spite

of this, weaving persists because the work can be performed by women

and children in the home, with little or no requirements for

investment of land and capital.

The palms used for fiber often are located in pastures or fallow

land owned by neighboring families or relatives. There is free access

(a clear advantage) but no control over cutting or replacement; this

raw material supply is both free and uncertain. Reports by local

artisans indicate that supplies are dwindling in some areas of the

Sierra.

The weavers often complain about the lack of control over raw

materials and marketing, and most acknowledge the low return on labor
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(Georges, 1981). However, many of them find no alternative and depend

on this source of cash income to supplement subsistence production.

The palm-pasture association is widespread in the region,

particularly in the mid-- to low-altitude zones. Erosion features

under this land cover appear to vary little from pasture without

palms. Given the wide spacing of palms within the association, it is

the quality of grass cover that should most affect erosion.

Forests

The Sierra's remaining forests, found primarily in the upper and

lower altitudinal tiers, are poorly managed and dwindling. In the

middle zone, forests are limited to small, isolated plots of pine

trees, successional stands in scrub, or ribbons of riparian forest

along major rivers and streams. Two large stands of second-growth

pine are found in recently acquired state lands spanning the mid- to

upper-altitudinal zones.

Forest resources are both underutilized and overexploited.

Legally, the residents are prohibited from felling any trees without

hard-to-obtain permits. Practically, they are engaged in the "mining"

of remaining forests for lumber, fuel, and expansion of agricultural

lands.

Prohibitive regulation of forest utilization leaves little

incentive for reforestation and offers no opportunity for wise

management based upon technical expertise, local needs, and external

markets for forest products. Subsequent raw material shortages have

contributed to unemployment. Many former artisans and sawmill
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employees work the land in illegal slash and burn plots. Their jobs

were curtailed by rapid deforestation and subsequent poor management

of the land. At the household level, the current situation creates

worsening shortages of fuel and lumber, which in turn, increase

illegal poaching on existing forests. Thus, erosion, deforestation,

poverty, and unemployment continue to spiral, each reinforcing the

other.

The erosion rate under forest varies with the conditions and

current use of stands. Observation indicates a less effective canopy

and ground cover in the piedmont dry forests than in the denser upland

pine forests (Jennings, 1979b; Jennings and Ferreiras, 1979; Mercedes

Urena, 1980). Many of the dry forests actually were degraded

successional stands in areas formerly covered in humid-subtropical or

transitional forest (mahogany); the successional stands themselves are

results of prior erosion. The current condition and use of the dry

forests encourage the further acceleration of erosion. Numerous land

slips and landslides have occurred on steep limestone slopes and along

the roads that traverse the dry forest areas between San Jose de Las

Matas, Janico, and Santiago (Fig. 17). The same erosion features

appear with less frequency in the upland pine forests.

Thus, many forests have been subjected to fairly severe erosion

during prior deforestation (within the last 20 years). Lumbering,

charcoal production and slash-and-burn agriculture continue to

accelerate erosion beyond the rates one would expect to find in dense

forest.
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Watershed protection

The area also functions as part of a national production system

and plays an important role as part of the watershed for the Cibao

Valley. The Cibao is a major food-producing region, second only to

the Santo Domingo metropolitan area in urban and industrial

development (de la Fuente, 1976). The Cibao yields a high proportion

of national agricultural production: plantains, 53%; manioc, 46%;

rice, 19%; processed tomatoes, 59%; red beans, 15%; cacao, 25%;

coffee, 33%; and tobacco, 90% (Jennings, 1979a; Swedforest, 1980).

At the national level the Sierra is more important as a water

catchment area for downstream irrigation reservoirs, flood control,

and hydropower production than as a direct source of agricultural

products. The present practices of shifting cultivation,

deforestation, and overgrazing of poor pasture lands on steep slopes

result in high sediment transport rates and disturbance of stream

discharge (Swedforest, 1980; Montero et al., 1981; Rocheleau, 1981)

both of which threaten the vital supporting role of the Sierra region

in the development of the national economy.

Model of the Sierra

The information presented above mirrors the conceptual model of

erosion, sedimentation and land use in the Caribbean (Fig. 1). The

Plan Sierra model (Fig. 19) expands the upland portion of the general

model, includes the effects of land use on runoff, erosion and

production, and illustrates the relationships between discharge,

sediment delivery and useful water supply in streams and reservoirs.



 



Fig. 19. System model of the Sierra.
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The interaction of population and trade with land use, biological

production, and erosion also is included in the more detailed regional

model.

The model is best understood by following the flow of energy

through the system from left to right. The same model is expressed as

a series of differential equations (Table 2) that can be solved

simultaneously to simulate system behavior.

The main energy sources that power the system are the sun (S) and

rainfall (R). Rainfall and land use (L) directly affect erosion,

runoff and production. Topography and soil type affect these

processes but are treated as constants within the model; they must be

varied for each site.

Rainfall energy and volume influence the erosion rate (K^) and
contribute to storm runoff (K ) and soil moisture storage (0). Soil

D

erosion and storm runoff are depicted as drains on soil (T) and soil

moisture storages, respectively. Soil storage is replenished by

weathering (JN) from parent material and exports soil through erosion.

Soil also provides a medium for plant growth and nutrient transport.

Soil moisture is fed by rainfall and exports water via storm runoff

(K ), percolation and sub-surface gravity flow (K ), evaporation

(K ), and transpiration (K ). Total soil volume is diminished by1 o 1 z

erosion, which in turn directly influences storm runoff. Storm runoff

begins when the soil moisture storage equals soil volume. Thus,

reduced soil volume means an increase in runoff and a decrease in soil

moisture storage.
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Table 2. Equations for system model

= Jn - K RT

Li
= R - K5°L2 - K6° ' K12Jr°TpHL3 - K182.

= K, K^RT
L1

- K D(K OL + K,0)
3 5 6

[ (K OL ) + (K 0)]
5 2 6

= K RT - K K RT

1L
1 1

+ K3K(K5OL2 + K60> - KnQ

(K OL + K 0)
5 2 6

= K5OL2 + K6° * K92 * K105
= K16JrOTPHL3 - K1?V - K19aVLcPH - K24bVAP - K^VHA - K^V
- K21VL0PH - K22Y ' K2 3Y
= K_ _VHA - K A - K_ VAP - K A

27 28 29 30

= K M - K VHA - K,_JrOTHP33 26 15

‘ K36UP + K35M
= K24aY + K31A + K41V ' K32M ' K34H ' K42M
= K36bUP + K37VAP - K38P - K39P " q4Jr°™PL3

o

Jr =
0

1 + K OTPHL V
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The contribution of soil moisture to stream baseflow (K^) is more

constant but proceeds at a much slower rate than storm runoff. The

two combined rates constitute the surface water discharge (K^) from a

given area. During flood events, part of the transported soil (K )

forms deposits (D) in the stream channels; the remainder (K z)

reaches the reservoir (Q). A small proportion of the sediments that

reach the reservoir escapes in suspension (K ) with throughflow

(K ). If the reservoir is full, both water (Kn) and sediment K )i u y o

bypass or overflow the dam.

With successive storm events, sediment deposits in the upstream

channels may be re-suspended (K^) an<3 transported downstream (K^).
The rates of deposition and re-suspension depend upon particle size

and streamflow velocity. In the model these flows are proportional to

the stream discharge rate (K ), and particle size is assumed to be

constant for the given area.

The sensor on land use (L) represents the influence of composite

land use in the region. Erosion, runoff and production are affected

separately, although the resultant flows interact. For example, a

high rate of erosion releases a large mass of sediment to surface

waters, while a high rate of runoff increases the sediment transport

capacity of the streams. Each land use type has a separate

coefficient for erosion, runoff and production. The composite land

use coefficient for each process (L^, i, L^) expresses the net effect
of combined land use.

The detailed land use model (Fig. 20) illustrates the most common

spatial associations and rotation sequences (Table 3).
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Table3.Landusesystemsintheregion. CommonRotationSequencet

ProductionSystemt

Forest-FieldCrops(2)-Forest(20) Forest-FieldCrops(2)-Bush(5-10)-FieldCrops(2)-Bush(5-10) Forest-FieldCrops(2)-Coffee(20+) Forest-FieldCrops(2)-Pasture(1-10)-FieldCrops(2) Forest-FieldCrops(20+)

ShiftingCultivation(S) BushFallow(S,C) CoffeeProduction(C,S) Pasture(C,S) PermanentCultivation(S,C)

1"Theduration(inyears)ofeachstageoftherotationappearsinparentheses. ÍSubsistenceandcommercialproductionareindicatedby(S)and(C),respectively,inorderofimpor¬ tance.
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Annual food crops precede establishment of coffee and pasture. Food

crop harvests defray part of the initial cost to clear, till and weed

the site. This actually represents a single land use system with an

overlapping sequence of multiple uses. This phenomenon is especially

important because of the low erosion and runoff rates under coffee

plantations, juxtaposed with the very high rates commonly attributed

to plots in field crops. With pasture, runoff rates are high but the

same contrast exists between erosion rates for the initial and

established phases of the rotation. Shifting cultivation in the

forest is another example of the spatial and temporal association of

two types of vegetation with markedly different rates of soil loss and

runoff.

The production (K ) of vegetation biomass (V) is powered by

sunlight, with inputs from soil moisture (K^)/ soil (T), labor (K.^)
and high technology or industrial sectors (K14). The land use affects

the process (L^) but does not directly contribute energy or materials.
The drains from the vegetation tank include detrital losses (K ),

transpiration (K ) and harvest (K , K , K__, K._) by human (P)1 / 19a 2bb 2b 4(j

and animal (A) populations. Transpiration and detrital losses are

proportional to biomass.

The harvest is a sum of four separate flows. The coffee harvest

depends upon the proportion of total land in coffee (L ), the total

primary production as indicated by biomass (V), labor (K-¡.9b^' and high
technology inputs (K^q). The food and fuel harvests for local
subsistence are a product (K^^) of human population (P) and total
plant biomass (V). Grazing animals take an amount (K ) proportional
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to plant biomass, capital inputs (K^g) and animal population. Farmers

sell some food and fuel (K ) to lowland markets. The amount sold

depends on total plant biomass and the price of the products in the

marketplace.

The growth in the number of beef and dairy cattle is determined

by the interaction of the initial herd size (as biomass, A), high

technology inputs for improvement of herd and pasture (K ), and

available biomass for grazing (K ) . The energy and material exports

from the animal population include energy expended in self-maintenance

(K^g), slaughter and milking for subsistence consumption (K^g), and
sale of animals, meat and milk to outside markets (K^). Local meat
and milk consumption depends upon the population sizes of both animals

and consumers. The amount exported varies directly with the size of

the herd and the current prices of these products in external markets.

The population (P) of the area depends upon initial population

size (P) and growth rate, consumption of plant and animal biomass

within the region (K^^), and imported subsistence goods (U) (K^^).
Drains on population include energy expended for self-maintenance

(K ), labor (K ), death (K ), and emigration (K ). Seasonal
j> / u jo

migration may bring farm workers into the region from other areas, or

it may be a mechanism for local residents to earn cash income outside

the region (K ).

The imported subsistence goods are purchased with money (M) that

represents the total liquid assets available to the local population.

Income consists of profits from coffee other cash and food
2 jb

crop sales (K^)f animals and animal products (Kg.), and remittances
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and earnings of permanent and seasonal emigrants from the region

(£49). Cash outflows include purchase of subsistence items from
outside the area (K34)# Pechase of fossil fuels and other industrial
inputs such as fertilizers, pesticides, machinery and metal products

(K32), partial export of wages paid to seasonal laborers (K^), and
outside investments (K4 ), usually in Santiago, Santo Domingo, or New

York City.

The stock of imported subsistence goods (U) is a net result of

purchases made from outside markets (K^) and consumption by local
residents (K^^). The fossil fuel stores and other industrial inputs
likewise are dependent upon the rate of purchase from external sources

(K ) and the rates of usage in crop production (K._), cash crop
J j lb

processing (K^), an<^ animal production (K^)-

Regional Subdivisions for Further Study

The study area was subdivided by watershed boundaries in

descending order from the Bao, Amina and Mao Rivers into small

2
watersheds of 1-20 km ' and then into individual landholdings (Fig.

16). The selection of the small watershed sites indicated a bias

toward the central portion of the Plan Sierra impact area. Each major

watershed also is subdivided by life zone and land use.

The most densely populated and ecologically diverse area within

the Sierra is the center band of the three-tiered life zone and land

use subdivisions (Figs. 17 and 18). It is in this region that changes

in land use and resource management can have the greatest impact.

Deforestation is almost complete and much of the area has
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been converted to pasture. The areas within this zone that fall

within the higher elevation and rainfall ranges are targeted by Plan

Sierra for promotion of coffee plantations. The drier, more densely

settled and intensively cultivated lower elevation areas are major

targets of soil conservation and annual cropping system programs. Two

major dams will be constructed within or immediately downstream of

this central zone within the next five years (Listin Diario, 1981).

The more detailed descriptive and experimental research focused

on this central subregion. The land use associations based on pasture

and field crops, and coffee, respectively, were singled out for more

in-depth study within the area described above.

Study of Large Watersheds

The Mao and Amina Rivers drain approximately 65% of the Plan

Sierra impact area. The watersheds of both rivers contain a complex

mosaic of topographic, geologic, climatic and land cover subdivisions.

All of these variables tend to follow the altitudinal gradient in

east-west bands across the watersheds. The rivers run from south to

north.

Description of Mao and Amina Watersheds

The major differences between the two rivers are the size and

shape of the watersheds, which influence both the amount and temporal

distribution of discharge. The Mao watershed extends well beyond the

Plan Sierra boundaries into the rugged forested slopes within the

Bermudez National Park. This forest reserve is covered in pine and
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mixed forest. Soils on the steep slopes are very shallow. Rainfall

in the upper Mao watershed is higher than in the central Sierra. The

bimodal rainfall distribution peaks in October and to a lesser extent

in May. This regime contrasts with lower elevations where the first

peak occurs in May and the second in September (Jorge, 1970;

Swedforest, 1980).

The drainage network geometry makes the discharge of the Mao

River extremely responsive to rainfall. Flood crests occur less than

24 hours after peak rainfall (Swedforest, 1980). The time of

concentration for each separate tributary is such that storm runoff

from several subwatersheds reaches the Mao almost simultaneously.

This causes extreme flood stages and wide fluctuation in river

discharge.

More moderate rainfall and gentler slope in the smaller Amina

watershed yield slightly lower rates and volume of runoff than the Mao

watershed. Since a small portion of the catchment is influenced by

rainfall in the high Sierra, the river regime closely resembles

typical rainfall patterns of the Plan Sierra impact area. The flood

peaks on the Amina usually occur in May and are less frequent but tend

to be more extreme than the peaks in the Mao River discharge. Average

monthly river discharges are illustrated in Figs. 21 and 22.

The Mao has a greater sediment transport capacity and a greater

erosion potential as indicated by topography and erosivity of rainfall

(Paulet, 1978). Stratification of land use is roughly parallel in

both watersheds (Fig. 18). The major difference is in the proportion

of coffee and forest in the upper reaches. Coffee is far more
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Fig.21.MonthlydischargeoftheMaoRiver.
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Fig.22.MonthlydischargeoftheAminaRiver.
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prevalent in the upper Amina watershed, while forest predominates in

the Mao headwaters.

The large watershed model is basically the same as the Plan

Sierra model (Fig. 19). In effect, the large watersheds are parallel

subsystems that exhibit the same general responses to variations in

rainfall, land use, trade and other variables. The major differences

are in characteristics such as rainfall, slope and soil type, which

are treated as constants within the model. The structure remains the

same. Variation of these constants would cause differences in degree,

not in kind of response by the model.

Other major differences are the particular crops and the specific

rotation sequences within the major land use types previously defined.

The pasture-field crops association is common to the central portion

of both watersheds, while coffee production and forest cover are less

evenly distributed in the respective headwaters. However, both

watershed models have the same structure with respect to land use. It

is the values used in the model that would change.

Specific combinations of annual crops also vary from one

watershed to the next. Sweet and bitter manioc (Manihot spp.), white

sweet potatoes (Ipomea batatas), corn (Zea mays), and pigeon peas

(Cajanus cajanus) are common in the lower and central altitudinal

belts in both watersheds. Red beans (Phaseolus vulgaris) and

plantains (Musa paradisiaca) are more common in the middle to upper

Amina watershed, while peanuts (Arachis hypogaea), tobacco (Nicotina

tabacum) and bitter manioc as a cash crop are more typical of the

drier middle reaches of the Mao basin. These differences had little
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effect on the structure of the model but were reflected in the local,

evaluated models for small watersheds and plots.

Comparison of the Precipitation and Discharge During the Study Period
with Period of Record

Rainfall in the Mao and Amina watersheds during the 15-month

study period showed a sharp peak in the spring relative to the mean

for the period of record, as illustrated by data from Moncion and San

Jose de Las Matas (Figs. 23 and 24). Figures D-l through D-9 in

Appendix D compare the mean monthly rainfall from 1967 through 1979

with the values from January 1980 through June 1981 at nine other

stations. A 13-year record was not sufficient by itself as a baseline

for comparison with the study period (USDA, 1979). However, the mean

monthly rainfall for the 13-year period of record compared well with

the 50-year means available for the San Jose de Las Matas and Moncion

climatological stations (Figs. 25 and 26). All monthly means for the

13-year period were less than one standard deviation from the 50-year

means. The close correspondence between the means of the two periods

justified the use of the shorter record available for the other

climatological stations and for the Amina and Mao Rivers.

Rainfall data for both 1980 and 1981 exhibited a typical bimodal

distribution at 10 of the 11 stations (see Appendix D, Figs. 1-9).

The first (spring) peak was high in comparison to both other spring

peaks and the second (fall) peak for the same year. Even at stations

that normally have two rainy seasons of equal magnitude (see Appendix

D, Figs. 8 and 9), the May maxima were sharply accentuated for 1980

and 1981. Aside from this month, the 1980 and 1981 monthly rainfall

values closely approximated the means for 1967 to 1979.
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Average monthly discharge rates in the Amina and Mao Rivers in

1980 and 1981 reflect the irregularity in the rainfall distribution.

The Mao River deviated from its characteristic October peak in both

years due to the magnitude of the spring floods (Fig. 21). Baseflow

during the January to April dry season was very close to the 1967-79

means, but the 1980 May discharge was more than double the mean

monthly value. The discharge rate fell off sharply after June, but

streamflow remained at levels a little above the norm through October

of the same year.

The same extreme rainfall affected the Amina. The May discharge

rate exceeded the mean value by more than a factor of three (Fig. 22).

As in the case of the Mao, the discharge rate decreased rapidly but

did not reach baseflow levels before the onset of the August rainy

season.

The May rainfall in 1980 and 1981 falls between one and two

standard deviations from the mean for almost every station. The 1981

Moncion value differs by more than two standard deviations from the

mean for 1967-79. The mean for 1931 to 1979 is slightly higher but

the 1980 and 1981 values are still greater than one standard deviation

from the mean.

Results from May for both years must be regarded as exaggerated

relative to average conditions. Rainfall and discharge for the rest

of the study period were well within the average range. Predicted

annual totals and averages based on measurements from this period

should be adjusted downward accordingly.

Rainfall distribution over the region for the study period and

for the 13-year record is illustrated in isohyet maps compiled by
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Surface II programs using nearest neighbor analysis (Figs. 27 and 28).

The distribution for the study period showed no substantial variation

from the mean annual rainfall map.

Rainfall Distribution and Rainfall/Discharge Relationships

The allocation of rainfall data from the climatological stations

to the subwatersheds (Fig. 7) provided a basis for comparison of total

rainfall, rainfall rates, and ratio of discharge to rainfall volume in

both basins. The monitored portions of basins consisted of the areas

upstream of the hydrometric stations and the future dam sites on both

rivers (Fig. 8). Subsequent references to the watersheds will include

subwatersheds M. through M. for Mao and A_ through A_ for Amina unlesslo 3 5

otherwise stated.

Comparison of the monthly rainfall and discharge for both the Mao

and Amina watersheds (Table 4) showed a relatively high rate of

discharge. Total annual discharge is more than 50% of rainfall

volume. Reports from other tropical and subtropical watersheds

indicate much lower proportions of total rainfall discharged in

streams in forested watersheds (Golley et al., 1975; Odum, 1971;

Pereira, 1973).

The high ratio in this case can be attributed to the interaction

of topography and land use. The extensive deforestation that has

occurred in the past 20 years has exposed the thin soils on steep

slopes to a highly "aggressive" climate (Paulet, 1978) resulting in

erosion and reduced soil moisture storage capacity. Much of the area

(30-40%) is in pastures. Soils have been compacted in many areas by
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Table 4. Rainfall and river discharge in the Amina and Mao watersheds.

Mao River Amina River

Month Year

Rainfall
Volume

(m3 106)

River

Discharge
(m3 106)

Rainfall
Volume

(m3 106)

River

Discharge
(m3 106)

April 1980 261 30 74 23

May 1980 253 147 173 101

June 1980 155 137 41 39

July 1980 47 79 27 17

August 1980 111 64 43 35

September 1980 157 80 81 36

October 1980 149 99 48 45

November 1980 67 47 24 16

December 1980 141 34 50 31

January 1981 85 43 58 23

February 1981 103 35 14 24

March 1981 90 23 46 19

April 1981 122 26 75 27

May 1981 324 248 178 104

June 1981 126 133 41 32

Annual Totals

4/80 - 3/81 1619 818 679 409

7/80 - 6/81 1522 911 685 408
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overgrazing, further reducing infiltration and storage capacity of the

soils. Comparison of monthly rainfall and discharge data reflect the

limited soil moisture storage capacity. Rapid reductions in Amina

river discharge from May to June and in Mao river discharge from June

to July indicate that most of the surface and subsurface runoff

reaches the main rivers soon after major storm events.

Rapid runoff of rainfall represents a loss-of useful water for

upland agriculture and for downstream industrial, domestic and

irrigation uses. This same phenomenon increases the sediment delivery

efficiency of streams and contributes to high flood peaks and

floodplain damage downstream.

Subwatershed Analyses

The subwatersheds within the larger basins do not contribute

equally to river discharge and sediment load. The linear regression

of rainfall rates in each subwatershed on discharge and sediment

transport’'- in the respective larger watersheds shows a wide variation

2
in the R value between subwatersheds (Table 5). It is the variation

in relative strength of relationship between subwatersheds that is

most important to note. The proportion of explained variation is low

for all cases, since same-day rainfall on each subwatershed is only

one of many factors that determine river discharge. Comparison of the

2
R values indicates which subareas contribute most to the effects

observed downstream.

All of the variables tested were Poisson distributed and were log-
transformed (In) for the regression analyses.
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Table 5. R values for regression analyses of subwatershed rainfall
vs. river discharge and sediment load.

Subwatershed Rainfall Area

R : Rainfall
vs. Discharge

R^: Rainfall
vs. Sediment Load

_1
mm year km^

Amina River

A3 1227 70.0 0.09 0.09

A4 1473 110.6 0.06 0.10

A5 1719 156.9 0.10 0.05

MclO River

M1 1240 95.6 0.02 0.24

M2 1268 126.9 0. 07 0.21

M3 1268 103.1 0.07 0.28

M4 1598 116.9 0.06 0.02

M5 1598 98.1 0.06 0.02

1598 96.9 0.06 0.04
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Amina

The summary of results in Table 5 shows differential

contributions by subwatershed to river discharge and sediment

transport in the Amina River. The daily rainfall in subwatersheds A^
and A^ consistently show a higher correlation than A<- with average

sediment concentration, maximum sediment concentration, and sediment

2
transport. By contrast, A^ (forested) has the highest R value for
rainfall versus Amina River discharge. This indicates that A

contributes more to discharge and less to sediment load than either A^
or A^. The larger size, rugged topography and higher rainfall in A
(Table 5) could easily account for the stronger relationship to river

discharge. The contributions of A^ and A^ to the sediment load, by
contrast, are best explained by land use. Both areas are largely

deforested. A^ has a high proportion of land in food crops and
pasture land and A^ is planted to coffee in the upper reaches with
extensive tracts of pasture and food crops in the downstream portion.

The lower rainfall and gentler topography in A^ and A^ suggest that
land use is the major factor contributing to variation of sediment

load contribution by subwatershed.

These preliminary analyses point to A^ as the subwatershed that
contributes most to sediment load. This is consistent with the

observations of project staff and survey participants who identified

the Inoa watershed (A ) as the area most disturbed by deforestation

within the larger Amina watershed. An increasingly erratic

fluctuation of river stage and higher sediment loads have been

observed during the last 20 years.
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Mao

The relationship between Mao River discharge and rainfall on the

respective subwatersheds is relatively uniform (Table 5). While the

upland watersheds (M^, M^, and M^) receive the highest rainfall and

have a higher average slope, daily rainfall in M^ and M^ shows an

equivalent or slightly stronger relationship to river discharge. The

larger size of the M^ and M^ watersheds probably accounts for this.
The results for M^ are distinct in part because it includes the
influence of the Mao (Station 5) rainfall data. This is based on the

Thiessen polygon distribution and reflects a transition from humid to

dry subtropical forest zones.

2
The R values for rainfall versus Mao sediment transport suggest

a high contribution from M^, M^, and M . These watersheds have lower
annual rainfall and have higher monthly maxima for May than the upland

areas. The first intense spring rains on freshly cleaved and tilled

soil have the greatest erosion potential. This same area has

extensive tracts of pasture and annual crops for both commercial and

subsistence production. The lower three are covered primarily in a

pasture-palms-fíeld crop association that includes commercial

production of bitter manioc (Manihot spp.), peanut (Arachis hypogaea),

tobacco (Nicotina tabacum), sisal (Agave spp.) and thatch and baskets

for lowland markets. Land cover in the upper three areas includes

forest, pasture, and subsistence agriculture (usually small slash and

burn plots).

However, the extent to which the difference can be attributed to

land use is limited by another consideration. Sediment delivery ratio
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decreases with distance, so at least part of the effect can be

attributed to distance. On the other hand, the distance between

, 2
and does not warrant the order of magnitude difference in R

values. Moreover, M , the farthest upstream, actually has a higher

value than and M^. The most striking contrast between the two
groups (M M_, M_., and M., Mr, M-) is in land use.IZÓ Abb

The M subwatershed shows the greatest relationship between

rainfall and sediment load in spite of its relatively small size. In

addition, this area will contribute sediment most directly to the

proposed dam. For these reasons it will receive priority for more

detailed analyses.

Comparison of land use, rainfall, and sediment delivery set

priorities by subwatershed for further research, extension and land

reclamation projects. Such indicators are useful where sediment

concentration and discharge data are not available for subunits of

larger river basins. Results of these analyses are presented to

identify areas of critical concern. Causes of variation between

subwatersheds are suggested.

In both cases daily rainfall on the separate subwatersheds and on

all of the watersheds combined explains less than 12% of the variation

in daily river discharge (Table 5). These same-day comparisons mainly

show the role of rapid storm runoff from various subareas in

determining the river discharge and sediment load. This simple linear

model of daily variation does not account for prior conditions of

discharge, sediment deposition, or sediment concentration in the

rivers, nor does it deal with gradual runoff by gravity flow from
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hillslope soil moisture storage. Non-linear models and/or linear

models applied to longer time periods could better explain the

interactions and contributions not directly attributable to rapid

storm runoff. However, the variable contributions of rapid storm

runoff from the subwatersheds was a useful indicator for the purposes

mentioned above.

-Relationships between land use, discharge and sedimentation are

best discussed in more detail, and on a firmer basis, after a review

of the results from studies in small watersheds and erosion plots.

Further discussion of the river studies focuses on the results of

sediment concentration measurements, the relationships of river stage,

discharge and sediment concentration, and the prediction of

sedimentation rates in proposed dams on the Mao and Amina Rivers.

Sediment Concentration and Sediment Rating Curves for Amina and Mao
Rivers

The changing color of river discharge with the source and

magnitude of upstream storm events is observable in both watersheds.

Local residents at river crossings and in river-bank settlements note

the variation in stage and color and comment upon these as upon other

elements of the weather that enter into daily conversation.

Quantitative data from other areas (Gregory and Walling, 1973; Rapp,

1977; USDA, 1979) confirm the observation that sediment concentration

(related to color) changes with river discharge (observable at river

stage). The regularity and quantitative predictors of that variation,

however, are more difficult to discern.

During the study both rivers were observed and sampled regularly

under conditions ranging from clear water and low flow in March to the
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nearly opaque, brown, debris-laden waters of flash flood peaks in May.

The sediment concentrations in both rivers were very regular during

dry weather. Suspended sediment concentrations in Mao during March of

1980 and 1981 ranged from 0.01 to 0.20 g L ^ (see Appendix E).

Concentrations for the Amina under dry weather, low flood conditions

were between 0.02 and 0.10 (see Appendix E). These findings are

consistent with results reported for streams draining forested

watersheds in the southeastern United States, where average sediment

concentrations ranged from 0.02 to 0.20 g L ^ (Duffy et al., 1978;

Reikerk et al., 1979; Switzer and Nelson, 1972).

The maximum concentrations measured for Mao River were 11.04 g

-1 -1
L in May 1980 and 2.9 g L in May 1981. The peak concentration for

the Amina was 3.5 g L \ These concentrations are consistent with

rising stage flood flow sediment concentrations of 2.0 to 3.5 g L ^
reported for the Morogoro River in Tanzania. The Morogoro catchment

is much smaller but is located in an area of similar topography and

land use.

Total sediment transport rather than concentration varies with

discharge (e.g., Likens et al., 1977). Sediment concentration is

especially likely to be uniform in areas where fluctuation in river

stage is gradual and the range of variation is relatively narrow.

However, in areas where river stage (and therefore velocity) varies

abruptly over a wide range, the sediment-carrying capacity of the

river also changes dramatically over a short time (Gregory and

Walling, 1973). If the available sediment from runoff and in channel

deposits is sufficient, then suspended sediment concentrations may
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climb rapidly with the rising stage of the river and decrease

accordingly with the falling stage. Moreover, in wide, shallow river

beds the increased turbulence during the initial phase of the rising

stage may bring much of what is normally bedload into pseudo¬

suspension, moving it more quickly than usual to points downstream.

This portion of the total sediment load, or part of it, also may be

measured as suspended sediment in samples from medium and lower depths

in the cross-section.

Both the Amina and Mao Rivers demonstrated a sharp rise in

sediment concentration with the rising stage, in some cases showing

peak concentration prior to the flood peak (Fig. 29). The latter

phenomenon is probably an example of pseudo-suspension induced by

turbulence, which decreases somewhat as the stage continues to rise.

The rising stage concentration generally is higher than the falling

stage concentration for the same level. This may be explained by the

greater turbulence and velocity of the rising stage (Herschy, 1978)

and by the availability of different types of sediment for suspension

and transport at the onset versus the recession of a flood (Rapp,

1977) .

The derivation of a stage concentration curve for general

application requires a larger number of samples from a broad range of

conditions. Simple linear regression analysis of stage versus the

natural logarithm of sediment concentration for all sample days

provided a quantitative measure of the nature and degree of the

underlying general relationship between stage and concentration.
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Fig. 29. Time series of sediment concentrations during selected
flood events.
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Several combinations of variables were tested. Average daily

discharge rates, morning, evening, and floodpeak stage recordings (at

the hydrometric station), and stage readings from the bridge at time

of sampling were all used as independent variables to explain sediment

transport (tons day 1), average sediment concentration (g L ^) and

maximum sediment concentration (Table 6). The regression of stage

reading at sampling time on average sediment concentration explained

the largest portion of the variance.

The morning and evening stage readings are not adequate

indicators of stage at sampling time. Average daily discharge is

derived from these readings, so it also fails to account for within-

day variation of stage. River stage at sampling time, by contrast,

accounts for 38% of the variation in average sediment concentration

(mean concentration per sample set) in the Mao River, and the same

variable explains 21% of the variation in sediment concentration in

2
the Amina River. Higher R values and F-values for daily sediment

discharge and river stage at time of sampling (Table 6) are

misleading, since sediment transport is derived by multiplying the

average sediment concentration by average daily discharge. The

discharge in turn is derived from morning and evening stage

measurements. The 70 and 43% explained variations in sediment

concentration for Mao and Amina, respectively, are partially artifacts

of autocorrelation. The clearest and most straightforward

relationship that emerges from the analyses is the one first cited

above. The resultant equations for the two rivers are given below.

Amina:

C =
s

e
(-0.0154 x L ) + 1.0218)

(1)



 



Table6.Summaryofregressionanalysesofriverdischargeandsedimentconcentration. Y

X

n

2

R

Ft

AminaRiver L

n

(averagesedimentconcentration)
Riverlevel

41

.21

10.62**

L

n

(averagesedimentconcentration)
L(dailydischarge) n
41

.19

9.24**

L

n

(sedimentdischarge)

Riverlevel

41

.43

29.32***

L

n

(sedimentdischarge)

(dailydischarge)
41

.59

56.05****

L

n

(sedimentconcentrationmaximum)
Riverlevel

51

.12

6.68*

L

n

(sedimentconcentrationmaximum)
(dailydischarge)
51

.16

9.06**

Mao

River
L

n

(averagesedimentconcentration)
Riverlevel

39

.38

22.43****

L

n

(averagesedimentconcentration)
L(dailydischarge) n
43

.24

12.92***

L

n

(sedimentdischarge)

Riverlevel

43

.69

93.11****

L

n

(sedimentdischarge)

(dailydischarge)
43

.69

93.11****

L

n

(sedimentconcentrationmaximum)
Riverlevel

55

.32

24.73****

L

n

(sedimentconcentrationmaximum)
(dailydischarge)
66

.10

6.97**

^Thesignificancelevelofthemodel 0.001,and****for0.0001.
isindicatedby*for0.
05,**
for0.01,
***for
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where Cis average sediment concentration (g la ^ ), and (cm) is

stage measured at the bridge as distance from the reference point to

the water surface.

Mao:

r (-0.1423 x L ) + 0.1601= e f . (2)

The equations are both significant to the 0.005 level and can be

used to predict sediment concentration and to derive sediment

transport estimates based on the available stage readings for both

rivers. The best predictions will be obtained with continuous stage

recordings from continuous monitors. Such data are available at times

for the Mao River. It is strongly recommended that maintenance of the

continuous monitor be improved at Mao and that a similar instrument be

placed at the Amina station. However, the equation can also apply to

the morning and evening spot readings. The resultant sediment

concentration predictions simply will have the same inherent

limitations as the current discharge calculations routinely based on

the stage readings. In the absence of such continuous data the total

annual sediment transport for the study period was calculated on the

basis of the twice daily stage readings. These were converted to L

equivalent values by the following equations for Mao and Amina,

respectively.

L = (L - 2.559)/-0.0150 (Mao) (3)
Jl X

and

Lf = (Lx ~ 2.471 )/-0.0097 (Amina) (4)
where is the stage reading at the gauge for morning, evening or

floodpeak recordings. Daily sediment transport was calculated by
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multiplying the average sediment concentration (C ) given in the
s

3
previous equations (1, 2) by total daily discharge (Q) (m ). The

latter is derived from stage recordings (L ) by the following series

of equations:

If L < 0.54, then Q - lo<C(1°»loV + 1-°«/0.674)
X

^ ^ „ r„ „ ^ ^ „ ._{C(log,-L ) + 0.8243/0.487}If L > 0.54 and < 1.21, then Q = 10 ^10 x
x

^ ^ ^ {[(log L ) + 1.28883/0.727}If L ^ 1.21, then Q = 10 ^10 x
x

for the Mao.

s ~ ^ . _{[(log, _L ) + 0.3473/0.201}If L < 0.64, then Q = 10 y10 x
x

It ^ . , ,r „ . _{C (log. -L ) + 0.4173/0.303}If L > 0.64 and < 1.15, then Q = 10 ^10 x
x

T, T >> , ,c {C (log L ) + 0.5473/0.402}If L ^ 1.15, then Q = 10 10 x
X

(5)

(6)

(7)

(8)

(9)

(10)

The estimates of total sediment transport given by the above

equations (5-10) represent conservative predictions (Table 7) because

they do not include the multiplicative effect of high discharge and

high sediment concentrations during short-lived flood events. The

additional estimate of peak one-hour sediment transport during floods

increased the predicted annual sediment yield by greater than 10% in

all cases.

The sedimentation rate of the dam to be built on the Mao River

will exceed the reported rate of 190,000 tons yr 1 for the Tavera Dam.

The useful life of the latter is expected to be severely curtailed by

sedimentation problems. The calculated rate indicates a need for

immediate action to avoid repetition of the Tavera case. The

197,888 tons yr-1 calculated yield for 1980 (without flood peaks)

includes the high rainfall and discharge rates for May of that year.



 



Table7.SedimenttransportinMaoandAminaRivers.t Month

Year

MaoRiver

AminaRiver

Sediment transport

Sedimenttransport duringpeakhour offlood

Sediment transport

Sedimenttransport duringpeakhour offlood

tons

April

1980

1,772

499

May

1980

45,596

7,971

14,370

13,218

June

1980

40,651

1,684

3,431

0

July

1980

17,477

1,341

1,044

0

August

1980

13,358

1,298

3,745

0

September

1980

18,134

3,442

3,389

0

October

1980

24,402

4,473

5,646

1,205

November

1980

8,966

528

1,029

0

December

1980

5,981

259

2,882

314

January

1981

8,820

108

1,905

0

February

1981

6,958

654

2,185

0

March

1981

3,545

45

1,966

346

April

1981

4,901

509

2,993

836,47lt

May

1981

110,683

15,964

17,853

4,944

June

1981

45,961

2,889

2,422

0

AnnualTotals 4/80-3/81

193,888

21,803

43,364

15,236

7/80-6/81

269,186

31,510

47,059

843,280§

fCalculatedsedimenttransportbasedonpreviouslycitedriverstage/sedimentconcentration regressionequationsfrom41daysofdataandover60individualdatapoints. $Seetext—valueadjustedto23,000. §6,809tonsplussingleflood.



 



159

However, even if the peak month was removed the total would exceed

150,000 tons. A preliminary analysis combined the continuous stage

recordings for the Mao in 1977 and the sediment concentration data

from March through May of 1980. The estimate of sediment yield

derived from these indices (Rocheleau, 1981) very closely approximates

the final results of the study. Annual sediment yield was estimated

at 3.0 tons ha ^ for the Mao watershed, with a total sediment load of

200,015 tons yr ^ transported past the sampling site (Table 8).

The Amina River sedimentation rate is approximately 22% of the

rate for the Mao. The monthly sediment transport values generally are

more uniform, but the rare flood peaks in May can radically alter the

totals. Flood peak contributions are more important for the Amina

than for the Mao, but the frequency of occurrence is much less. The

real effect of the extreme events is difficult to predict accurately

because the stage discharge curves and equations (INDRHI, 1981) are

not calibrated for the upper range of the scale. The sediment

transport value for 28 Apr. 1981 is an example of this problem. The

flood was determined to have a return period of at least 50 years,

having exceeded the flood stages from the 1979 hurricanes and every

other event witnessed by residents for the past 60 years. While very

high discharge and sediment concentrations are to be expected for such

an event, the discharge rate of 1800 m^ sec ^ and the sediment

concentration of 135 g L 1 exaggerated the estimate of sediment

transport. A reduction of the sediment concentration by a factor of

approximately 10 (to the maximum of 11 g L 1 recorded during the

3 -1
study) and a decrease in discharge by a factor of 3 (to 600 m sec )
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Table 8. Sedimentation in the Mao River basin estimated from May
1980 measurements.

Annual Average Base Flow Flood Stage (>30 cm)*

Discharge 19.4 m^/sec 3
c10 m /sec

3
peak - 500 m /sec
sustained for days -

100 mVsec

Sediment
concentration

0.006 g/Z
->2.000 g/Z

~0.022 g/Z 1000->2000 g/Z

Volume of
sediment transport

200,015 t/yr 3330 151,373 t/yr

Sediment concentration

per unit area

3 t/ha/yr 0.05 t/ha/yr 2.26 t/ha/yr

*Refers to flood stages substantially above baseflow levels, as
recorded at INDRHI station.
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would reduce the sediment transport to approximately half of the

annual total which is at least plausible for a 50-year flood.

The severity of sedimentation problems in the proposed dam on the

Amina will depend upon the storage capacity of the dam and also on the

occurrence of extreme events such as the one discussed above. The

addition of the latter to the annual total would bring the sediment

transport to 74,900 tons for 1981. The importance of accounting for

such occurrences has been demonstrated in the case of the Valdesia Dam

which was choked with sediment by the runoff from Hurricanes David and

Frederick in 1979 and required dredging to resume operation. The

sediment load in the Tavera Dam also was substantially increased by

sediments transported during the same flood events. A large

proportion of the sediments transported during such events are re¬

suspended from channel deposits. They represent the cumulative

deposition of prior erosion. For this portion of total sediment yield

the best treatment is a reduction in the amount and discharge rate of

storm runoff and/or the construction of upstream barriers to keep

subwatershed sediment yield from entering the main stream and reaching

the dam. The reduction of the normal sediment yield is better

accomplished by changes in land use and practices upstream, starting

in the watersheds of critical concern identified earlier.

The average sediment yield of the large watersheds gives some

basis for subsequent comparison within and between watersheds. The

sediment yield for Amina is lower than for Mao by a factor of 2.4

(Table 9). The values of 3.1 and 1.3 tons ha 1 yr 1 exceed the

reported yields for forested watersheds in the U.S. (Table A-2) with
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Table 9. Water and sediment yields estimated from 1980 and 1981
data.

Mao River Amina River

Total discharge (m yr )
3 -1 -1

Water yield (m ha yr )

Sediment transport (tons yr )

Sediment yield (tons ha 3 yr 3)

818 x 106
13 x 103

197,888.0

3.1

409 x 106
12 x 103

43,363.0

1.3
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the exception of clearcut machine-prepared forest tracts that yielded

20 tons ha 1 yr ^ (Hewlett and Nutter, 1969). The yields in Mao and

Amina also exceed the average yields for grassland (0.85 ton ha 1
yr "*") in the U.S. and the sediment yields for Malaysian watersheds in

vegetable farms (1.0 ton ha ^ yr 1).
The erosion losses reported for similar land use in Africa (Table

A-9) and in Jamaica and Colombia (Table A-7) range from 5 to 125 tons

ha 1 yr 1 for grasslands and crops (Lai, 1977a; Okigbo, 1977; Temple,

1972; Sheng, 1973) and from 0.6 to 40 tons ha ^ yr ^ in coffee and tea

plantations (Table A-10) (Lai, 1977a; Suarez de Castro and Rodriguez,

1955). A sediment delivery ratio of 10% applied to this range of

erosion rates could easily account for the sediment yields in Amina

and Mao.

The results from the Sierra also compare very well with reports

from Tanzania (Rapp, 1977) where sediment yields consistently exceeded

the rates reported for catchments in areas of comparable topography in

the western U.S. (Schumm and Hadley, 1961). The higher rates (2.0

-1-1 2
tons ha yr for a 650 km watershed) in the Tanzanian examples have

been attributed solely to land use but the explanation of the Mao and

Amina yields, as well as the Tanzanian case, is more likely an

interaction of high rainfall intensity during short peak rainfall

periods and a land use pattern that augments both runoff and erosion

. 1
rates.

The high sediment delivery ratio also could be attributed in part to
the unusually high volume of residual channel deposits resulting from
extreme rates of watershed and channel erosion during hurricanes David
and Frederick in 1979.



 



164

The high sediment yields are important to the upland system since

they represent net losses from the resource base for forestry and

agricultural production. The further analyses of the problem rest on

a more detailed study of land use, sedimentation and erosion in small

watersheds and plots located within the subwatersheds targeted for

immediate action.

Study of Small Watersheds

2
The small watershed sites range in size from 1 to 30 km and

represent examples of land use systems dominated by coffee and field

crops, and pasture and field crops, respectively. A brief description

of each site is followed by the results of the detailed land use

analysis and field surveys..

Description of Watersheds in Coffee

Two small watersheds in the upper reaches of the Bajamillo River

(Fig. 30) were compared with each other and with the larger Bajamillo

watershed. The detailed land use analysis was confined to the smaller

watersheds, but general field reconnaissance and map interpretation of

land use included the entire Bajamillo watershed.

The upper Baiamillo miniwatershed (Fig. 30, No. 71) was monitored

at Rincon de Piedras, and Prieto Stream (Fig. 30, No. 64) was

monitored at Carrizal. Both settlements are coffee-producing

communities located at 800-900 m elevation on the slopes of Angola

Mountain (Cerro Angola). There is little variation between the two

watersheds in climate, soil and slope. Land use differs with respect
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Fig. 30. Small watersheds in coffee region.
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to the relative amounts of pasture and cropland, but the percent area

of land in coffee is approximately the same. The physical and land

use characteristics of both sites are summarized and compared with the

other small watersheds in Table 10. The distribution of land use

categories (Figs. 31-33) emphasizes single crops on types of

vegetative cover. However, each mapped unit represents a combination

of uses named for the dominant type in a finely subdivided pattern.

The analysis and calculations of land area (Table 10) accounted for

the proportion of diverse land cover types in each mapped unit.

The larger Bajamillo watershed is included in Table 10, although

the detailed land use analyses were not made at this scale. This

mesoscale watershed includes the association of food crop and pasture

rotations downslope with coffee plantations at higher elevations (Fig.

30). The Bajamillo watershed also contains several settlements and

roads that fall outside the perimeter of the two small watersheds, yet

are important to coffee production within their boundaries.

5
Coffee production in Carrizal and Rincon de Piedras is 1.8 x 10

kg annually. Of this amount, approximately 25% is produced within the

upper Bajamillo (No. 71) and about 30% is grown in the monitored

segment of the Prieto watershed (No. 64). Some of the stands were

established over 60 years ago. The coffee produced in this part of

the Sierra is of the traditional variety, although many growers now

are planting the Brazilian dwarf variety.

Coffee acreage and production are increasing in this area. The

resurgence of coffee production is due to the high international

market prices of 1978 and 1979 and to the extension and credit



 



Table10.Characteristicsofthesmallwatersheds. Stream

Bajamillo

Bajamilloheadwaters
Prieto

Pananao

Hondo

(no.70)

(no.71)

(no.64)

(no.60)

(no.67)

Settlements

RincondePiedras,
RincondePiedras
Carrizal

Pananao

LosMontones/

LasPiedras, Carrizal

SanJose

Area(ha)

2962.5

95.0

187.5t(490.0)
1312.5

1285.0

Averageslope
37%t

43%

48%(42%)

32%

31%

Lifezone

Subtropicalvery
Subtropicalvery
Subtropical

wetforest

wetforest

verywetforest

Landusesystem
Coffee-foodcrops
Coffee-foodcrops
Coffee-food

Pasture-

Pasture-

crops

foodcrops
foodcrops

%Areain: Coffee

20§

39.9

48.4(36.6)

—

—

Plantains^

5

12.9(5.9)

Fieldcrops

30

15.0

20.4(27.4)

15.8

15.7

Pasture

30

30.7

13.8(19.9)

46.4

41.3

Bushfallow

4

9.9

—

19.0

18.6

Forest

10

4.0

4.5(10.2)

18.6

23.2

Roadsand houses

1

0.4

0.5(0.5)

0.5

1.1

Population:# Residents

125

225(625)

1100

1250

Seasonal workers

40

60

—

—

fvaluesinparenthesesrefertolargerPrietowatershedandCarrizalcommunity.Thefirstvaluesreferto themonitoredportiononly.^Estimate.§Thelandusedistributionforno.70wasestimated.Allothers weremeasured.^Referstoplantainsand/orbananas.#Referstowatershedboundaries,nottothepolitical subdivision.IntheupperBajamilloandPrietoonlyapartofthecommunityisincluded.
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Fig 32 Land use in the larger Prieto watershed



 



CROPS
as

FOREST
V'VPASTURE sa ¿fi¿ll?&vCOFFEE BUSH-FALLOW

0

500

1000

1

.1

»

1

Meters

t

Fig.33.LanduseintheUpperBajamillowatershed.

170



 



171

programs of Plan Sierra. Nurseries at Rincon de Piedras, Carrizal and

Las Piedras produce over 1,000,000 coffee plants annually for sale to

local growers. While fruit and wood producing trees also are grown,

coffee production has predominated at these nurseries, and coffee

growers have been the major clients of the related special credit

programs.

A major goal of Plan Sierra is to change the current land use

distribution (Table 10). The policy developed for Carrizal, Rincon de

Piedras and similar areas has focused on increasing the proportion of

land area planted to coffee. The latter is motivated by the double

objective of economic development and watershed protection. The

further description and analysis of the two small watersheds and the

larger Bajamillo watershed explore the socioeconomic and ecological

aspects of existing coffee production and related land uses within

these nested study areas. A conceptual model of the land use system

(Figs. 34 and 35) illustrates the functional relationships- between

different types of land cover in the watershed. The feasibility and

advisability of proposed land use changes in these areas are discussed

in this context. Carrizal (Prieto stream) serves as the main example,

while Rincon de Piedras is a replicate case that confirms or

supplements information from Carrizal.

Biophysical characteristics

The watershed appears to be forested from a distance because of

the broadleaf canopy provided by shade trees in the coffee stands. At

closer range, the steep slopes (about 45%) still appear to be well
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Fig. 34. System model of small watershed in coffee region.
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Fig.35.Landusemodelforwatershedmodelofcoffee producingregion.
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protected by the combination of litter, live ground cover, coffee

plants and leguminous shade trees. Many of the stands in Carrizal are

old and well established, which explains their forest-like structure.

In the newer stands, however, the red-brown sandy clay soils are

exposed. Visible signs of erosion, such as rills and gullies, are

apparent. This is more pronounced in the numerous plots of field

crops along the road, in the cleared dirt surfaces around the houses,

and on the roads themselves.

Soils generally are very stony .and difficult to break and till.

Reports indicate that fertility is not a problem in coffee stands.

Coffee and other tree crops appear healthy and residents describe

yields as adequate to good by regional standards. Field crops vary

more in terms of yield and condition, both from one plot to another

and from one year to the next. Given the rainfall, solar insolation,

temperature and soil characteristics of the site, plantains and

bananas fare better than annuals and constitute the staple foods in

this area.

Observation of the downstream portions of both small streams

during flood events revealed much higher sediment loads in the runoff

draining the settlement and its access roads than in runoff from the

coffee stands. Gullies along the roadsides drain into the Prieto

stream and the Baiamillo River at crossings along the approach road to

Carrizal (Fig. 30). In both cases, extensive deposits of sediments

matching the roadbed material have built up at the mouths of the road

drains and gullies. These deposits later are resuspended during heavy

floods and contribute to the scouring capacity and the sediment load

of the Bajamillo.
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The Prieto stream channel cross-section is narrow and "U" shaped,

and the longitudinal profile is quite steep (about 30-40% slope). The

stream bed is covered with boulders and worn, rounded rocks

(metamorphic) of 5 cm to 0.5 m in diameter. The stream banks

generally are more exposed than in natural riparian forests because

natural ground cover has been removed to the waterline, where

possible, in favor of coffee trees. ‘This contributed to rapid runoff

and increased scouring capacity of the stream.

Inspection of the upstream portion of the Prieto channel showed

some effect from footpaths along the streambanks but very little

deposition was apparent. The Bajamillo upstream of Rincon de Piedras

is similar to Prieto stream. Channel erosion and deposition of

sediments in the streambed are more apparent, but the characteristics

and distribution of streamflow are similar.

The headwaters of both streams normally are clear and are sources

of community drinking water. During the field survey, Rincon de

Piedras residents reported changes in color and sediment load in

Bajamillo stream following clearing, burning, and herbicide

applications in upstream plots recently planted to coffee by one of

the large landholders. The perceived threat to the water supply

provoked a formal protest by the community to the president,

demonstrating awareness of■the relationships between land use and soil

and water quality within the small watershed unit. The incident also

illustrated the need to combine resource management with agricultural

extension. Widespread application of herbicides was promoted at the

plot level by agricultural extension personnel without regard for

water management criteria at the small watershed scale.
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While the two small upland watersheds in coffee yielded a fairly

regular discharge of clear water upstream of the settlements, the

associated settlements and roads substantially increased flood peaks

and sediment discharge in the lower reaches of these streams. They

also contributed to disturbance of the river regime and the high

sediment load of the lower Bajamillo. This illustrates the difference

between streams draining coffee stands and those draining whole coffee

production areas. In the latter case, coffee production affects

runoff and erosion indirectly through the impact of market roads,

settlements, and related food production plots. As a result, the

Bajamillo resembles streams draining more intensively cultivated

watersheds in pastures and food crops.

While the upper Bajamillo and Prieto channels showed little

evidence of flood peaks beyond 1.5 m above the river bed (see Appendix

F), the channel erosion features and debris in the lower Bajamillo

indicated the recent occurrence of flood stages up to 3 m above the

usual base flow level. Sediment deposits ranging in texture from fine

to coarse sand were up to 10 cm deep in places along the stream

channel and floodplain.

Socioeconomic characteristics

Some aspects of economic interactions in the study area are

clearly expressed in the landscape by land use and land tenure. The

landholdings in Carrizal are dominated by two families that hold

approximately 50% of the land. The family with the largest

landholdings produces coffee as well as staples for the household and
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the coffee workers. On the same holdings they also produce food crops

for sale to neighboring families, beef cattle for sale to lowland

markets (Santiago), and teams of oxen for household use and for hire

throughout the larger Bajamillo watershed. Aside from the holdings in

Carrizal, various members of the immediate family own and maintain

coffee, pasture and food crop plots in adjacent watersheds and in the

drier areas at lower elevation just downstream from the Prieto

watershed.

Most of the coffee produced within the watershed and on the first

family's other holdings is processed at its depulping and drying

facility. The beans are sold whole and dried by the sack to

commercial buyers and exporters in the lowland urban markets. The

owners of the driers and trucks have first priority for processing,

transporting and marketing of their own harvests. Then the harvests

of nearby smallholders are purchased according to what the market

demands. At Rincon de Piedras the proportion of small and middle

range landholders contributing to the commercial processing facility

is larger.

In years when the prices are very low the large growers may not

even harvest the crop. If the harvest brings a net loss or even a low

profit, the larger growers sell more of their cattle to maintain cash

flow in the household.

Most of the households of the medium and large growers have

family members in New York. The major landholders have invested in

establishing their emigrant children in New York. The emigrants, in

turn, send remittance money to their families. Subsequent local



 



178

reinvestment is usually for home improvements, consumer goods,

vehicles, land, cattle, or establishing a local business. The money,

as a rule, is not channelled into increased coffee or food crop

production. The net result, as documented in Juncalito (located in

the upper Bao watershed), has been a decrease in food production and

an increase in the proportion of land held in pasture (Pessar, 1981).

Purchase of new lands with remittances is more often for speculation

than for increased production.

The effect of this change on the landless and small landholders

is a decrease in local employment opportunities (on food crop plots in

large landholdings), an increase in staple food prices, and an

increase in consumption of foods imported from the lowlands by local

entrepreneurs. This depression of food and forest production in favor

of pasture is reflected in Rincon de Piedras where a large percentage

of the land is in pasture and bush (Table 11). Carrizal has been less

affected because the head of household from the largest landholding

resides more than half-time in the area and continues to manage the

food crop plots as an integral part of his holdings.

Many of the residents work on larger landholdings as

sharecroppers, coffee harvesters, or day laborers. Seasonal migrant

farm workers also come to the area to work at harvest time. They

include residents of lowland areas nearby as well as jobless people

from the cane fields in the more distant lowlands.

Most of the residents produce some staples, especially plantains,

in small plots and depend upon wood and charcoal for cooking, light

and heat. The latter is a minor consideration in the Sierra, but is



 



Table11.Physicalcharacteristicsoferosion
plotsites.

Plotnumber

80

81

82

83

Site

Carrizal

Carrizal

LosMontones

LosMontones

Slope(%)

35

37.9

44.0

46.5

SoilClassification

Tropudalf

Eutropept

Troporthent

Troporthent

SoilTexture SoilFertility

Siltyloam

Siltyloam

Sandyloam

Sandyloam

%N

0.30

0.09

0.31

0.31

%OM

6.02

1.82

6.16

6.16

Infiltrationf

4.6

3.5

20.7

20.7

VegetativeCover ConservationPractice
Established coffeej

Newcoffee

Pigeonpea§ Sweetpotato^ Hillsideditches
Pigeonpea Sweetpotato Hillsideditches Minimumtillage

fAmountincminfiltratedduringfirsthour.Totalsincludelateralleakagefromsoiltestcolumnandare intendedasrelativemeasuresofinfiltrationcapacity. |Coffeaarabica. §Cajanuscajanus. Impomeahypogaea.
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Table11.—Continued Plotnumber

84

85

86

87

Site

LosMontones

LosMontones

LosMontones

LosMontones

Slope(%)

34.3

34.3

25.5

34.0

SoilClassification

Troporthent

Troporthent

Troporthent

Eutropept

SoilTexture SoilFertility

Sandyloam

Sandyloam

Loamysand

Sandyloam

%N

0.29

0.29

0.29

0.29

%OM

5.86

5.86

5.86

5.90

Infiltration

36.6

36.6

10.9 Pasture

48.5

VegetativeCover ConservationPractice

tÍ
Manioc,Corn Redbeans^ Hillsideditches
Manioc,Corn Redbeans

Pineforest

fManihotspp. $ZeamaysL. §Pangola. flPinusoccidentalis. #Phaseolusvulgaris.



 



Table11.—Continued. PlotNumber

88

Site

LosMontones

Slope(%)

28.0

SoilClassification

Eutropept

SoilTexture

Sandyloam

SoilFeritlity %N %OM

0.18 3.50

Infiltration

53.5

VegetativeCover

Pineforest

ConservationPractice tAgavespp

89

91

92

LosMontones

Pananao

Pananao

25.5

34.0

32.0

Troporthent

Troporthent

Troporthent

Sandyloam

Loam

Loam

0.15

0.15

0.20

2.94

3.02

3.98

8.63

11.6

7.6

Pasture

Sisalt,Sweet

Sisal

potato

181



 



Table11.—Continued. PlotNumber

93

94

95

96

Site

Pananao

Pananao

Pananao

ElRubiof

Slope(%)

35.0

31.0

39.0

30.0

SoilClassification

Troporthent

Troporthent

Troporthent

Troporthent

SoilTexture

Loam

Loam

Sandyloam

Sandyloam

SoilFertility %N

0.26

0.17

0.30

0.16

%OM

5.18

3.36

6.02

3.22

Infiltration

24.5

24.5

37.3

2.5

VegetativeCover

Pasture

Pasture

Manioc

Pineforest

ConservationPractice fThisnearbysiteservesasaforestsurrogateforPananaosincenosuitableforestedareasremainedin Pananao.
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more important in this cool, wet region. Kerosene is used also for

lighting, but more sparingly. Most of the household energy needs are

met by firewood gathered from nearby riparian forests, coffee stands

and more distant patches of pine forest. Charcoal is more expensive

and is used primarily in the larger towns or by the most well-to-do of

the families in areas such as Rincon de Piedras and Carrizal.

3
Assuming an average of 1 m per person per year, the Prieto watershed

must produce 225 m^ of firewood per year.

Electricity is generated by a small waterwheel and generator

installed on Prieto stream. This equipment recently replaced a diesel

generator that became too expensive to run due to high fuel costs.

Power from the Carrizal installation may be extended to other homes

and stores in the near future. However, it currently serves the

residence and store of the major landowner. This unit was the only

functioning hydroelectric installation in the region, but has sparked

the interest of other landholders (individuals and groups) situated in

similar terrain.

Description of Small Watersheds in Pasture and Food Crops

Pananao and Hondo streams drain areas of similar size and land

use within the lower altitudinal strata of the central subregion.

Pananao drains into the Mao River and Hondo feeds the Inoa River,

which empties into the Amina (Fig. 16). The predominant land uses are

pasture and field crop production (Figs. 36 and 37), although the

emphasis is quite different in the two cases. Both areas are more

recently settled than Carrizal and Rincon de Piedras, and both have
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Fig. 37. Land use in Pananao watershed
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gone through a 20-year cycle of deforestation, slash and burn

agriculture, bush fallow agriculture and establishment of pasture and

small food crop plots under permanent or almost permanent cultivation

(Table 10). The functional aspects of the current land use system are

illustrated in Figs. 38 and 39.

Biophysical characteristics

The erosion features along the banks of both streams indicated a

relatively wide range of floods stages (see Appendix B). The channels

exhibited a high rate of sediment deposition, ranging from fine and

medium textured sands at Pananao to coarse sand in the Hondo channel

and floodplain. The deposits reached 10 cm in thickness in some

reaches of both streams. Interviews with residents indicated that

both streams rise and fall very rapidly, after spring and autumn

rains. The spring flood events are flash floods that last from 0.5 -

2 hours, leaving large deposits of relatively coarse sediments in the

lower reaches of the channel. Both streams rise to peak annual flood

stages up to 2 m above the normal baseflow, with ten-fold and higher

increments in discharge.

Residents at both sites pointed out that water quality and stage

fluctuation have changed considerably over the years. Most families

in Pananao send the children on burros to fetch water at other,

cleaner streams. They travel up to 5 km from their homes rather than

use the poorer quality water from nearby Pananao stream. When the

valley was first settled the Pananao provided drinking quality water.

The change in quality is probably a combined effect of polluted runoff
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Fig. 38. System model of small watershed i,n pasture-field crop association.



 



Fig.39.Landusemodelofsmallwatershedmodelofpastures-fieldcropsassociation.
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from the settlements (Fig. 40) and sediment deposits from deforested

croplands. The same is true of Hondo stream to a lesser extent, since

settlements are clustered on the ridges (Fig. 41).

Socioeconomic characteristics

Both watersheds, to varying degrees, reflect the influence of the

shift from subsistence to commercial production, and show the impact

of emigration and land speculation. The latter is evident in the high

proportion of land in pasture (Table 10, Figs. 36 and 37) held by non¬

residents or part-time residents with homes in Santo Domingo and New

York. The watershed of Hondo stream is affected primarily by a

combination of subsistence farming, large tracts of overgrazed

pasture, and small plots planted to manioc, beans, corn, and pigeon

peas for sale in local and regional markets. Most of the remaining

forest tracts are owned by large landholders from Santiago who hold

pasture and forest land for speculation and/or as family vacation

homes.

Pananao has been characterized by smallholder commercial

production of cash crops, food crops, dairy products and finished

products for regional and lowland markets (Figs. 37 and 38).

Dependence on the production of tobacco, peanuts, and bitter manioc

has carried the community through boom and bust cycles over the last

30 years. Farmers are plagued by highly unpredictable rainfall and

price fluctuations. Soil depletion and destabilization by tobacco and

peanut cultivation and by deforestation also have contributed to

decreasing yields and declining quality of produce.
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Fig. 40. Pananao watershed.



 



Fig.41.Hondowatershed.
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The large landholders own tracts of land in pasture rather than

coffee. Like Carrizal, much of the money for expansion of previously

medium to large landholdings has come from remittance income and later

from investments in local business (stores) or from diversified local

production initially financed by remittance (Georges, 1981; Martinez,

1981).

The full-time residents at Pananao supplement cash income and

subsistence goods from agricultural production with day labor outside

the community. The large landholders also maintain tracts of owned or

rented pasture in nearby areas with more humid microclimates.

Sediment Transport in Small Watersheds

The concentration of stream discharge sampled in the five

-1 -1
watersheds varied from 0.80 g L to more than 200 g L

Concentrations during spring floods often ranged from 10 to 100 g L .

Similar concentrations were reported by Rapp (1977) for semiarid

catchments in Tanzania. The nature of the sampling apparatus limited

regular samples to flood events. The transport of sediments in these

watersheds is episodic and the samples measured infrequent but

significant contributions to the sediment load in the respective

larger rivers.

The discharge, sediment concentration, sediment transport, water

yield and sediment yield associated with each sampled event in all

five watersheds are given in Appendix F. The discharge, sediment

concentration, sediment transport, water yield and sediment yield for

low flow conditions are peak flood events for each watershed are

listed in Tables 12, 13, and 14.



 



Table12.Sedimenttransportinfivewatersheds Averagelow- flowsediment
Sedimenttransport underlow-flow

Estimateof sedimenttransport

Watershed
Area

Baseflow

concentration
conditions

Stormrunoff
forpeak
flood

ha

-1~

myr

-1

gL

tonsyr*1
tonsha1yr^

3

m

yr

-1

tons

tonsha

Prieto

187.5

2.52x106

0.14

353

1.9

1.10

x

10s

286

1.5

(#64) Upper

5

*

Bajamillo
95.0

1.14x10

0.15

171

1.8

0.62

X

10

76

0.8

(#71)

•

Hondo

1285.0

4.10x106

0.13

533

0.4

4.73

X

io5

875

0.7

(#67) Pananao

1312.5

3.78x106

0.14

529

0.4

7.41

X

105

1465

1.1

(#60) Bajamillo2962.5 (#70)

22.39x106

0.20

4478

1.5

17.31x105
4090

1.4



 



Table13.Dischargeratesmeasuredforlowflowconditionsinsmallwatersheds WatershedAreaRainfallDischargerate ha

-1

mmyr

total

peri
unitarea

Prieto(#64)

187.5

1719

0.08

3

m

-1

sec

4

X

io4

3~K~l
msecha

UpperBajamillo(#71)
95.0

1719

0.04

3

m

-1

sec

4

X

o

I—1

3~K~1
msecha

Bajamillo(#70)

2962.5

1719

0.71

3

m

-1

sec

2

X

io4

3~K~1
msecha

Pananao(#60)

1312.5

1240

0.12

3

m

-1

sec

1

X

H

O

3~K-1
msecha

Hondo(#67)

1285.0

1227

0.13

3

m

-1

sec

1

X

O

r—l

3~K_1
msecha



 



Table14.Floodeventsyieldingpeaksedimentdischargeduringthestudyperiod. Watershed

Date

Averagesediment concentration
Dischargerate
Duration

Totalsuspended sedimenttransport
Sediment yield

-1

3-1

-1

gL

msec

hrs

tons

tonsha

Prieto(64)

10-22-80

61.3

2.6

0.5

286.0

1.53

Upper

10-22-80

17.6

2.4

0.5

76.0

0.80

Bajamillo(71)

\

Hondo(67)

10-22-80

30.8

7.9

1.0

874.5

0.68

Pananao(60)
5-24-80

92.7

4.4

1.0

1465.2

1.12

Bajamillo(70)
10-10-80

64.0

17.8

1.0

4090.0

1.38
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The watersheds covered in pasture, food crops and annual cash

crops showed consistently higher concentrations than the small upland

watersheds in coffee. The amount of discharge in the pasture/cropland

watersheds also was greater, further increasing total sediment

transport. The sediment concentrations in the larger Bajamillo

watershed were in approximately the same range as Hondo and Pananao.

The total discharge and concentration in each case provide an

estimate of the total sediment transport for a given flood event.

However, the relationship of sediment transport and discharge to land

use only can be evaluated in terms of the area of the watershed, and

the contribution per unit area. These values are listed in Table 12

and show a pronounced deviation from the rank ordering of the

watersheds by sediment concentration and volume of flood discharge.

The sediment yield for low flow conditions (Table 12) at four of

the watersheds shows a distance decay function for sediment transport,

based on watershed size. This is typical of the pattern observed by

Roehl (1962) for watersheds in the U.S. The larger Bajamillo stream

deviates from this trend. Its relatively high yield is probably due

to high rainfall and the high proportion of clay particles in the

suspended sediment load. Fine particles remain in suspension for

greater distances from the source than sands. Hondo and Pananao

watersheds are characterized by coarse soils and sediment loads.

The sediment yields for flood events differ substantially from

the general pattern observed for low flow conditions. The ranking of

watersheds by sediment yield during peak annual floods cuts across
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watershed size categories and other groupings based on site

characteristics and land use (Table 14). The peak floods that

occurred in the Hondo and Pananao streams during the study period

transported more sediment than the amount exported in a full year's

discharge under low flow (non-flood) conditions. In these two cases,

the texture of the eroded material, the rainfall regime, and land use

interact to produce high pulses of sediment transport. This contrasts

with the more even discharge of sediments in the Bajamillo watershed

(Table 12).

The Prieto watershed also exhibited a high peak flood sediment

yield relative to the other watersheds and to its own sediment yield

for low flow conditions. The high sediment export during this flood

can be attributed to the combination of an intense storm in October

1980 (54 mm rainfall) with the recent weeding and tilling of coffee

and food crop plots on the hillslopes upstream.

In spite of the contrast in sediment concentrations during floods

and the pronounced differences in the temporal distribution of

suspended sediment export, the sediment yields per unit area are

relatively uniform for all five watersheds. A graph of two

hypothetical distributions (Fig. 42) illustrates the export of

equivalent amounts of sediment (per unit area) in watersheds

characterized by very distinct regimes of discharge and suspended

sediment export. The areas under the curves are equivalent and

represent suspended sediment export. The first case exhibits the

pulsed export observed at Pananao and Hondo and to a lesser extent at

the Prieto watershed (Tables 12 and 14). The peaks in sediment
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discharge would be characterized by a combination of high discharge

and high sediment concentration. The magnitude of constant export

under low flow conditions would be determined primarily by the volume

of discharge, since the suspended sediment concentrations are low and

relatively uniform for all of the watersheds, outside of flood events.

The availability of sediments for suspension and transport during

low flow and flood conditions is determined by an interaction of

conditions in the watersheds and the stream channels. The

characteristics of overland flow reaching the stream depend upon

current runoff and erosion rates in the watershed. The nature and

condition of the stream channel, including sediment deposits, also are

largely determined by prior runoff and erosion rates. These rates

must be established for each watershed before the discharge and

sediment export regimes can be more fully discussed.

The significance of the differences between watersheds and

watershed groups (by land use and size) was tested by analysis of

variance. The watersheds were compared with respect to sediment

concentration, water yield and sediment yield.

Significant differences were found between sediment

concentrations in the five watersheds (Table 15). The larger

Bajamillo watershed, Pananao and Hondo were included in the higher

sediment concentration category as determined by Duncan's Multiple

Range Test (SAS, 1979) (Tables 16 and 17). Prieto stream and the

upper Bajamillo form the second group. The distribution is at least

partly influenced by size. The same would be true of total discharge
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Table 15. Analysis of variance of stream discharge and sediment
transport for all streams.

Source df Mean Square F Value

Average sediment discharge rate ha during flood peak

Model 4 14.28 2.33
Error 91 6.13

Peak sediment discharge rate ha per flood event

Model 4 18.60 2.53*
Error 91 7.34

Peak discharge ha ^ per flood event

Model 4 13.24 13.26****
Error 96 9.00

Average sediment concentration (g L ~*~) per flood event

Model 4 19.49 5.66***
Error 91 3.44

Maximum concentration (g L per flood event

Model 4 23.98 5.83***
Error 91 4.11
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Table 16. Maximum recorded concentrations (g L ) per flood event,
for all streams.

Duncan groups Ln (g L Stream no.

means^

3.39 70

2.76 60

2.29 67

1.45 71

0.58 64

fMeans refer to the means of peak concentrations for all events
at each stream.
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Table 17. Average sediment concentration (g L ) per flood event,
for all streams.

Duncan groups Ln (g L ■*■) Stream no.

means'!"

2.80 70

2.32 60

1.86 67

0.99 71

0.36 64

ÍMeans refer to the means of peak concentrations for all events
at each stream.
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and sediment transport. The analyses by land use group show the same

results for sediment concentration (Tables 18, 19, and 20).

The analysis of discharge per unit area also shows significant

differences between the watersheds (Table 15). In this case three

subgroups are formed. The highest discharge per ha is in the upper

Bajamillo. The second group includes the larger Bajamillo, Prieto and

Hondo. The third group combines Hondo and Pananao. This distribution

is best accounted for by an interaction of rainfall distribution,

slope, soil structure and land use. The major difference between

Prieto and the upper Bajamillo is the high percentage of land in

pasture in the latter. This watershed also has a higher percentage of

land in roads and settlement than the Prieto (Figs. 36 and 37).

Sediment discharge per unit area showed no significant difference

at the 0.05 level by simple analysis of variance (Table 15). The a

posteriori analysis indicated that the greatest variation occurred

between the two hierarchical levels within the coffee region, rather

than between the upland coffee region and the lowland pasture-food

crops production system (Table 18). The question remains as to the

extent to which this distribution is due to uniformity of erosion

rates, or to differences in the sediment delivery ratio between the

watersheds planted to coffee and those covered in pasture.

The evaluation of the land use/sediment yield interactions

requires primary data on runoff and erosion rates. The combination of

variable runoff and erosion rates, by land use type, with the detailed

land use maps (Figs. 30, 36, and 37) of the four small watersheds,

will allow the calculation of runoff and erosion coefficients for each
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Table 18. Analysis of variance of stream discharge and sediment
transport comparing streams draining coffee stands and
streams draining food crops and pastures.

Source df Mean Square F value

Average sediment discharge rate ha during flood peak

Model 1 3.53 0.55
Error 83 6.44

Peak sediment discharge rate ha per flood event

Model 1 6.13 0.79
Error 83 7.72

Peak discharge ha per flood event

Model 1 36.72 30.01****
Error 86 1.22

Average sediment concentration (g L per flood event

Model 1 57.29 17.10****
Error 83 3.35

Maximum sediment concentration (g L per flood event

Model

Error

1

83

66.68

4.04

16.52****
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Table 19. Peak discharge ha per flood event for all streams:
results of the a posteriori test of the means.

Duncan groups Ln (Peak discharge ha ) Stream no.

means

-4.77 71

-5.62 70

-5.83 64

-6.24 67

-6.84 60
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Table 20. Peak sediment discharge rate ha per flood for all
streams: results of the a posteriori test of the means.

Duncan groups Ln (Peak sed. disch. rate ha ) Stream no.

-2.31 70

-3.31 71

-4.00 67

-4.09 60

-5.25 64
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watershed. The role of these coefficients in the watershed models is

illustrated in Figs. 34, 35, 38, and 39. An analysis of the erosion

plot results is a necessary prerequisite to the above analyses at the

watershed level.

Erosion Plot and Household Studies

The erosion plot measurements and household descriptions provided

the basic data necessary to evaluate the watershed models and to

analyze Plan Sierra rural extension policies. The information

obtained at this scale proved essential in two respects. First, the

farm and plot level data provided replicated quantitative descriptions

of specific land use systems, related resource management practices

and the resultant rates of runoff, erosion and sedimentation. This

established the magnitude of the soil erosion and production problems

at the farm level, and the variation of these problems with land use

type and soil conservation practices. Both types of information were

necessary to evaluate Plan Sierra soil conservation and cropping

systems programs. Secondly, the formal and informal interaction with

farm families, landowners and nearby residents over the 15-month study

period provided valuable insights into the persistence of apparently

counterproductive land use practices.

Plot Descriptions

The diverse environmental and socioeconomic characteristics of

the 16 plots and nine households studied are summarized in Tables 11

and 21. The inherent physical characteristics, with the exception of



 



Table21.Landuse,landtenureandproduction,byhousehold. PlotNumber

91

92

95

Site

Pananao

Pananao

Pananao

Area

1.50ha

1.20ha

0.75ha

PresentLandUse

Annualcashandfoodcrops: Sisal,sweetpotatoes,peanuts, plantains

Annualcashandfoodcrops: Sisal,sweetpotatoes,manioc, squash,peanuts

Annualcashcrops:manioc

PastLandUse

Annualcashandfoodcrops: Peanuts,bittermanioc

Pasture,cashcrops(peanuts)
Peanutsandmanioc

NumberofCropsPerYear
2annuals,1sisal

2annuals,1sisal

2

Timesinceclearing

30years

30years

30years

Timeoccupiedbyowner OriginalYields (semi-annual)

20

8000lbshaf̂orpeanutsat $8.15*100lbs-1

6(inherited)
3600lbsha^ peanuts

7500 100

30

lbshapeanutsat$8.15 lbs,27,000lbsha-!manioc
5000unitscasabeat$20100 units-1

CurrentYields

<4000lbshapeanutsat
<2400lbshapeanutsat
<6000lbsha

manioc,1000units

(semi-annual)

$15100lbs-1

$15100lbs"1

casabeat$50
100units-!

NumberPersonsinHousehold
8(1inN.Y.)

7

5

NumberEmployedoffFarm
2(plus1inN.Y.)

4**

2

Man-daysWorkedoffFarm
160-180yr”1

30

variable

TypeofWork

daylaborinfields

panningforgold

daylabor

-1

-1

-1

Wage

$3to$4day

varies$0to$15day

$3to$4day

-1

-1

1

TotalCashIncome

$600yr

$400yr

$600yr
***

*Allamountsexpressedin$RDunlessotherwiseindicated. **Familypansforgoldonornearfarmproperty. ***0thersourcesofincomenotdeclared.



 



Table21—continued PlotNumber Site Area PresentLandUse PastLandUse NumberCropsPerYear TimeSinceClearing TimeOccupiedbyOwner OriginalYields (semi-annual) CurrentYields (semi-annual) NumberPersonsinHousehold NumberEmployedoffFarm Man-daysWorkedbyEmployees TypeofWork Wage TotalCashIncome Storesandmarketingwerenot

80and81 Carrizal

22hainwatershed(34hatotal) Coffee,pasture,foodcrops >60yearscoffee
2

>60years -30years
Foodcrops:2500-3000lbsha^ redbeans, 3000lbsha-lcorn

Cashcrops:2000-6000lbsha* coffeeat$60 to$230,100lbs-1,10-15head cattleyr“l(herd=100),3000- 4500lbsat$1lb~l
8residents(3inN.Y.) 3inN.Y. -3000

Weeding,tilling,cleaning,spraying,harvesting $2box$3day^ pluslunch $10,000-40,000yr(̂gross)*

93and94 Pananao 26ha

Pasture,foodcrops,cashcrops >50yearspasture
2

>50years 8years

20sackstobaccoha^ at$30sack^ 3500lbspeanutsha-ât$11.25,100lbs 11-15headcattleyr\3300lbsat$1lb, 1000-4000lbscheeseyr“lat$1lb~l 4residents(4inN.Y.) 3*$10,000

includedindeclarationsofearningsandwereestimated.

209



 



Table21—continued PlotNumber

82and83

84and85

Site

LosMontones

LosMontones

Area

1.0ha

1.3ha

PresentLandUse

Subsistenceandcommercialproduction,
Subsistenceandcommercialproduction,

mixedfoodcrops(pigeonpeaandothers)
mixedfoodcrops

PastLandUse

Pineforestclearcut,thenpasturerotated
Pineforest(20year2ndgrowth)

withannualcashandfoodcrops*
NumberCropsPerYear

2

2

TimeSinceClearing

25years

<1year

TimeoccupiedbyOwner

24years

<1year

OriginalYields

1500lbssweetpotatoes,450lbsrice,2000
2000lbsredbeans,300lbsrice,
2000j

sold

(semi-annual)

lbsmanioc,500lbsbeans,15,000lbsha“l
bananas,1000lbsmanioc(sweet)

peanuts

10,000bananasat$150,15,000lbs
,-1haj

subs

bittermaniocat$3100lbs"l

CurrentYields

200lbssweetpotatoes,pigeonpeacroplost,
SameasOriginalYields

(semi-annual)

Overall,currentyields=20%oforiginal
NumberofPersonsinHousehold

4

5

NumberEmployedoffFarm

2

1

Man-daysWorkedoffFarm

>200

100

TypeofWork

daylaborinfields

forester

Wage

$3to$4day

=$720yr”1

TotalCashIncome

$700yr

$1000-$!300yr”1

*

peanuts,tobacco,mixedtubers,corn,beans.

1

fo

o



 



Table21—continued. PlotNumber

86

87

88

89

96

Site

LosMontones
LosMontones
LosMontones
LosMontones
Pananao(ElRubio)

PresentLandUse

Idlepasture

Woodland

Forest

Idlepasture

Forest

PastLandUse

Grazing

Forest,selec¬
Same

Grazing,food
Forest,selectively

tivelycut

crops

cut

TimeSinceClearing
20years

—

—

20years

—

TimeOccupiedbyOwner
20years

1year*

5years**

5years

recentlyacquired bythestate

*Sameownerasnewlyclearedfoodcropplots,84and85. **Beingheldforspeculation.
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slope, vary little between plots clustered in the same watershed.

Climate and soil type do vary, however, between the clusters of plots,

by watershed.

The variability in slope between plots within subwatersheds

reflected the difficulty of encountering and replicating all of the

relevant conditions in pre-existing farm plots located in close

proximity. The plots that deviated-most from the average slope in

their respective watersheds were 82 and 83. These were included

primarily for comparison of minimum and regular tillage practices at

the same site, as a subset of the larger experiment. The slope is

equivalent for these two plots, allowing comparison between them.

These plots also can be compared with the coffee plots (80 and 81),

which have similar slopes, chosen to approximate the average slope in

the Prieto watershed.

Infiltration capacity of soils

Some of the physical characteristics at the plots sites varied

noticeably with existing or prior land use. Infiltration capacity and

soil profile descriptions reflect the influence of clearing, burning,

and cultivation in addition to the inherent site characteristics.

This is particularly evident in adjacent plots in Los Montones within

the Hondo watershed. Measurements made in adjacent plots in pasture,

mixed food crops, and forest (86, 84, 85, and 87, respectively) show

the effects of overgrazing and soil compaction on infiltration

capacity (Figs. 43 and 44, Table 11). The food crop plots (84, 85)

show a 20% reduction in infiltration compared to the forest plot. The
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two cropped plots were cleared only one year earlier from a section of

the same forest stand. The same contrast in pasture versus forest was

repeated for two paired plots (88 and 89) located nearby. The

reduction in infiltration from forest to pasture was approximately 80%

in both cases. The pastures in both sites had been cleared

approximately 20 years ago and planted to food crops, then to pasture.

They have been grazed intermittently ever since.

A single measurement at the adjacent pigeon pea plots (82 and 83)

yielded a rate midway between the values for pasture and the recently

cleared food crop plots. This field was cleared 14 years ago and has

been cultivated almost continuously with occasional grass fallow. The

coffee plots (80 and J31) had the lowest infiltration rate of all the

soils tested. Prior soil moisture conditions depressed the results

somewhat."'’ However, the lower rates also reflect the relatively

higher clay content and overall finer texture of the soils at this

site. These soils also are subjected to some compaction by foot

traffic, particularly at harvest time.

At Pananao, the infiltration results are very different both in

magnitude and in relationship to land use. The soils generally are

shallower than at the Los Montones sites, and the texture tends to be

slightly finer (Table 11). The land use history also is distinct

(Table 21).

Plots 91, 92, and 95 were cleared about 30 years ago. The first

has been under continuous cultivation ever since in peanuts and

These were the only plots where the soil was humid prior to testing.
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manioc. The second was planted to pasture and grazed for 25 years,

then planted to peanuts and cultivated continuously since 1975. Both

plots showed low and relatively similar infiltration rates, with the

second perhaps showing the residual effects of subsoil compaction from

grazing.

The third plot, like the first, has been under nearly continuous

cultivation in a rotation of peanuts and manioc. The site was badly

damaged by rill erosion during an intense storm at the onset of the

study (April 1980). The rills dissecting the soil surface penetrated

to bedrock in many places. Mass movement of structurally unstable

soils upslope from the plot covered over part of the plot during the

same period. The infiltration rate measured under the extreme

conditions prevailing at this site is somewhat misleading. The

infiltrated water was being drained horizontally from the test column

and ran rapidly downslope over the relatively impermeable underlying

bedrock.

The nearby forest site used as a surrogate for Pananao showed the

most anomalous results. The second growth forest cover is somewhat

deceiving. The soil is extremely shallow (see Appendix G), which is a

combined result of inherent site characteristics and prior logging.

Soil profile description and classification

The soils at the Pananao and nearby El Rubio site were classified

as Troporthents. In Los Montones all of the sites except 87 and 88

fell in the same category. The occurrence of Entisols and Inceptisols

on hillslopes is typical of the region. The high incidence of
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Eutropepts and Dystropepts in this area was noted by Nicholaides and

Hildebrand (Nicholaides and Hildebrand, 1980a). The same soil groups

also occur on the southern slopes of the Central Mountains (Cordillera

Central) and in the dry rugged Linea Noroeste region to the northwest

of the Sierra (OAS, 1967).

This soils group is characterized by lack of profile development,

in this case due to steep slopes. The shallowness and lack of

horizons, however, may be an artifact of land use, at least in the

plots at Los Montones. The soils at the forested sites (87 and 88)

qualify as Inceptisols (Eutropepts), which indicates a greater degree

of zonation and overall profile development. These plots are

approximately 2 km apart and both are adjacent to other plots whose

soils were classified as Entisols. The shallow A horizon probably has

been removed by clearing, burning, and cultivation in the nonforested

plots.

The deeper, finer textured soils of the plots in the upland

coffee region (80 and 81) show better development of soil horizons and

are classified as Tropudalfs and Eutropepts, respectively. The soils

in coffee plots typically are finer textured and deeper than in

surrounding land cover. This reflects a circular self-reinforcing

relationship in which the best soils are used for coffee and the

coffee and shade trees, in turn, provide shade, rain shelter, detritus

and nitrogen, promoting the conservation and even the further

development of the soil.
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Socioeconomic characteristics and land use

Land use is the variable on which the research design was based,

as discussed previously. Nested within this design was a systematic

(and initially unintentional) bias toward very small farms and poor

families in plots with subsistence food crops and annual crops in

general. Large landholders of much higher economic status usually own

the plots dedicated to pasture and coffee production and undisturbed

forest. For the latter group the land serves as a means of

subsistence and commercial production and provides security. It

represents a form of savings or investment over the long term. For

the smallholders the land is the major source of staple foods and/or

cash income to meet short-term and immediate subsistence needs. The

relationship between land use and socioeconomic characteristics is

apparent in the land use, land tenure and household descriptions for

the nine sites (Table 21).

Summary of Precipitation, Runoff and Erosion in the Plots During the
Study Period

The erosion and runoff rates measured at the study sites indicate

the magnitude and distribution of erosion and excessive runoff

problems within the Sierra. The annual rate of soil loss ranges from

-1 -1
less than 0.1 ton ha under forest cover to 70 tons ha in a

recently cleared and burned plot planted to mixed food crops. The

annual storm runoff and soil loss rates for each plot are listed in

Table 22. The total annual rainfall and storm runoff volumes are

compared and the runoff as percent of rainfall is listed for each plot
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Table 22. Total annualt storm runofft and soil loss rates, by plot.

Plot Number
Year

Storm

1

runoff

Year 2 Year

Soil loss

1 Year 2

3
, -1

m ha
-1

yr
_ -1 -1

tons ha yr

80 402 791 3.3 0.2

81 602 1038 2.3 1.4

82 411 603 - 6.4

83 459 666 - 7.5

84 353 328 48.3 2.3

85 286 207 70.0 17.2

86 525 494 0. 3 0.2

87 161 173 <0.1 0.1

88 147 130 0.2 <0.1

89 417 348 0. 3 0.2

91 802 846 30.4 13.6

92 781 824 28.3 15.5

93 522 713 2.0 1.1

94 518 742 1.8 1.4

95 922 1435 21.0 11.6

96 99 145 0.1 0.1

tAnnual losses were calculated for May 1980 to April 1981 (year 1)
and for July 1980 to June 1981 (year 2) to evaluate the relative
importance of the contribution from the first three months of the
cropping cycle.

ÍStorm runoff refers to the immediate surface runoff during and
after rainfall events. It does not include the subsurface water

that eventually reaches streams and contributes to total "runoff"
or discharge from the basin.



 



220

in Table 23. The total monthly soil and storm runoff losses from May

1980 to June 1981 are compared with monthly rainfall for all of the

plots in Figs. 45, 46, and 47.

In general the soil and runoff losses reflect the monthly

rainfall distribution, particularly in forest, coffee and pasture.

The cultivated plots, however, show a marked peak in soil loss during

the first two months of data collection (May and June 1980 for most

stations, August and September for plots 82 and 83). Soil loss peaks

in relation to rainfall and runoff then decreases steadily. This

reflects the juxtaposition of the cropping cycle and the rainfall

regime. All of the cultivated plots were monitored from the early

stages of tillage and planting through just over a year of plant

growth, with interim harvests of some short cycle crops and a

continual increase in crop cover (canopy and detrital) by the longer-

lived crops such as manioc and sisal. The dramatic decrease in

erosion rates can be attributed to the combined effects of increased

crop cover and decreased tillage. A major exception to this trend

proves the rule. The highly eroded plot (95) in Pananao planted to

manioc in May 1980 showed little decrease in erosion losses relative

to the other cultivated plots (91 and 92). The latter were planted to

sisal and food crops in the same month, then the sweet potato and some
/

manioc were harvested and grass cover filled in between the sisal and

the remaining manioc plants. By contrast, the manioc on the severely

eroded site did not fare well. The plants did not establish a closed

canopy nor did they produce much litter. The soil was left almost

completely exposed throughout the study period. The limited extent to



 



Table23.Relationshipoftotalannualrainfallandstormrunoffinerosionplots.t Site

Plot

Rainfall yr1

3 .-i•
mha

yr2

3

Runoffm
yr1

ha1
yr2

Runoffas yr1

%ofPrecipitation
yr2

Carrizal

80

25,728.0

27,196.5

402.35

791.46

1.6

2.9

81

II

II

602.43

1038.01

2.3

3.8

LosMontones
82

15,875.0

14,728.0

nodata

603.37

—

4.0

83

II

II

nodata

665.95

-

4.5

84

II

II

353.43

327.79

2.2

2.2

85

II

II

285.59

206.89

1.8

1.4

86

II

II

535.17

494.35

3.3

3.4

87

II

II

161.00

172.95

1.0

1.3

88

II

II

146.81

129.76

1.0

0.9

89

II

II

416.60

347.67

2.6

2.4

Pananao

91

12,701.0

12,236.0

801.50

845.81

6.3

6.9

92

II

II

781.22

824.18

6.1

6.7

93

II

II

522.31

712.67

4.1

5.8

94

II

II

518.45

742.41

4.1

6.1

95

II

II

922.30

1434.93

7.3

11.7

96

II

II

98.67

145.10

0.8

1.2

fAnnualtotalsarecalculatedforMay1980throughApr^l1981andfromJuly1980throughJune 1981tocomparethevariationinspringrainfallandrunoffforbothyears.
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which soil loss was reduced can best be attributed to the cessation of

tillage.

The monthly soil loss at plots 84 and 85 in Los Montones

consistently reflects the cropping cycle and related activities. The

field was partially deforested, then burned, plowed across the slope

with a team of oxen, then planted to beans and corn in late April

1980. After a summer harvest, manioc was established and the plots

were tilled and weeded by hand. The effects of this activity are

mirrored in the September and October 1980 soil losses.

The differences in soil loss during the first and second years of

two-year cycles such as the one described above are illustrated by the

comparison of annual soil loss totals calculated for May 1980 to April

1981 and from July 1980 to June 1981. The inclusion of the first

three months of the cycle changes the totals dramatically. The

results of the study support the hypothesis advanced by many

researchers that crop cover (Elwell, 1979a; Lai et al., 1979) and

tillage (Lai, 1977c; Meyer and Mannering, 1961) are the major

determinants of soil loss in cultivated fields. This implies that

crop cover and tillage are the variables that first should be

manipulated, rather than slope, to reduce erosion.

Runoff consistently parallels monthly rainfall in all plots. The

apparent increase in runoff rates with time at plots 80, 81, and 95 is

due to installation of increased runoff storage capacity at these

sites in June 1980. The data for July 1980 to June 1981 more

accurately show the rainfall-runoff relationship.

Analysis of variance of erosion and runoff for the plots

clustered at each site and then for all of the plots at Los Montones,



 



Carrizal and Pananao showed significant differences by land use

category, with little significant variation by site (limited to

cropped plots). This supports the hypothesis that land use is the

major determinant of erosion and runoff rates in the area, far

outweighing inherent site characteristics in importance. The

distribution of the specific groupings for erosion and runoff reveals

the underlying rationale for the separate land use coefficients for

erosion and runoff in the regional watershed models (Figs. 19 and 20).

Los Montones and Carrizal'*'

The comparison of all plots at Los Montones and Carrizal showed

significant differences between plots for both runoff and soil loss

(Table 24). Duncan's Multiple Range Test (SAS, 1979) identified the

major groups (Table 25).

Runoff. The highest mean runoff was from coffee, with plots 81

2
and 82 forming a distinct subgroup. The second subgroup combines the

newly established coffee (81) with the partly grass covered minimum

tillage plot in pigeon peas (83). The third subgroup includes all

cultivated and pasture plots as distinct from coffee and forest.

Another subgroup combines forest, pasture and the recently cleared and

burned plots, separating them from the coffee and the pigeon pea

"'"Los Montones and Carrizal are grouped together, based on proximity,
in order to compare the existing coffee area to proposed sites for
establishment of coffee and other tree crops at Los Montones.

2
Data values are all log-transformed for analysis of variance as well
as for the a posteriori tests.
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Carrizal and Pananao showed significant differences by land use

category, with little significant variation by site (limited to

cropped plots). This supports the hypothesis that land use is the

ma^or determinant of erosion and runoff rates in the area, far

outweighing inherent site characteristics in importance. The

distribution of the specific groupings for erosion and runoff reveals

the underlying rationale for the separate land use coefficients for

erosion and runoff in the regional watershed models (Figs. 19 and 20).

Los Montones and Carrizal"-

The comparison of all plots at Los Montones and Carrizal showed

significant differences between plots for both runoff and soil loss

(Table 24). Duncan's Multiple Range Test (SAS, 1979) identified the

major groups (Table 25).

Runoff. The highest mean runoff was from coffee, with plots 81

2
and 82 forming a distinct subgroup. The second subgroup combines the

newly established coffee (81) with the partly grass covered minimum

tillage plot in pigeon peas (83). The third subgroup includes all

cultivated and pasture plots as distinct from coffee and forest.

Another subgroup combines forest, pasture and the recently cleared and

burned plots, separating them from the coffee and the pigeon pea

''’Los Montones and Carrizal are grouped together, based on proximity,
in order to compare the existing coffee area to proposed sites for
establishment of coffee and other tree crops at Los Montones.

2
Data values are all log-transformed for analysis of variance as well
as for the a posteriori tests.
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Table 24. Analysis of variance of runoff and sediment losses
for all plots at site Los Montones.

Source df Mean Square F value

Ln (Runo f f) Model 9 9.88 6.31****

Error 286 1.57

Ln (Sediment) Model 9 36.73 8.31****

Error 286 4.46



 



Table25.RunoffandsedimentlossesforplotsattheLosMontonessite: resultsoftheaposterioritestsofthemeans.
Duncan groups

(Runoff) Means

Plot Number

Duncan groups

Ln(Sediment) Means

Plot Number

3.47

80

3.56

85

3.09

81

3.04

81

2.49

83

3.00

84

2.23

82

2.66

82

2.12

89

2.64

80

2.09

86

2.32

83

1.90

85

1.53

89

1.88

84

1.52

86

1.53

88

0.53

88

1.46

87

0.01

87
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plots. The subdivision of the plots into coffee, pasture and field

crops, and forest categories (for runoff) is justified by the results

of the a posteriori tests (Duncan's Multiple Range Test).

Erosion. The groupings for soil loss differ markedly from those

for runoff (Table 25). The plots grouped in the highest mean erosion

category include all cultivated and coffee plots. The two forest

plots form the category with the lowest mean erosion. An intermediate

grouping combined the two pasture plots with the pigeon pea plots and

established coffee plot. Based on the analysis, land use can be

grouped into three categories by erosion values: cultivated land,

including coffee; pasture and minimum till plots (with grass); and

forest. Subsequent analyses by land use groups confirmed these

results (Tables 26 and 27).

The findings at the Los Montones sites support the conclusions of

Lai (1976, 1979) and Okigbo (1977) based on erosion plot experiments

at research stations in Nigeria. Lai observed a marked decline in

erosion rates on hillslope plots in mixed food crops over a five-year

period. This may explain some of the apparently anomalous results

obtained concerning the effects of slope. According to the

experiments at IITA, the erosion rates on plots in steeper slopes were

higher at the onset of the study period, but fell below the rates for

plots on gentler slopes as the years passed. The most highly erodible

portion of the surface soil was removed rapidly on steep slopes, but

once this layer or component of the soil was gone the erosion rate

decreased markedly. Much of the soil mantle at the Los Montones sites

appears to have lost the A horizon (Table 11). In forested areas with
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Table 26. Analysis of variance of runoff and sediment losses for
plots grouped by land use at the Los Montones site.

Source df Mean Square F value

Ln (Runoff) Model 3 27.60

Error 224 1.67

Model 3 99.05

Error 210 4.43

16.48****

Ln (Sediment) 22.34****



 



Table27.RunoffandsedimentlossesforplotsattheLosMontonessite,resultsoftheDuncan MultipleRangeTest,bylanduse.
Duncan groups

Ln(Runoff) Means

Plot Number

Landuse

Duncan groups

Ln(Sediment) Means

Plot Number

Landuse

3.24

80,

81

Coffee

3.23

84,

85

Crops

2.10

86,

89

Pasture

2.88

80,

81

Coffee

1.89

84,

85

Crops

1

1.53

86,

98

Pasture

1.49

87,

88

Forest

1

0.23

87,

88

Forest
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sandy to sandy loam topsoil, the uppermost layers are considered

resistant to erosion in large part because of the organic matter

content and permeability promoted by the vegetative cover. However,

the burning and subsequent tilling of such forest soils reduce the

organic matter to ash, temporarily increasing fertility but also

increasing solubility of nutrients and decreasing the structural

stability and moisture retention capacity of the soil. This makes the

soil extremely vulnerable to erosion and to nutrient depletion

immediately after clearing. Soil tillage with hand implements, draft

animals or machinery (in increasing order of magnitude) also

destabilizes the soil profile structure and exposes loose soil to the

heaviest rains of the year concurrent with spring planting.

The high erosion rates in the newly cleared fields (84 and 85) as

compared to the steeper and visibly eroded site cleared 14 years ago

(82 and 83) make sense in view of this interpretation. The

differences between these fields (84 and 85) and the other cultivated

sites at Los Montones shows the need to consider the land use history

and/or prior condition of the soil and the position of a particular

land cover in the long-term rotation. Any predictive model, whether

theoretical or empirical, should include this consideration in areas

such as the Sierra, where land use change is frequent and exerts a

strong effect on soil erosion. The dynamic aspects of land use and

soil interactions must be incorporated into models of the erosion

process.
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Pananao

A comparison among plots at Pananao also showed significant

differences for both runoff and soil loss (Table 28). The specific

groupings identified by analysis of variance are discussed below.

Runoff. The same analyses for the plots at Pananao showed no

significant differences in runoff for plots 91 through 95 (Table 29).

Forest, however, differed from the cultivated plots.

Erosion. Analysis of soil loss values yielded a far more

significant and clearly defined grouping (Table 30). Cultivated

plots, pasture and forest, in that order, constituted three mutually

exclusive groups, based on erosion yield (Table 31).

Comparison between Los Montones and Pananao

For pasture and forest, no significant difference was found

between plots at both sites (Tables 32 and 33) for both runoff and

soil loss. Significant differences did appear for cropped plots

(Table 34).

Runoff. The runoff values were grouped into three categories,

wit Pananao sites 91, 92, and 95 forming the highest group. Plots 82

and 83 formed the second (intermediate) group and plots 84 and 85 made

up the last category (Table 35). Since the second and third groups

receive the same rainfall, the climatic differences between the two

sites cannot adequately account for the grouping. One possible

explanation is the time since deforestation and the intensity of

tillage. Plots 91, 92, and 95 have been cleared and maintained in

high tillage annual crops (peanuts) or annual crops and pasture for 30
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Table 28. Analysis of variance of runoff and sediment losses for
all plots at site Paranao.

Source df Mean Square F value

Ln (Runoff) Model 5 4.57 2.45*

Error 181 1.87

Ln (Sediment) Model 5 95.11 17.39****

Error 181 5.47



 



Table29.RunoffandsedimentlossesforplotsofthePananaosite,resultsoftheDuncan MultipleRangeTest,bylanduse.
Duncan groups

Ln(Runoff) Means

Plot Number

Landuse

Duncan groups

Ln(Sediment) Means

Plot Number

Landuse

3.02

91,92,95
Crops

1

4.75

91,92,95
Crops

2.56

93,94

Pasture

1

1.88

93,94

Pasture

1.91

96

Forest

1

0.50

96

Forest

t
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Table 30. Analysis of variance of runoff and sediment losses for
plots grouped by land use at site Pananao.

Source df Mean Square F value

Ln (Runoff) Model 2 10.32 5.58**

Error 184 1.85

Ln (Sediment) Model 2 237.01 43.97****

Error 184 5.39



 



Table31.RunoffandsedimentforplotsofthePananaosite,resultsoftheDuncanMultiple RangeTest,bylanduse.
Duncan groups

Ln(Runoff) Means

Plot Number

Landuse

Duncan groups

Ln(Sediment) Means

Plot Number

Landuse

3.02

91,92,95
Crops

1

4.75

91,92,95
Crops

2.56

93,94

Pasture

1

1.88

93,94

Pasture

1.91

96

Forest

1

0.50

96

Forest

i
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Table 32. Analysis of variance of runoff and sediment losses for
plots in pasture grouped by site.

Source df Mean Square F value

Runoff Model 1 7.13 3.53

Error 133 2.02

Sediment Model 1 3.97 1.08

'Error 129 3.67
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Table 33. Analysis of variance of runoff and sediment losses for
forested plots grouped by site.

Source df Mean Square F value

Ln (Runoff) Model 1 2.14 1.91

Error 74 1.12

Ln (Sediment) Model 1 0.86 0.42

Error 72 2.04
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Table 34. Analysis of variance of runoff and sediment losses for
plots planted in crops grouped by site.

Source df Mean Square F value

Runo f f Model 2 24.94 15.96****

Error 225 1.56

Sediment Model 2 109.53 16.67****

Error 213 6.57



 



Table35.RunoffandsedimentlossesforplotsinLosMontonesandPananaosites,withcrops, resultsoftheDuncanMultipleRangeTest.
Duncan groups

Ln(Runoff) Means

Plot Number

Site

Duncan groups

Ln(Sediment) Means

Plot Number

Site

3.02

91,92,95
Pananao

1

4.75

91

,92,95
Pananao

1

2.36

82,83

LosMontones

3.23

84

,85

LosMontones

1

1.89

84,85

LosMontones

2.50

82

,83

LosMontones
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years. Plots 82 and 83 have been under a rotation of subsistence food

crops and pasture for 14 years, and plots 84 and 85 were cleared,

burned and planted just at the onset of the study. The runoff results

thus confirm the tentative conclusions advanced earlier to explain the

infiltration test results. Time under cultivation seems to exert a

strong influence on infiltration and storage capacity.

Erosion. The soil loss groupings were more general with plots

91, 92, and 95 (Pananao) making up the first category and plots 82,

83, 84, and 85 constituting the second group (Table 35). If inherent

site characteristics are the determining factors, the most likely

causes of variation would be climate or soil type. The former

decreases the erosion potential for Pananao versus Los Montones. Soil

type is similar, particularly in texture. The fact that pasture and

forest do not differ significantly between sites also suggests that

inherent site characteristics are not the differentiating variables.

The difference in cropping systems, farming practice and land use

history is a more plausible explanation. In particular, the intensive

cultivation required for peanut crops has had a strong effect on the

structural stability of soils at Pananao. This has been noted by the

farmers, many of whom regard their land as spent because of the period

when they devoted their fields to peanut production (Martinez, 1981).

The analyses discussed above are based on means of log-

transformed data as opposed to totals of raw data. Thus, the

initially high losses at plots 84 and 85 placed them first on the list

for total soil loss, but the sustained higher losses at 91, 92, and 95

placed them in the highest category based on means. The latter is a
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better indicator of continued losses, beyond the study period, if the

cropping systems are sustained with present or similar cover. One

question raised by the results is whether the losses at plots 84 and

85 for the first part of the cycle would decrease significantly in

future cropping cycles as the topsoil available for erosion decreases.

Runoff— and Soil Loss Coefficients

Using the groupings established in the previous analyses,

coefficients of runoff and erosion were calculated for each land use

type. The coefficients compare soil and runoff losses in all other

plots to forest plots. The use of the natural forest cover as a

standard runs counter to the bias in the Universal Soil Loss Equation

and many agronomic studies, which use a clean-tilled bare plot as the

reference point.

Reliman compared runoff and soil loss under several land use and

cropping systems to the primary forest in upland Mindanao (Reliman,

1969). Studies in Uganda compared cropped and grazed savanna to

natural savanna (Sperow and Reefer, 1975). Researchers in Senegal

(Charreau, 1972; Moutappa, 1973) compared runoff and soil losses under

different crops to the rates for natural bush vegetation (Okigbo,

1977). The same approach is standard practice at the watershed level,

where paired watershed studies take the behavior of the watershed

under forest cover as a point of departure for further experiments

with land use and management variables (Hewlett and Nutter, 1969;

Likens et al., 1977).

Runoff for plot analyses refers to storm runoff unless otherwise
stated.
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The coefficients for runoff and soil loss are given in Tables 23

and 36. The results in this case are a measure of annual totals and

also use different rainfall rates, by site, as a basis for comparison

of runoff with rainfall. This accounts for the slight differences

with the analysis of variance results presented earlier. Overall,

this comparison confirms the analysis of variance results and provides

a specific quantitative measure of runoff and erosion effects by

group. The runoff as a percent of precipitation varies from 1.0 to

4.5% at Los Montones and Carrizal. The highest runoff rates are

attributed to the long established cropped fields (82 and 83) and

coffee plots (81 and 82), and the lowest rates are found in forest.

At Pananao the rates are generally higher, except for forest (1.2),

indicating that differences in rainfall distribution do not explain

the higher runoff rates. The cropped plots (91, 92, and 95) have the

highest runoff rates (6.7 to 11.7%) with the,highest rate occurring in

the plot with the longest history of croppings. The runoff

coefficients can be applied, as they are, to separate models of the

small watersheds, or the coefficients for both sites can be combined

in the case of forest and pasture for use in the regional model.

Cropping systems must be differentiated with respect to their present

and historical resemblance to those at Pananao or Los Montones.

Comparison of the results with those of other similar studies in

erosion plots shows a trend in the relationship of land use (present

and past) to runoff rates. Runoff rates under natural savanna in

Uganda (Table A-9), natural bush in Senegal (Table A-8) and primary

forest in upland Mindanao (Table A-ll) are consistently less than



 



Table36.Soillosscoefficientsbylanduseandconservationpractice.! LosMontones+CarrizalSites
Forest§1(1)J Pasture6(12) Coffee(old) Coffee(new) Pigeonpea,Sweet potato^ Pigeonpea,Sweet potatoH# Yuca,beans,com Yuca,beans,com

10 38

182 153 1462 252

(firstyear|f secondyear!! forbothplots)

Forest§§

Pdndnso
1

bll6S

Pasture

17

Sisal,Sweet

383

(firstyear

potato Sisal,Sweet

252

secondyear

potato

forbothplots)

Yuca

213

fCoefficientswerecalculatedrelativetosoillosses(tonsha-lyr~l)undernaturalforestcover. Thereferenceplotsforno's80through89areplots87and8(mean).Plot96isthereference forno's91through95. ^Numbersinparenthesesindicatecoefficientsthatapplytobothsitesfortheregionalmodel. §ReferenceforLosMontonesandCarrizalsites(80-89). UHillsideditchesareused. #Minimumtillageispracticed, ttfirstyear,afterclearing,burningandtilling. ÜSecondyear. §§ReferenceforPananaosites.
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1.0%, ranging from 0.25 to 0.90%. The values for the study areas in

the Sierra compare well with these examples, at 1.0%.

The increments of runoff over natural vegetation range from 3 to

7 for pastures in the study area, as compared to 12-fold increases

reported for Imperata grassland in Mindanao (Kellman, 1969) and 10-

fold increases reported for grazed savanna in Uganda (Sperow and

Keefer, 1975). Incremental increases for field crops range from 20 to

40 in Senegal (Charreau, 1972; Moutappa, 1973) and Uganda (Sperow and

Keefer, 1975). In Mindanao, Kellman measured widely varying

proportional increases of runoff in field crops over forest values

(Table A-ll). In new fields the runoff increased 4 to 6 times and in

older fields the runoff ranged from 8 to 50 times the amount for

forest.

The runoff rates measured in field crop sites in the study area

showed increases over forest rates ranging from 2 to 12-fold, which is

less than all of the above. However, the runoff as percent of

precipitation very closely approximates the rates reported by Kellman

(1969), with the exception of forest. The 1 to 2% runoff rates for

newly established field crops are repeated at the Los Montones plots

(84 and 85). The trend toward increased runoff with longevity of

field crop production at the site, mentioned earlier, is also

reflected in the Mindanao results. The 12% rate for 12-year-old rice

fields was duplicated in the eroded manioc plot (95) at Pananao. This

plot was the most consistently and intensively cultivated of all the

plots included in the study. The results of both studies indicate the

importance of incorporating land use history into runoff estimates,

whether at the plot or regional level.
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Soil loss coefficients (Table 36) indicate a 12-fold increase

over forest erosion rates in pastures. With land under coffee,

erosion losses increase from 10 to 38 times over forest rates,

depending upon the age and condition of the stand. Mixed crops of

various types show erosion rate increases of 153 to 383 times the

forest losses, with the exception of the newly cleared and burned

plots. In the latter case the increase relative to forest erosion

rates was greater than 1000-fold.

The soil loss increment reported by Kellman (1969) for pasture

(2.0) is well below the value for the study area. However, the

average erosion rates for forest and pasture in the U.S. (Table A-4)

(Pavoni, 1977; USEPA, 1973) show a 10-fold increase in pasture.

Reports from Jamaica also indicate an increment of 10 (Table A-7)

(Sheng and Michaelson, 1973).

Jamaican field crops showed soil loss increases of approximately

100 to 250-fold over forest in the same study. The increment for

vegetable crops in Malaysia (Table A-6) (Morgan, 1979) varied from 30

to 250; plots in field crops in Senegal yielded 35 to 50-fold

increases, and reports from Uganda showed ratios of 260 to 340 for

cowpeas and corn (Table A-9) (Sperow and Keefer, 1975). Kellman

(1969) measured increases ranging from 70 to 600-fold in corn and rice

fields in Mindanao. The values for new corn versus a 2-year-old corn

field show the same trend apparent in the comparison of first and

second year data for plots in manioc, beans and corn (plots 84 and 85)

in Los Montones. The initial erosion rate decreases from the first to

second years.
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By contrast, the continued repetition of the full cropping cycle

in a given plot yields higher erosion rates over the long term as

indicated by the plots in Pananao, 91, 92, and 95, and the comparison

of "second year" (in the study period) results for plots 91, 92, 95,

82, and 83 with plots 84 and 85 (newly established). In contrast to

the Mindanao results, however, the highest total losses for the first

year of the cropping cycle occur in the newly cleared plots.

The absolute values for soil loss (Table 22) are comparable to

results from studies conducted in Puerto Rico, Colombia, Brazil (Table

A-7) and Uganda (Table A-9). Comparisons with results from Jamaica

(Table A-7), Mindanao (Table A-ll), the United States (Table A-4), Sri

Lanka (Table A-10), and Nigeria (Lai, 1977c), show similar erosion

rates for selected land uses and cropping systems. The erosion rate

for forest (0.1 ton ha ^ yr ^) in the study area compares well with

the studies conducted in Uganda (0.1 ton ha ^ yr ^, natural savanna),

Mindanao (approximately 0.07 ton ha 1 yr ^), Senegal (0.2 ton ha
-1 -1 -1 1

yr , natural bush), the U.S. (0.9 ton ha hr , forest) , and

Malaysia (0.03 ton ha ^ yr \ rainforest) (Morgan, 1979). By

contrast, Sheng and Michaelson report losses of 0.5 to 1.3 tons ha

yr under dense forest cover in Jamaica.

-1 -1
Erosion rates under pasture (0.2 to 2.0 tons ha yr ) agree

well with the rates reported for fertilized pasture in Puerto Rico

(1.5 tons ha 1 yr ^) and Brazil (1.2 to 2.7 tons ha ^ yr ^) (Table A-

7). Results from Mindanao (0.2 ton ha 1 yr ^) (Table A-ll) and the

"''The USEPA (1973) and Pavoni (1977) report national averages which
disagree with estimates published by USDA (1980). The first group
will be cited henceforth, unless otherwise indicated.
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U.S. (0.9 ton ha ^ yr ^) (Table A-4) also fall in the same range.

Soil losses in Uganda were slightly higher (2.5 to 4.4 tons ha ^ yr 1)
(Table A-9) and erosion rates reported for Jamaica ranged from 5.0 to

12.5 tons ha 1 yr 1 (Table A-7).

The established coffee plots yielded 0.5 to 3.3 tons ha ^ yr \
the latter being influenced somewhat by site disturbance from

construction. The plot newly planted to coffee yielded about 2.0 tons

ha 1 yr ^. Both results compare well with the reported erosion losses

for Colombian plantations at Chinchina (Table A-7), which started at

-1 -1
0.6 tons ha yr for established plantations and ranged from 1.8 to

24.0 tons ha ^ yr ^ for new plots.

Soil losses reported for annuals and other field crops fall

within the wide range of erosion rates reported in the literature for

various cropping systems. The losses in the study area ranged from

-1 -1 -1 -1
6.0 tons ha yr for plots in pigeon peas, to 70.0 tons ha yr

for the newly cleared plots in manioc, beans, and corn (Table 22).

The values found in the literature range from 1.0 to 125.0 tons ha
-1

yr (Table A-7).

Comparison of Measured Erosion Rates with USLE Estimates

The erosion rates measured on the plots were compared with

calculated results using the Universal Soil Loss Equation. The

equation overestimated the soil losses in all cases (Table 37). One

possible explanation is the overestimation of the C factor, which is

the only factor that was not estimated from quantitative field



 



Table37.Comparisonofmeasuredandpredictederosionlosses. Plot Number

LandUse

USLE

Prediction!

Measured
ErosionLosses^

tons

ha'1yr'1

tons

ha-1yr-1

80

Coffee(old)

37.8

0.5

-3.3

81

Coffee(new)

1197.0-
2993.0

1.4

-2.3

82

Pigeonpea,Sweetpotato§
195.6-
880.1

6.0

-6.4

83

Pigeonpea,Sweetpotato§H
101.6-
457.4

7.3

-7.5

84

Yuca,Beans,Com

183.7-
826.6

2.5

-48.3

85

Yuca,Beans,Com§

91.8-

413.3

17.2

-70.0

86

Pasture

46.6-

233.0

0.2

-0.3

87

PineForest

1.3-

4.5

0.1

88

PineForest

0.9-

3.2

0.1

-0.2

89

Pasture

37.9-

189.3

0.2

-0.3

91

Sisal,Yuca,SweetPotato**
164.2-
738.7

13.6

-30.4

92

Sisal,Yuca,SweetPotato
320.1-
1440.5

15.5

-28.3

93

Pasture

57.5-

287.3

1.1

-2.0

94

Pasture

43.1-

215.5

1.4

-1.8

95

Yuca

273.6-
1231.2

11.6

-21.0

96

PineForest

2.8-

9.3

0.1

■fTheCfactorsforfieldcropsandpasturewerevariedtocovera conditions.TheestimatesarebasedonCfactorsappliedinthe 1978)andintheDominicanRepublic(Santana,1980). listedinAppendixI. ^AnnualtotalsarereportedforMay1980toMay1981andforJuly1980 §Siteincludeshillsideditchesacrosstheslope. ^Minimumtillagepracticewithgrasscoverwasused.
broadrangeofplantcover U.S.(WischmeierandSmith,

Theparametersfortheequationare toJuly1981.
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measurements in the area. However, the equation also overestimated

erosion losses in forest and pasture by a factor of 10 or more in

spite of the fact that the C factors for these land covers are well

established and vary little by site.

The rainfall erosivity index (R) has a fairly sound theoretical

basis. The parameters for this factor are based on a well documented

analysis of empirical data from the study area (Paulet, 1978). The

error is most likely due to overestimation of the effects of slope

(LS) and erroneous assumptions built into the soil erodibility (K)

factor. Similar conclusions have been advanced by researchers in

Puerto Rico (Smith and Abruna, 1955), where the soil erodibility

factor as normally derived failed to account for experimental results.

Results of erosion plot experiments in Africa and Hawaii have

indicated the need for inclusion of clay mineralogy of soils as a

determinant of erosion (Greenland and Lai, 1977). The high proportion

of iron and aluminum compounds in some tropical soils significantly

alters the probability of particle detachment from the soil surface.

The K factor also fails to address the change in soil properties over

time. Based on reports from West Africa (Lai, 1976, 1979), the

Philippines (Kellman, 1969), and the results obtained at the plots in

the Sierra, the K factor for the exposed surface soil changes over

time in response to erosion. The A and B horizons and their

respective subunits cannot be represented adequately given a single K

Estimates were based on values reported in the literature for compa¬
rable cropping systems. The C factors calculated for mixed crops in
smallholder fields at Mata Grande (Santana, 1980) were applied to
the field crop plots.
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factor derived from data on the uppermost horizon. An erodibility

factor applicable over the long term would need to incorporate

feedbacks from the erosion process itself.

The applicability of the P factor is also questionable. A

comparison of soil loss coefficients (relative to estimates for

forest) showed a parallel increase with measured erosion rate

increases for all land uses, with the exception of cropping systems .

with soil conservations practices. The P factor overestimated the

incremental reduction in erosion in every case (Table 38).

The predicted effects in soil erosion prevention or decrease are

not even nearly achieved in any of the cases (82, 83, 85, and 91).

When compared to the control plots (84, 92), the plots with hillside

ditches showed no significant improvement. The minimum tillage

experimental plots at 82 and 83 did show some significant difference

as indicated previously by the analysis of variance, but did not

approach the effect predicted by the USLE. This reflects the failure

of such a one-dimensional analysis to account for the feasibility of

proper construction and maintenance. The implementation of this

technology in the study area does in fact stem from the widespread use

of the USLE to predict erosion reductions by alternative conservation

and cropping practices, under conditions where the parameters of the

equation have not been calibrated.

Beyond the problems with local or regional calibration, this

empirical equation cannot by nature adequately represent the

agroecosystems in question well enough to accurately predict their

responses to change, particularly when cultural and economic variables



 



Table38.ComparisonofsoillosscoefficientsderivedfromUSLEandfromempiricaldata.f CoefficientsderivedfromUSLE

Coefficientsderivedfromempiricaldata
LosMontones+CarrizalSites

Forest§

1

1

Pasture

19-93

6

Coffee(old)

15

10

Coffee(new)

479-1197

38

Pigeonpea,Sweet potato1Í

78-352

182

Pigeonpea,Sweet potato1Í#

41-183

153

Yuca,beans,com
74-331(all

years)

1462

Yuca,beans,com
37-165(all

years)

252

(Dt (12)

(firstyeartt secondyeartt forbothplots)

PananaoSites

Forest§§

1

Pasture

8-42

Sisal,Sweet potato

66-296
(all

years)

Sisal,Sweet potato

128-578
(all

years)

Yuca

46-205

1

17 383(firstyear 225secondyear forbothplots)
213

fCoefficientswerecalculatedrelativetosoillosses(tonsha~lyr~l)undernaturalforest cover.Thereferenceplotsforno's80through89areplots87and88(mean).Plot96is thereferenceforno's91through95. tNumbersinparenthesesindicatecoefficientsthatapplytobothsitesfortheregionalmodel. §ReferenceforLosMontonesandCarrizalsites(80-89). HHillsideditchesareused. #Minimumtillageispracticed. ttFlrstyear,afterclearing,burningandtilling. Í^Secondyear. §§ReferenceforPananaosites.
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are added to the already complex situation of the natural systems.

The use of the USLE to determine soil conservation policies is

predicated upon comparison of proposed alternatives with the worst

possible conditions (tilled bare fallow). The range of alternatives

includes modifications of slope, cropping practice, and conservation

practice. The requirements of the site for sustained production are

not taken into account. The adaptations of natural vegetation to

prevent excessive erosion (<0.2 ton ha 1 yr ^ in most cases cited) are

not considered, nor is the soil loss under a given cropping system

evaluated against this alternative. By contrast, a model of the

natural ecosystem and the complex interactions and feedbacks that

maintain and build the soil would serve as a point of departure for

incorporating some of the protective mechanisms into annual and

perennial cropping systems or alternative land uses. Systems models

of the combined natural and socioeconomic aspects of selected small

farms are presented as an alternative to the empirical approach

embodied in the USLE.

Farm Level Models

The household of the major coffee grower, along with the adjacent

smallholdings of one son, were chosen for detailed analysis to

evaluate the farm level model for coffee production (Fig. 48). The

two related landholdings are typical of a type of coffee production

unit found throughout the Sierra, in Juncalito, Diferencia, Mata

Grande, and Carrizal. This kind of family enterprise is usually

associated with smallholder producers of coffee as well as with
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Fig. 48. Model of coffee farms: Large and small holdings.

5.8 RD kg ^ (dry)
10~4 -RD/Kcal
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subsistence farmers in adjacent or nearby holdings. The promotion of

coffee by development programs will either reproduce, modify of clash

with this existing production system. This typical example of the

established system provides the best basis for prediction and

evaluation of the effects of coffee promotion programs, since no

viable alternative is yet available for study.

The amount of food crops produced, relative to the area in coffee

is an important feature of the system (Fig. 48). The proportion of

income from crop, coffee and pasture lands indicates that the food

crops are not a major source of income but function as a support for

the coffee production enterprise. The duplication of coffee and crop

production at a small scale would constitute a high risk enterprise

without the associated pasturelands and cattle that serve as security

against bad harvests or failing market prices.

The.proportion of food and fuel production that goes to maintain

the labor force is another critical flow to consider if this system is

to be promoted at the smallholder level. The smallholder would need

to dedicate land to the production of food crops for the family as

well as for the harvesters and other hired help. Figure 48 indicates

the flows and storages that are integral to the maintenance of the

largeholder coffee farm and that could possibly be duplicated or

replaced by parallel features in coffee production systems based on

smallholder associations like those promoted by Plan Sierra programs.

At present coffee production and marketing receive priority in

existing smallholder associations and in programs to organize

cooperatives.
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The average erosion and water yield from the complete holdings of

the large coffee grower are substantially higher than for the coffee

stand itself. This, however, still accounts for only a part of the

food production associated with his coffee holdings. The food crop

plots of seasonal laborers who reside in the area also serve to

maintain the coffee production in the large landholdings. The forest

lands provide fuel for the grower's household and more importantly,

for the workers and their families.

The large growers, as the diagrams show (Figs. 34 and 48), manage

entire small watersheds both directly and indirectly through their

management of the production system at the plot level. The transfer

of this production system as a whole to smallholder enterprises would

require a similar coordination of diverse land uses and production

subsystems at the watershed and community levels. One of the

important questions that remains is whether the reproduction of this

system is desirable based on ecological and economic criteria at the

watershed and household levels.

Two landholdings at Pananao were chosen as examples for model

(Figs. 49 and 50) evaluation of pasture and annual crop production

systems. As in Carrizal, the examples show a large and a small

landholder, respectively. In the case of Pananao, the two landholders

are more independent of each other's activities at the household

level. There is some interaction, however, at the community and

watershed level over the long term. The evaluated models illustrate

the two classes of land use and production systems most common in the

watershed.
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Fig. 49. Model of dairy and cattle farm, Pananao.
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Fig. 50. Bitter manioc production on a small holder plot, Pananao.
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The two models contrast more in scale than in structural and

functional attributes. However, the larger scale of operation

possesses certain attributes that are inaccessible at small scales,

such as retailing one’s own produce, local investment and

establishment of savings or equivalent security (land and cattle).

These pathways and storages in the pastureland model reflect a

structural constraint imposed by a combination of scale and the

prevailing economic system in which both the large landowner and the

smallholder operate.

Another major constraint between the two scales of operation and

the respective land use systems at Pananao is in the erosion rates.

The smallholder loses a much larger proportion of the soil resource

base with the spring rains each year. The large landholder can afford

to rotate land cover types within a general land use system, and can

afford to use the land much less intensively. The smallholder uses

all or most of his plot to meet subsistence needs directly, or

indirectly through income from cash crops. These relationships are

shown in the contrasting rates of similar processes in the two models.

The intensity and longevity of cultivation on a given plot are

increased by a self-reinforcing mechanism in the case of the small

farmer. The high rates of soil erosion and nutrient loss lower the

yields. This requires cultivation of a larger portion of the plot to

produce an adequate food or cash crop harvest. This, in turn, reduces

the fallow time in the rotation, which increases erosion and soil

depletion over the long term. The spiralling effect leads to

permanent cultivation of the entire holding with increasingly lower
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yields per unit of land and labor. This is the situation that leads

the smallholder to work part time off the farm. The model of

smallholder production in Pananao shows the process of agricultural

involution observed by Geertz (1963) in Indonesia. It is also similar

to the process modelled by Lagemann (1977) in Nigeria.

The switch to manioc production at the small farm level, simply

because nothing else will grow on the site, is a classic example of

the phenomenon of agricultural involution. The natural system's

positive feedbacks to the soil have been almost completely eliminated

(Fig. 50). The recovery from such a situation requires the design of

farming systems that incorporate such feedbacks to soil nutrient

build-up and that promote development or maintenance of soil profile

stability. Commercial production must be reconciled with the

provision of food, fuel and shelter for local consumption, if the

competition between the two is not to end in an eroded degraded

landscape characterized by chronically low production levels.

The diagram of a hypothetical smallholder plot (Fig. 51)

illustrates an integrated farming system dedicated to a diverse

combination of land uses that produces for both commercial sale and

subsistence needs. The case demonstrates the potential for

reincorporating positive feedback loops into smallholder

agroecosystems. The example is drawn from a functioning farming

system in a plot located near the Pananao Valley. The family produces

wax, honey, and goats for sale in local and regional markets. They

also produce most of the staples (manioc and other tubers) for

household needs. The complex mosaic of fruit, coffee, shade and
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Fig. 51. Model of a mixed production on a well integrated farm.
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fencerow trees provides forage for the goats, food and shelter for the

bees, and fruit for the family. They are maintained by this system on

a 0.5-ha parcel supplemented by a sharecropped plot of equal size

(Georges, 1981).

Application of Erosion and Runoff Coefficients to the Small Watersheds

The results from the erosion plot study provide the basic data

for the evaluation of the watershed level land use-erosion submodels.

The combination of the erosion and runoff rates by land use category

with the land use distribution allows the calculation of composite

erosion and runoff rates (L and in Figs. 52-56) by watershed. The

derivation of these rates is summarized in Tables 39 and 40.

The comparison of the calculated runoff rates between watersheds

shows a relatively uniform distribution of storm runoff as a percent

of rainfall. The values range from 3.0% for Hondo watershed to 4.2%

for Pananao. This confirms the results of the analyses of variance

with respect to the relative uniformity of storm discharge per unit

area on all five watersheds. The rank order, however, was reversed by

the calculation of runoff rate relative to rainfall volume at each

sit e.

The erosion rates vary more than the runoff rates but the range

is still surprisingly narrow. The calculated composite rate varies

-I -1 -1from 3.58 tons ha yr for the Upper Bajamillo to 5.85 tons ha yr

1
for Pananao (Table 40). The overriding factor that determines the

rate of erosion loss for the watershed is the proportion of total land

area in crops, the condition of the croplands and the cropping

practices in the area. The land area in annual crops contributes more



 



R=meanannualroinfoll

Fig.52.Evaluatedsmallwatershedsubmodeloflanduse,erosion,andsedimentation: Prietostream.
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Fig.53.Evaluatedsmallwatershedsubmodeloflanduse,erosion,andsedimentation:Upper Bajamillostream.
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Legend

R£meanannualrainfall
S=soil(mass&volume) M=soilmoisturestorage(50%soil volume)

L=landarea F=%landareainforest
A=%landincrops,bananas,plantainsC=%landincoffee P=%landinpasture SUSPENDEDSEDIMENTEXPORT

1.5Ionsho1 yr1(bosellow) 1.38ion*ho(peak) STREAMDISCHARGE

bosellow 75580rnhoyr

814806mho"1yr1

Fig.54.Evaluatedsmallwatershedsubmodeloflanduse,erosion,andsedimentation: GreaterBajamillostream.
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RAIN=MEANANNUALRAINFALL SOIL=MASSANDVOLUME

Fig.55.Evaluatedsmallwatershedsubmodeloflanduse,erosion,andsedimentation:Hondostream.
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Fig.56.
Evaluatedsmallwatershedsubmodeloflanduse,erosion,andsedimentation:Pananaostream.
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Table39.Stormrunoffcoefficients,totalrunoffestimates'}"andrunoff/rainfallratiosbywatershed Storm

%Areaineachlanduse
runoffcoefficient

(%rainfall)

Estimatedcontributionto^ Compositerunoff(mhayr)
Totalrainfallestimatedrunoff andstormrunoff

Watershed#64

48.4

coffee

2.3%

189.1

Totalrainfall=3,750,000m3yr1

PrietoStream

12.9

newcoffee,plantains,
3.0

68.8

Rainfall=1719mmyr3
20.4

bananas foodcrops

4.0

137.5

Baseflow=2,522,800m3yr3

Area=187.5ha
13.8

pasture

6.02

142.3

(67%)x

4.5

forest

1.0

7.7

Stormrunoff=110,325myr

0.5

"urban"

50.0

43.0

(3.4%)3

588.4i
3-1-1

mhayr

Totalrunoff=2,633,205myr (70.4%)

Watershed#71

39.9

coffee

2.3%

154.7

Totalrainfall=1,633,050myr

UpperBajamillo

15.0

foodcrops

4.0

103.1

Baseflow=1,135,296m^yr-^

Stream

31.0

pasture

6.0

319.7

(70%)

Rainfall=1719mmyr
13.9

forest

1.0

22.3

Stormrunoff=62,700

Area=95ha

0.7

"urban"

50.0

60.2

(3.8%)

660.0i
3-1-1

mhayr

Totalrunoff=1,197,996 (73.4%)

Watershed#67

15.7

foodcrops

4.0%

77.1

Totalrainfall=15,766.950m3yr Baseflow=4,099,680myr-'*'

HondoStream

41.3

pasture

3.0

152.0

Rainfall=1227mmyr Area=1285ha
18.6 23.2

bushfallow forest

2.0 1.0

45.6 28.5

(26%)3_i
Stormrunoff=473,000myr

1.1

"urban”

50.0

67.5

(3%)

Totalrunoff=4,572,416myr
370.69

J -LÍ.
mhayr

(29%)

Watershed#60

15.8

foodcrops

7.0%

137.1

Totalrainfall=16,275,000m3yr

PananaoStream

46.4

pasture

5.0

287.7

Baseflow=3,784,320m-^yr-2'

Rainfall=1240mmyr
19.0

bushfallow

2.0

47.1

(23%)31

Area=1312.5ha
18.6

forest

1.0

23.1

Stormflow=690,375myr

0.5

"urban"

50.0

31.0

(4.2%)3̂
Totalrunoff=4,474,697myr (27.5%)

’

526.0

3-1-1
mhayr

Watershed#70

20.0

coffee

2.3%

79.1

Totalrainfall=50,925,375m3yr

GreaterBajamillo Rainfall=1719mmyr
25.0

(35)foodcrops

4.0

171.9

(240.7)

Baseflow=22,390,560m^yr--*-

30.0

(20)pasture

6.0

309.4

(206.4)

(44%)3̂

Area=2962.5ha
14.0

forest

1.0

24.1

Stormflow=1,731,463myr

1.0

"urban"

50.0

90.0

(3.4%)33
Totalrunoff=24,138,628myr (47.4%)

674.41

3-1-1
mhayr

fseeAppendixFforlistofcalculatedflooddischargeandlow-flowdischarge,bywatershed,fromvelocity- areameasurements. $Coefficientsforpastureinwatersheds64,70,and71adjusteduptocompensateforlowersoilpermeability, ascomparedtoLosMontonessites.
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Table40.Calculationofsoillosscoefficients'*' andsoillossestimates(tonsha^yr"Sbywatershed. %Areaineachx
Erosioncoefficient

=Estimatedcontributiontocompositeerosion (tonsha~lyr“l)bylanduse

Estimated
erosionrate,

1average bywatershed

#64

48.4

coffee

16(5)

7.7(2.4)

PrietoStream

12.9

plantains/newcoffee
382

4.9

atCarrizal

20.4

foodcrops

1693

34.5

13.8

pasture

6

0.8

4.5

forest

1

0.1

0.5

"urban"

300

1.5

(4.5)

Composite

49.5xforest(45.0)

5.0

tons

•-*■ihayr

#71

39.9

coffee

16(28)•

6.4(11.2)

UpperBajamillo
15.0

foodcrops

169

25.4

Streamat

31.0

pasture

6

1.9

RincondePiedras
13.9

forest

1

0.1

0.7

"urban"

300

2.1

(4.1)

-11

35.8(40.6)

3.6

tons

ha'"’yr

#67

15.7

foodcrops

300

47.10

HondoStream

41.3

6

2.48

SanJose

18.6

bushfallow

3

0.56

LosMontones

23.2

forest

1

0.23

1.1

"urban"

300

3.30

-1-1

53.67

5.4

tons

hayr

#60

15.8

foodcrops

300

47.4

Pananao

46.4

pasture

17

7.89

19.0

bushfallow

8

1.52

18.6

forest

1

0.19

0.5

"urban"

300

1.50

-1-1

58.50

5.9

tons

hayr

#70

20.0

coffee

16

3.20

GreaterBajamillo
25.0

(35.0)foodcrops
169

42.25(59.20)*

40.0

(20.0)pasture

6

2.40(1.20)

14.0

forest

1

0.14

1.0

"urban"

300

3.00

(6.7)

-1-1

50.99(66.74)

5.1

tons

hayr

2Expressedasincrementalincreaseoverforestvaluesof0.1tonha^yr^. ^Numbersinparenthesesindicatealternativecoefficientforcoffeebasedonageandconditionofstands. Soillossof169tonsha-lyr-^basedonassumptionof50%plantainsandbananaintercroppedwithannuals.
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than 100 times the soil loss from forest lands, 25 times the losses

from pastures and more than 10 times the erosion from coffee

plantations in the same area.

In addition to the influence of land use category, the land use

history and specific cropping practice may ameliorate or exaggerate

the generally high erosion rates attributed to land in annual crops.

The Pananao watershed is an example of an area with a high proportion

of land in annual crops. It also experiences relatively high erosion

rates within the cropland areas. This is probably due to the

intensive cultivation of peanuts during the last 30 years and to the

resultant damage to soil structure.

The analysis of variance for sediment yield per unit area during

floods showed no significant difference between the watersheds in the

coffee region and those in the lower elevations covered in pasture and

croplands. The most plausible explanations are the effects of

sediment discharge ratio and the existence of a uniform erosion rate.

The first explanation seems to hold for the case of the Prieto and the

Upper Bajamillo watersheds compared to Hondo and Pananao. The fact

that all four watersheds yield approximately the same amount of

sediment per unit area during flood events does not by itself indicate

a uniform erosion rate. According to Roehl (1962) the smaller

watersheds should yield approximately 33% of the total amount of

sediment eroded, while the larger watersheds should yield

approximately 10% of the total eroded material.

The comparison of baseflow versus flood flow sediment yields

(Table 39) and the calculation of sediment delivery ratios for
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baseflow and peak annual flood showed that while the behavior of the

streams may be distinct, the net result (sediment yield) is very

similar. The calculated erosion rate does indicate the lowest soil

loss from the surface of the two small watersheds in the uplands of

the coffee region (Table 40).

The larger Bajamillo, however, exhibits the highest average

sediment yield per unit area for flood events, and closely

approximates the yields for Hondo and Pananao as indicated previously

in the a posteriori analyses. In this case the size of the watershed

relative to Hondo and Pananao rules out the explanation of sediment

delivery ratio. Uniformity of sediment yield at the same or similar

scales suggests a uniform erosion rate. The calculated rates for the

larger Bajamillo illustrate the potential for erosion equivalent to

that at Pananao. The variation of the proportion of land in annual

crops between 25 and 35% changes the composite erosion rate from 5 to

7 tons ha ^ yr ^.
The combination of measured sediment yield and calculated erosion

rates for the five small watersheds disproves the hypothesis that the

coffee region loses less soil per unit than the pasture and croplands

in the drier areas at lower elevations. Rather, it is the proportion

of land in field crops that determines the erosion rate on the

watershed. In spite of the visible differences between the two

landscapes the coffee-field crops and pasture-field crops associations

do not differ substantially in terms of erosion rates or sediment

yields. The population density and resultant demand for food crop

production (and/or annual cash crop production to generate income) are

roughly the same for the two areas.



 



275

The promotion of coffee for watershed protection becomes

contradictory when the erosion from associated food crop production

raises the net yield from the watershed to the same level as that for

Pananao. The basic demands for food, fuel, and shelter are relatively

inelastic for a given population. If the needs are not met by local

products they must be purchased with income from cash crops or wage

labor. In the case of coffee plantations the labor force could not

afford to purchase imported food and fuel with their wages (Fig. 48).

Given the existing functional relationship between food crop and

coffee production the coffee producing system does not offer a net

reduction in erosion unless coffee is replacing annual cash crops.

Even in the latter case it may be ineffective in replacing the

smallholder cash crop plots. It may simply displace them to other

adjacent areas, depending upon whether coffee can meet the income

needs of the smallholder at the scale of the small plot.

Sediment Delivery Ratios

Given the erosion rates measured in the plots, the suspended

sediment transport observed in the small streams, and the sediment

yields derived for the large watersheds, the sediment delivery ratio

2
is approximately 60% for the 10 to 20 km watersheds and 25% for the

2
watersheds greater than 300 km in area. This contrasts sharply with

the 40 and 10% rates for baseflow conditions. It also contrasts with

2
results for the U.S. where the ratio is approximately 33% for a 1-km

watershed (Roehl, 1962). The apparent sediment delivery ratios in the

Sierra study areas more closely resemble the ratios reported for

catchments in Tanzania (Temple, 1972; Rapp, 1977).
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These sediment delivery ratios for the study area also may be an

artifact of the specific time interval during which the data were

collected. The streams and rivers of the Sierra may be gradually

transporting a sediment load derived in large part from erosion of

newly cleared and tilled forest lands during the period of intensive

logging and settlement about 30 years ago. Although the data from the

study do not allow further exploration of this explanation, it is a

possibility that should be considered when evaluating the high

sediment delivery ratios.

The need to consider the interaction of land use and river

systems in a dynamic context is demonstrated by the case of Pananao

stream. As depicted in Fig. 19, any given storm may combine newly

eroded soil with resuspended channel deposits in the total suspended

sediment load transported past the sampling point. The sediment

deposits in the stream channel, as well as the condition and

topography of the stream banks already have been affected by prior

land use changes and management practices. The amount of runoff that

reaches the stream is partially conditioned by prior use of the land,

as well as by current use and practice.

Much of the deposited material available for resuspension in

overland flow and streamflow may derive from the initial intensive

clearing and tilling of the Pananao Valley 30 years ago. These

sediments in turn would have contributed to the scouring action of the

streamflow, accelerating channel erosion. Attributing the current

condition and behavior of the stream solely to the existing land use

and cover could yield false conclusions and inappropriate management

decisions.
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Delayed transport of previously deposited sediments is also a

probable explanation for the high sediment yield in the Mao Basin.

The sediment delivery ratio is estimated at close to 50% if channel

erosion and prior deposition are excluded from consideration. Since

the initial deforestation 20 to 30 years ago, the rate of sediment

deposition in or near the channels may have exceeded the capacity of

the river to remove it at an equivalent rate. The cumulative deposits

would then move downstream principally during major flood events.

Extreme floods, such as those caused by Hurricanes David and Frederick

in 1979, have played a major role in this process. During the floods

a large amount of sediment (new and residual) was transported

downstream, but the aftermath of the storms also left new sediment

deposits and further scoured the stream banks and channel.

In the case of residual sediments, erosion prevention can have

little effect. The construction of sediment detention structures,

however, could reduce the delivery ratio of the eroded materials

already in or near the stream courses. Cleaning and maintenance of

such structures would be far less expensive (in money and energy

terms) than mechanical dredging (or abandonment) of large reservoirs.

In terms of erosion prevention the reduction of forest clearing and

tillage of plots in annual crops will have the greatest impact.



 



CHAPTER V

CONCLUSIONS

The analysis of erosion and sedimentation within a nested

hierarchy of watersheds and land use systems identifies relationships

that are not apparent at the plot or watershed scales. Spatial

analysis of land use associations within watersheds in the Plan Sierra

region indicated parallel proportions of forest and annual crop lands

in the coffee-producing areas and the extensive pasture lands

downstream. The erosion plot data extrapolated to the watershed level

result in almost uniform erosion rates for these two contrasting land _

use systems. The population density and the related demand for food

production are major determinants of erosion rates in the region.

In addition, the sequence of land uses has a strong influence on

erosion rates. The erosion plot data alone indicate a dramatic change

in erosion rates over time, with the highest rates occurring on steep

slopes immediately after deforestation. The threshholds for

destabilization and erosion of the various horizons are evidently

distinct. The change in erosion rates decays after time of clearing

for a given surface soil, but catastrophic events such as complete

removal of the A horizon or the destabilization of the lower horizons

can induce a new cycle of extremely high rates and subsequent

exponential decay. Peak erosion appears to be caused by initial

exposure and disturbance of former forest soils.
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The application of the information from the study to an analysis

of the Plan Sierra conservation programs indicates a need to place

more emphasis on curbing deforestation, which is the highest single

contributor of sediment, per unit area. In already deforested lands,

changes in cropping systems, conservation and integration of cropping

and forestry systems are necessary. The first two options have

received the most emphasis within Plan Sierra, and the third has been

limited primarily to promotion of combined coffee and food crop

production systems.

The soil conservation practices and land use changes advocated by

Plan Sierra have had varying results. The hillside ditches that have

proven so effective in other areas in an experimental setting (Table

A-7) failed to show significant improvement in erosion reduction at

all four plots. The technical and economic feasibility of

constructing and maintaining this type of physical infrastructure in

small farm plots were not included in the experimental analyses that

preceded the transfer and dissemination of this technology in the

Sierra. In many areas of the Sierra, the degree of slope, soil

texture, and soil structure are not well-suited to the successful use

of hillside ditches. The excavated ditches had filled in at most of

the sites prior to completion of the study (less than 15 months). The

seeding of the upslope banks with dense grasses or other cover crops

stabilized some structures in other fields. However, the investment

required for construction and maintenance of the ditches is still

high.

The testing of this technology on existing farm plots showed it

to be inappropriate in most cases for small farmers in the Sierra.
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According to the double criteria mentioned previously (Chapter III)

for judging the utility of a given technology, both technical

performance and goodness-of-fit within the system were considered.

This practice fails on both counts, as judged by researchers and the

farmers, respectively.

Plan Sierra has promoted the planting of coffee by farmers

willing and able to do so, with or without special credit assistance.

The result is that many of the larger growers are expanding their

coffee plantations and are improving the production of existing

stands. Many smallholders also are expanding existing coffee acreage

and many are planting former food crop plots and pastures to coffee.

The full impact of a cumulative increase in coffee acreage and a

decrease in food crop production has not yet been felt. The local

demand for food crops will increase first as a result of the demands

of the growing seasonal labor force needed to harvest the coffee.

Secondly, the conversion to coffee of small plots formerly in field

crops will decrease local subsistence production and food crops grown

for sale in local markets. This will increase pressure on adjacent

areas to produce food crops for sale to these coffee-producing areas.

The other alternative is for coffee acreage to be expanded at the

expense of forest and pasture land in the coffee region, thus

decreasing the alternative areas available for rotation with field

crops. This will further degrade the soils in the surviving food crop

plots, at the same time increasing erosion in the specific plots

planted to coffee from less erosion-prone cover such as grass or

forest.
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Based on results from erosion plots and small watersheds, the

planting of coffee as an indirect conservation measure cannot be

justified. Based on the models of farm level production, this

strategy is also lacking as a development policy aimed at the small

farmers and the landless.

The same concept of agroforestry ecosystems based on sequential

production of food crops and permanent tree crops could be applied in

the Sierra with the substitution of food, fuel, forage or wood-

producing trees in place of coffee. Whereas coffee increases the

total population pressure on the land by drawing large numbers of

seasonal workers into the area, the production of a tree cash crop

with a less pronounced peak labor demand per area would not require

the same proportion of food to cash crop land.

For example, the production of fast-growing leguminous trees for

wood, forage, fuel or even pulp production would constitute a more

viable long-term alternative than coffee production, for two reasons.

The utility of the products would strengthen both the local and

national economy. The integrated production of small animals

(confined pigs or goats) with tree crops would improve local diet as

well as the income of smallholders. On the other hand, the spread of

coffee production would decrease the amount of food and fuel available

per household and would increase erosion and sediment export at the

watershed level.

Aside from the sediments generated by present erosion, there is a

need to deal with the residual products of past and apparently more

severe erosion. The construction of small dams in the uplands would
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provide a mechanism for retention of sediments prior to their arrival

at the large dam sites. Such structures also could provide energy,

water supply, and irrigation for upland farms and settlements. The

integrated planning of such sedimentation control projects and farming

systems programs would protect the large dams downstream and improve

production and public services in the uplands.

The magnitude of the sedimentation problem, particularly in the

Mao watershed, indicates a need for simultaneous action to reduce the

sediment delivery at the proposed dam site, and to improve watershed

management in the upland source areas. While the sedimentation rates

are more severe than the average erosion rates, relative to reports

from other areas, the watershed average masks a very skewed

distribution of the erosion problem. The occurrence of severe

degradation and depletion of soils on smallholder plots has

selectively undermined the resource base for subsistence production.

Moreover, the current erosion rates in many fields do not reflect the

degree of damage that has been sustained at the sites during prior

periods of heavy initial soil loss.

The smallholders occupying such sites need both technical and

financial aid to rehabilitate these areas or to relocate. Technical

aid may suffice in holdings not already severely degraded. A combined

farming systems and conservation program is suggested to design

sustainable production systems at the small watershed level with

community groups and farmers' associations. The initial field trials

should include crops that maximize ground cover throughout the

cropping cycle and tree crops that offer a saleable product within 4
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or 5 years. The integration of animal production also should be given

priority. The farming system should be extrapolated to the watershed

and regional level through models and/or cartographic analysis before

the field trials and demonstrations are finalized.
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Table A-l. Suspended sediment concentrations in streams draining
forested watersheds in the southeastern United States.

Location Forest type Concentration

-1
Mg L

South Carolina Piedmontf Loblolly Pine 20-43

Mississippi Coastal PlainJ Pine forest 54-269

North Central Florida§ Pine flatwoods 21-81

fSource:
JSource:
§Source:

Switzer and Nelson, 1972.
Duffy et al., 1978.
Reikerk et al., 1979.
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TableA-2.Masstransportofsedimentfromforestedwatersheds. Location

Loss

Source

..-1-1kghayr

Arkansas,OuchitaMountains

15

Ursic,1978

Florida,PineFlatwoods

129

Reikerketal.,1978,1979

Georgia,Piedmont (ClearcutandMachinePrepared)
20,000f

HewlettandNutter,
1969

Minnesota,DeciduousForest

37

SingerandRush,1975

Mississippi,PineForest

225

Duffyetal.,1978; 1976;Ursic,1978
Schreiberetal.,

NewHampshire,HubbardBrook (Hardwood/Pine)

33

BormannandLikens,
1979

NorthCarolina,Coweeta

38-76

JohnsonandSwank,
1973;Mitchell

(Hardwood/Pine)

etal.,1976;Monk,
1976

Approximately397kghacmstormflowleavingwatershed.
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Table A-3. Variation of sediment transport by forest type and land
use: Coweeta, North Carolina.

Vegetation Annual Sediment Yield

kg ha ^
Mature Hardwood 30

Pine Plantation 76

Old Field 176

Coppice Hardwood 283

Source: Monk, 1976; Sopper, 1975.



 



Table A-4. Average erosion rates for broad land use categories
in the United States.

Land Use / Sediment Loss

kg ha 1 year

Forest 85

Grassland 850

Abandoned Mines 8500

Cropland 17,000

Harvested Forest 42,500

Construction 170,000

Source: Pavoni, 1977; USEPA, 1973
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Table A-5. Erosion rates for selected agricultural land uses in the
United States.f

Land Use Soil Loss

Tons ha ^

All Cropland 10.53

Cultivated Cropland 11.44

Pastureland, including native pastures 5.83

Rangeland 6.94

Forest Land 2.69

Grazed Forest Land 9.41

fSheet and rill erosion.
Source: USDA, 1980.
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Table A-6. Variation in sediment yield with land use in Malaysia.

Land Use in Watershed Sediment Yield

kg ha ^ year-1

Rain Forest 4 to 34

Tea Plantations 673

Vegetable Farms 1009

Mining 495

Urban Areas 800

Source: Douglas, 1968; Morgan, 1979.



 



TableA-7.ErosionratesmeasuredintheCaribbeanandLatinAmerica(soillossesintonsha year“l).
LandUse

Jamaicat

Puerto
Ricot

Colombia^

Brazil^

Clean-Tilled
Fallow

375-625

253-

303

225-

253

—

FieldCrops

*

100-125

15.2-
36.4

1.0-

20.0

9.5-

21.5

FieldCrops,
Traditional

134.4

—

—

21.4

-21.5

FieldCrops,
onContours

—

—

—

4.1-

19.8

FieldCrops,
HillsideDitchand"Hills"
38.8

—

—

—

FieldCrops,
HillsideDitchandContours
26.6

--

—

—

FieldCrops,
BenchTerraces

17.5

—

—

—

FieldCrops,
withMulch

—

1.4

—

—

FieldCrops,withMixofConservation Practices

9.8-14.8

—

—

—

Pasture

—

4.4

3.0-

7.1

—

FertilizedPasture

5.0-12.5

1.5

—

1.2-

2.7

Coffee,New

—

—

1.8-

24

—

Coffee,New
withTerraces

—

—

0.2

--

Coffee,Old
withoutTerraces

—

—

0.6

—

DenseForest

0.5-1.3
i——

--

--

--

fsheng,1973;ShengandMichaelson,1973.jsmithandAbruna,1955;Vicente-Chandler,1976. §SuarezdeCastroandRodriguez,1955,1962, ^Bertoni,1966;Marquesetal.,1961.
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Table A-8. Runoff and soil loss in Senegal.t

Vegetation Runoff Soil Loss

% ^ -1 -1
tons ha yr

Natural Bush 0.9 0.2

Peanuts 22.8 6.9

Sorghum 34.1 8.4

Maize 30.9 10.3

fRainfall of 1100 to 1300 mm year~l.
Source: Charreau, 1972; Moutappa, 1973; Okigbo, 1977.



 



TableA-9.RunoffandsoillossunderdifferentlanduseinUganda.t LandUse

(Aspercent
Runoff

ofprecipitation)

Soil

(tonsha“l
Loss^ season)

NaturalSavanna

0.5%

0.

1

GrazedSavanna

X10Í

4.

4

GrazedandBurned
Savanna

X20

2.

5

CowpeasandCorn

X40

26to

34

BareFallow

X80

81.

5

fAbulkdensityof convertedtotons ^Runoffforother
1.3gcc ha“l. landuses

^ isassumedforallsoillosses isreportedbyincreaseoverthe
reportedin runofffrom

2 .-i,
mhaand thenatural

savanna. Source:SperowandKeefer,1975.
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TableA-10.Soillossesinteaplantationscomparedtoalternativelanduses(intonsha year"l).f

Nation

LandUse

ForestTeawithCoverCropsTeaVegetablesBareFallow
Malaysia^

3.26.49.8
India§

’ o.4to2.13.1to14.4
SriLankafl

20.0to35.04.0
fSoillossisconvertedtotonsha“lyear_lusingasoildensityof1.3gcc-3ifdataisreported inm3. |DataforMalaysiaarereportedinLai(1977b). §DataforIndiaarereportedinLai(1977b)andHasseloandSikurajapathy(1965). lÍDataforSriLankaarereportedinLai(1977b)andHollandandJoachim(1933).



 



TableA-ll.VariationofrunoffandsoillosswithlanduseinuplandMindanao Vegetation

Runoff
(Aspercentof Precipitation)

SoilLoss
DuringCroppingPeriod (kgha-1day-1)

Soil Over

LossIncrements PrimaryForest Losses

PrimaryForest

0.25

0.25

X

1.0

SoftwoodTrees

0.26

0.36

X

1.5

ImperataGrassland

3.00

0.50

X

2.0

NewAbacaPlantation
0.35

0.59

X

2.5

10YearOldAbacaPlantation0.64

0.74

X

3.0

LoggedForest

1.73

-

—

NewCornField

1.52

3.79

X

115.0

NewRiceField

1.08

1.81

X

70.0

2YearOldCornField
1.78

15.06

X

60.0

12YearOldRiceField
11.64

145.14

X

600.0

Source:Kellman,1969
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APPENDIX B

SURVEYED CROSS SECTIONS OF RIVERS AND STREAMS
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Fig.B-l.MaoRivercrosssection.
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Fig.B-2.AminaRivercrosssection.
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Fig.B-3.UpperBajamilloStreamcrosssection. Fig.B-4.PrietoStreamcrosssection. Fig.B-5.GreaterBajamilloStreamcrosssection.
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APPENDIX C

STAGE -DISCHARGE CURVES FOR RIVERS, DERIVED BY INDRHI



 



LEVELREADINGSONHYDROMETRIC6UA6E

DISCHARGE(Q)INMETERS

Fig.C-l.StagedischargecurvesforriversderivedbyINDRHI,MaoRiver



 



LEVELREADINGSONHYDROMETRICGUAGE

DISCHARGE(Q)inm3sec'
Fig.C-2.StagedischargecurvesforriversderivedbyINDRHI,AminaRiver.
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APPENDIX D

MONTHLY RAINFALL FOR STATIONS 3 THROUGH 11



 



o

r:> ÍU

o

ci
r~ ij ZJ1

•n

o

•/j

u

IFltflJI¡MiNFNII
—-19o1nniNniiI I1EFIN

Fig

D-l

MonthlyrainfallattheSantoDomingoclimatologicalstation,#3



 



f) CO

Li <\J r-
u*

<r> io io

c.

CO

J-

r>

*-*n» »-o cr* o_ •—•r\. l_JCl UJfr* Ú" 0_

O

-f
»J

19;:nnmhiuti
—-i9fnnnininii ncnn

o

to ro

i
mu

Fig.D-2.MonthlyrainfallattheJarabacoaclimatologicalstation,#4.
306



 



o o

OJ

o

rj r
zr

(O

o

(U

m

1960P'.ÑINIillI 1961Fill1NFfill MFllN

íd

»- cr Cl_ »-i
L.»

til cr ÍL

<j■) ZT

o:
rj-

ro:
Fig.D-3.MonthlyrainfallattheMaoclimatologicalstation,#5. i

307



 



Fig.D-4.MonthlyrainfallattheMataGrandeclimatologicalstation,#6
lull
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Fig.D-6.MonthlyrainfallattheMaguaclimatologicalstation,#8.
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Fig.D-7,MonthlyrainfallattheManabaoclimatologicalstation,#9.
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APPENDIX E

DATA ON SEDIMENT CONCENTRATION, STAGE AND
DISCHARGE FOR MAO AND AMINA RIVERS



 



Legend for Tables E-l and E-2.

LEVLA = hydrometric station reading, river stage, 7 A.M.

LEVLP = hydrometric station reading, river stage, 5 P.M.

LEVLM = hydrometric station reading, stage at flood peak.

LEVLF = reading of river stage (distance below bridge) at sample time

SEDCA = sediment concentration (g L "S of first sample.

SEDCB = sediment concentration (g L of second sample.

SEDC = average sediment concentration from both samples.

DLEVA
3 -1

= discharge rate (m sec ), derived from 7 A.M. stage.

DLEVP
3 -1

= discharge rate (m sec ), derived from 5 P.M. stage.

DLEVD = average daily discharge rate (without flood peaks).

DLEVM
3 -1

= discharge rate (m sec ) at flood peak.
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Table E-l. Mao River.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800101 0.42 0.42 - - - - - 9.6 9.6 9.6 -

800102 0.42 0.42 - - - - - 9.6 9.6 9.6 -

800103 0.61 0.46 - - - - - 17.8 11.0 14.4 -

800104 0.57 0.48 - - - - - 15.1 11.7 13.4 -

800105 0.44 0.42 - - - - - 10.3 9.6 9.9 -

800106 0.42 0.42 - - - - - 9.6 9.6 9.6 -

800107 0.65 0.55 - - - - - 20.3 14.3 17.3 -

800108 0.47 0.45 - - - - - 11.3 10.6 11.3 -

800109 0.43 0.42 - - - - - 9.9 9.6 9.8 -

800110 0.42 0.41 - - - - - 9.6 9.3 9.4 -

800111 0.41 0.40 - - - - - 9.3 8.9 9.1 -

800112 0.40 0.40 - - - - - 8.9 8.9 8.9 -

800113 0.40 0.39 - - - - - 8.9 8.6 8.8 -

800114 0.39 0.39 - - - - - 8.6 8.6 8.6 -

800115 0.39 0.39 - - - - - 8.6 8.6 8.6 -

800116 0.39 0.39 - - - - - 8.6 8.6 8.6 -

800117 0.38 0.37 - - - - - 8.3 7.9 8.1 -

800118 0.37 0.37 - - - - - 7.9 7.9 7.9 -

800119 0.37 0.37 - - - - - 7.9 7.9 7.9 -

800120 0.37 0.35 - - - - - 7.9 7.6 7.8 -

800121 0.36 0.36 - - - - - 7.6 7.6 7.6 -

800122 0.36 0.36 - - - - - 7.6 7.6 7.6 -

800123 0.35 0.35 - - - - - 7.3 7.3 7.3 -

800124 0.35 0.35 - - - - - 7.3 7.3 7.3 -

800125 0.34 0.34 - - - - - 7.0 7.0 7.0 -

800126 0.34 0.34 - - - - - 7.0 7.0 7.0 -

800127 0.34 0.34 - - - - - 7.0 7.0 7.0 -

800128 0.34 0.34 - - - - - 7.0 7.0 7.0 -

800129 0.34 0.33 - - - - - 7.0 6.7 6.8 -

800130 0.33 0.33 - - - - - 6.7 6.7 6.7 -

800131 0.33 0.33 - - - - - 6.7 6.7 6.7 -

800201 0.33 0.33 - - - - - 6.7 6.7 6.7 -

800202 0.33 0.33 - - - - - 6.7 6.7 6.7 -

800203 0.33 0.33 - - - - - 6.7 6.7 6.7 -

800204 0.33 0.33 - - - - - 6.7 6.7 6.7 -

800205 0.35 0.39 - - - - - 7.3 8.6 7.9 -

800206 0.34 0.33 - - - - - 7.0 6.7 6.8 -

800207 0.32 0.32 1.08 - - - - 6.4 6.4 6.4 57
800208 0.87 0.55 - - - - - 36.9 14.3 25.6 -

800209 0.48 0.43 - - - - - 11.7 9.9 10.8 -

800210 0.42 0.40 - - - - - 9.6 8.9 9.3 -

800211 0.38 0.37 - - - - - 8.3 7.9 8.1 -
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Table E-l--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800212 0.35 0.34 - - - - - 7.3 7.0 7.2 -

800213 0.33 0.33 - - - - - 6.7 6.7 6.7 -

800214 0.32 0.32 - - - - - 6.4 6.4 6.4
800215 0.32 0.32 - - - - - 6.4 6.4 6.4
800216 0. 32 0.32 - - - - - 6.4 6.4 6.4 -

800217 0.32 0.32 - - - - - 6.4 6.4 6.4 -

800218 0.31 0.31 - - - - - 6.1 6.1 6.1 -

800219 0.31 0.31 - - - - - 6.1 6.1 6.1
800220 0.31 0.31 - - - - - 6.1 6.1 6.1
800221 0.51 0.64 - - - - - 12.8 19.6 16.2 -

800222 0.47 0.42 - - - - - 11.3 9.6 10.5 -

800223 0.39 0.37 - - - - - 8.6 7.9 8.3
800224 0.34 0.34 - - - - - 7.0 7.0 7.0 -

800225 0.34 0.33 - - - - - 7.0 6.7 6.8 -

800226 0.33 0.33 - - - - - 6.7 6.7 6.7 -

800227 0.32 0.32 - - - - - 6.4 6.4 6.4
800228 0.31 0.31 - - - - - 6.1 6.1 6.1 -

800229 0.31 0.31 - - - - - 6.1 6.1 6.1 -

800301 0.31 0.31 - - - - - 6.1 6.1 6.1 -

800302 0.30 0.30 - - - - - 5.8 5.8 5.8 -

800303 0.30 0.30 - - - - - 5.8 5.8 5.8 -

800304 0.60 0.65 - - - - - 16.3 20.3 18.3 -

800305 0.47 0.42 - - - - - 11.3 9.6 10.5
800306 0.38 0.36 - - - - - 8.3 7.6 7.9
800307 0.82 0.59 - - - - - 32.7 15.9 24.3
800308 0.65 0.52 - - - - - 20.3 13.2 16.7 -

800309 0.44 0.43 - - - - - 10.3 9.9 10.1 -

800310 0.40 0.38 - - - - - 8.9 8.3 8.6
800311 0.37 0.36 - - - - - 7.9 7.6 7.8
800312 0.35 0.35 - - - - - 7.3 7.3 7.3 -

800313 0.34 0.34 - - - - - 7.0 7.0 7.0 -

800314 0.33 0.33 - - - - - 6.7 6.7 6.7 -

800315 0.33 0.33 - - - - - 6.7 6.7 6.7 -

800316 0.32 0.30 - - - - - 6.4 5.8 6.1 -

800317 0.30 0.32 - - - - - 5.8 6.4 6.1
800318 0.32 0.32 - - - - - 6.4 6.4 6.4
800319 0.31 0. 31 - - - - - 6.1 6.1 6.1
800320 0.31 0.31 - - - - - 6.1 6.1 6.1
800321 0.30 0.30 - 145 0.021 0.021 0.021 5.8 5.8 5.8
800322 0.30 0.30 - - - - - 5.8 5.8 5.8 -

800323 0.30 0.30 - - - - - 5.8 5.8 5.8 -

800324 0.30 0.30 - - - - - 5.8 5.8 5.8 -
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Table E-l--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800325 0.29 0.29 - - - - - 5.5 5.5 5.5 -

800326 0.29 0.29 - - - - - 5.5 5.5 5.5 -

800327 0.29 0.29 - 145 0.013 0.013 0.013 5.5 5.5 5.5 -

800328 0.28 0.28 - - - - - 5.2 5.2 5.2 -

800329 0.28 0.28 - - - - - 5.2 5.2 5.2 -

800330 0.28 0.28 - - - - - 5.2 5.2 5.2 -

800331 0.28 0.28 - - - - - 5.2 5.2 5.2 -

800401 - - - - - - - - - - -

800402 - - - - - - - - - - -

800403 - - - - - - - - - - -

800404 - - - - - - - - - - -

800405 - - - - - - - - - - -

800406 - - - - - - - - - - -

800407 - - - - - - - - - - -

800408 - - - - - - - - - - -

800409 - - - - 0.224 - - - - - -

800410 - - - - - - - - - - -

800411 - - - - - - - - - - -

800412 - - - - - - - - - - -

800413 - - - - - - - - - - -

800414 - - - - - - - - - - -

800415 - - - - - - - - - - -

800416 - - - - - - - - - - -

800417 - - - - - - - - - - -

800418 - - - - - - - - - - -

800419 - - - - - - - - - - -

800420 - - - - - - - - - - -

800421 - - - - - - - - - - -

800422 - - - - - - - - - - -

800423 - - - - - - - - - - -

800424 - - - - - - - - - - -

800425 - - - - - - - - - - -

800426 - - - - - - - - - - -

800427 - - - - - - - - - - -

800429 - - - - - - - - - - -

800430 - - - - - - - - - - -

800501 0.75 0.80 1.98 - - - - 27.2 31.1 29.1 151.2
800502 1.32 1.00 1.41 - - - - 87.0 49.2 68.1 94.8
800503 1.17 1.04 1.63 - - - - 67.9 53.3 60.6 115.7
800504 0.98 0.85 - - - - - 47.2 35.2 41.2 -

800505 0.77 0.73 1.40 - - - - 28.7 25.7 27.2 93.9
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Table E-l--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800506 0.87 0.81 1.56 - - - - 36.9 31.9 34.4 108.9
800507 0.85 1.20 1.30 - - - - 35.2 71.5 53.3 84.8
800508 0.96 0.84 1.10 - - - - 45.2 34.3 39.8 59.8
800509 1.05 0.82 - - - - - 54.3 32.7 43.5 -

800510 0.80 0.78 1.05 - - - - 31.1 29.5 30.3 54.3
800511 0.88 0.79 1.65 - - - - 37.8 30.3 34.0 117.7
800512 1.06 0.87 - - - - - 55.4 36.9 46.2 -

800313 0.90 0.78 1.16 - - - - 39.6 29.5 34.5 66.7
800514 0.93 0.84 1.08 - - - - 42.3 34.3 38.3 57.6
800515 0.83 1.17 - - - - - 33.5 67.9 50.7 -

800516 0.95 0.92 1.63 - - - - 44.2 41.4 42.8 115.7
800517 1.18 0.98 1.52 - - - - 69.1 47.2 58.1 105.1
800518 1.03 0.92 2.12 - - - - 52.2 41.4 46.8 166.1
800519 1.34 1..16 3.04 - - - - 89.7 66.7 78.2 272.8
800520 1.30 1.21 - - - - 84.3 72.7 78.5 -

800521 1.06 0.96 - - - - - 55.4 45.2 50.3 -

800522 1.03 0.95 - - - - - 52.2 44.2 48.2 -

800523 0.96 0.97 1.53 - - - - 45.2 46.2 45.7 106.0
800524 1.07 0.94 2.14 - - - - 56.5 43.3 49.4 168.3
800525 1.38 1.21 1.74 - - - - 95.3 72.7 84.0 126.6
800526 1.12 1.07 1.59 - - - - 62.0 56.5 59.3 111.8
800527 1.10 0.98 2.50 4 1.295 1.828 1.56 59.8 47.2 53.5 208.4
800528 1.32 1.56 2.75 - 0.168 - - 87.0 122.6 104.8 237.6
800529 1.75 1.39 - - - - - 155.2 96.7 126.0 -

800530 1.20 1.15 2.30 - - - - 71.5 65.5 68.5 185.8
800531 1.33 1.17 - - - - - 88.3 67.9 78.1 -

800601 1.44 1.35 - 81 0.257 0.217 0.24 104.0 91.1 97.5 -

800602 1.25 1.15 - - - - - 77.8 65.5 71.6 -

800603 1.05 0.99 - - - - - 54.3 48.1 51.2 -

800604 1.10 1.00 - - - - - 59.8 49.2 54.4 -

800605 1.22 1.10 - - - - - 74.0 59.8 66.9 -

800606 1.12 1.08 - - - - - 62.0 57.6 59.8 -

800607 0.96 0.93 - - - - - 45.2 42.3 43.8 -

800608 0.94 0.90 - - - - - 43.3 39.6 41.4 -

800609 0.92 0.88 - - - - - 41.4 37.8 39.6 -

800610 0.87 0.85 - - - - - 36.9 35.2 36.1 -

800611 1.17 1.65 - - - - - 67.9 137.5 102.7 -

800612 1.32 1.14 - - - - - 87.0 64.3 75.7 -

800613 1.30 1.32 - - - - - 84.3 87.0 85.6 -

800614 1.14 1.08 - - - - - 64.3 57.6 61.0 -

800615 1.00 0.96 - - - - - 49.2 45.2 47.2 -

800616 0.98 0.94 1.10 - - - - 47.2 43.3 45.2 59.8
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Table E-l--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800617 0.96 0.93 1.71 - - - - 45.2 42.3 43.8 123.6
800618 1.10 1.06 2.10 100 0.202 0.169 0. 18 59.8 55.4 57.6 164.0
800619 1.13 1.05 - 71 0.170 - - 63.2 54.3 58.8 -

800620 0.98 0.93 1.75 - - - - 47.2 42.3 44.7 127.6
800621 1.07 0.98 1.62 104 0.150 0.174 0. 16 56.5 47.2 51.8 114.7

800622 1.12 1.00 1.18 - - - - 62.0 49.2 55.6 69.1
800623 0.94 0.94 1.35 104 0.280 0.426 0. 35 43.3 43.3 43.3 69.1
800624 0.99 0.94 - - - - - 48.1 43.3 45.7 -

800625 0.90 0.87 1.08 - - - - 39.6 36.9 38.2 57.6
800626 0.95 0.88 - - - - - 44.2 37.8 41.0 -

800627 0.85 0.83 1.14 - - - - 35.2 33.5 34.4 64.3
800628 0.86 0.83 - - - - 36.0 33.5 34.8 -

800629 0.82 0.80 - - - - - 32.7 31.1 31.9 -

800630 0.78 0.77 1.50 - - - - 29.5 28.7 29.1 103.2
800701 0.88 0.82 1.02 - - - - 37.8 32.7 35.2 51.2
800702 0.88 0.79 - - - - - 37.8 30.3 34.0 -

800703 0.77 0.76 0.94 - - - - 28.7 28.0 28.3 43.3
800704 0.79 0.76 - - - - - 30.3 28.0 29.1 -

800705 0.74 0.71 1.20 - - - - 26.5 25.0 25.7 71.5
800706 0.80 0.76 1.00 - - - - 31.1 28.0 29.5 49.2
800707 0.80 0.78 1.22 - - - - 31.1 29.5 30.3 77.7
800708 0.85 0.80 - - - - - 35.2 31.1 33.1 -

800709 0.76 0.74 - - - - - 28.0 26.5 27.2 -

800710 0.75 0.73 1.04 - - - - 27.2 25.7 26.5 53.3
800711 0.84 0.85 1.06 - - - - 34.3 35.2 34.8 55.4
800712 0.77 0.73 - - - - - 28.7 25.7 27.2 -

800713 0.72 0.70 - - - - - 25.0 23.6 24.3 -

800714 0.69 0.68 - - - - - 22.9 22.2 22.6 -

800715 0.68 0.67 1.28 - - - - 22.2 21.6 21.9 83.0
800716 0.79 0.73 1.13 - - - - 30.3 25.7 28.0 63.2
800717 0.83 0.76 - - - - - 33.5 28.0 30.7 -

800718 0.76 0.73 - - - - - 28.0 25.7 26.8 -

800719 0.72 0.70 1.56 - - - - 25.0 23.6 24.3 108.9
800720 1.04 0.88 1.32 - - - - 53.3 37.8 45.5 86.6
800721 0.98 0.93 1.10 - - - - 47.2 42.3 44.7 59.8
800722 0.88 0.83 1.34 - - - - 37.8 33.5 35.7 88.4
800723 0.90 0.87 1.80 - - - - 39.6 36.9 38.2 132.6
800724 0.95 0.86 - - - - - 44.2 36.0 40.1 -

800725 0.81 0.78 - 119 0.041 0.042 0. 05 31.9 29.5 30.7 -

800726 0.76 0.74 - - - - - 28.0 26.5 27.2 -

800727 0.72 0.72 - - - - - 25.0 25.0 25.0 -

800728 0.71 0.70 - - - - - 24.3 23.6 24.0 -
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Table E-l~-continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800729 0.69 0.68 - - - - - 22.9 22.2 22.6 -

800730 0.66 0.65 - - - - - 20.9 20.3 20.6 -

800731 0.65 0.64 - - - - - 20.6 19.6 19.9 -

800801 0.63 0.62 1.14 - - - - 19.0 18.4 18.7 -

800802 0.77 0.67 0.91 - - - - 28.7 21.6 25.1 40.5
800803 0.75 0.66 - - - - - 27.2 10.9 24.1 -

800804 0.65 0.64 - - - - - 20.3 19.6 19.9 -

800805 0.63 0.65 1.12 - - - - 19.0 20.3 10.6 62.0
800806 0.99 0.77 - 171 0.147 - - 48.1 28.7 38.4 -

800807 0.70 0.67 - - - - - 23.6 21.6 22.6 -

800808 0.64 0.63 1.75 - - - - 19.6 19.0 19.3 127.6
800809 0.89 0.77 1.02 - - - - 38.7 28.7 33.7 51.2
800810 0.75 0.71 1.54 - - - - 27.2 24.3 25.8 107.0
800811 0.95 0.80 - - - - - 44.2 31.1 37.7 -

800812 0.76 0.73 - - - - - 28.0 25.7 26.8 -

800813 0.69 0.67 - - - - - 22.9 21.6 22.2 -

800814 0.72 0.65 - - - - - 25.0 20.3 22.6 -

800815 0.65 0.64 1.00 - - - - 20.3 19.6 19.9 49.2
800816 0.77 0.66 - - - - - 28.7 20.9 24.8 -

800817 0.65 0.64 - - - - - 20.3 19.6 19.9 -

800818 0.63 0.62 - - - - - 19.0 18.4 18.7 -

800819 0.60 0.58 0.66 - - - - 16.3 15.5 15.9 20.9
800820 0.63 0.64 1.26 - - - - 19.0 19.6 10.3 81.
8008212 0.73 0.64 0.96 - - - - 25.7 19.6 22.7 45.2
800822 0.68 0.65 0.85 171 0.067 0.052 0.06 22.2 20.3 21.3 35.2
800823 0.67 0.64 0.82 - - - - 21.6 19.6 20.6 32.7
800824 0.68 0.63 0.80 - - - - 22.2 19.0 20.6 31.1
800825 0.67 0.64 0.86 - - - - 21.6 19.6 20.6 36.0
800826 0.68 0.66 1.45 - - - - 22.2 20.9 21.6 98.5
800827 0.90 0.77 1.18 - - - - 39.6 28.7 34.1 69.1
800828 0.83 0.75 - - - - - 33.5 27.2 30.4 -

800829 0.70 0.68 1.00 - - - - 23.6 22.2 22.9 49.2
800830 0.80 0.75 0.80 - - - - 31.1 27.2 29.1 31.1
800831 0.77 0.73 0.94 - - - - 28.7 25.7 27.2 43.3
800901 0.78 0.73 1.05 - 0.088 0.075 0.08 29.5 25.7 27.6 54.3
800902 0.78 0.73 - - - - - 29.5 25.7 27.6 -

800903 0.71 0.68 0.92 - 0.051 - - 24.3 22.2 23.3 41.4
800904 0.75 0.71 - - 0.027 - - 27.2 24.3 25.8 -

800905 0.71 0.67 2.66 - 0.144 0.165 0.16 62.0 36.9 49.5 92.0
800907 0.96 0.87 2.16 - - - - 45.2 36.9 41.1 170.4
800908 0.95 0.85 1.14 - - - - 44.2 35.2 39.7 64.3
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Table E-l--continued.

D L L L L S S S D D D D
A E E E E E E E L L L L
T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800909 1.02 0.86 1.18 - - - - 51.2 36.0 43.6 69.1
800910 0.81 0.80 - - - - - 31.9 31.1 31.5 -

800911 0.85 0.80 1.62 110 0.162 - - 35.2 31.1 33.1 114.7
800912 0.92 0.85 - - - - - 41.4 35.2 38.3 -

800913 0.80 0.78 1.26 - - - - 31.1 29.5 30.3 81.2
800914 0.87 0.82 1.15 93 0.584 - - 36.9 32.7 34.8 65.6
800915 0.87 0.82 1.10 - - - - 36.9 32.7 34.8 59.8
800916 0.84 0.78 1.12 - - - - 34.3 29.5 31.9 62.0
800917 0.87 0.76 - - - - - 36.9 28.0 32.4 -

800918 0.73 0.71 - - - - - 25.7 24.3 25.0 -

800919 0.70 0.69 - - 0.034 - - 23.6 22.9 23.2 -

800920 0.67 0.67 0.89 - - - - 21.6 21.6 21.6 38.7
800921 0.68 0.67 - - - - - 22.2 21.6 21.9 -

800922 0.66 0.65 1.05 - - - - 20.9 20.3 20.6 54.3
800923 0.71 0.66 0.90 - - - - 24.3 20.9 22.6 39.6
800924 0.70 0.66 - - - - - 23.6 20.9 22.3 -

800925 0.70 0.66 1.33 - - - - 23.6 20.9 22.3 87.5
800926 0.80 0.73 0.83 90 0.012 0.861 0.44 31.1 25.7 28.4 33.5
800927 0.92 0.69 1.38 - - - -

. 41.4 22.9 21.2 92.0
800928 0.89 0.78 1.65 - - - - 38.7 29.5 34'. 1 117.7
800929 0.89 0.80 1.80 - - - - 38.7 31.1 34.9 132.6
800930 1.07 0.87 1.45 85 0.168 - - 56.6 36.9 46.7 98.5
801001 1.16 0.92 1.45 - - - - 66.7 41.4 54.0 98.5
801002 0.95 0.89 1.22 110 0.105 - - 44.2 38.7 41.5 77.7
801003 0.89 0.85 - - - - - 38.7 35.2 36.9 -

801004 0.84 0.82 2.28 - - - - 34.3 32.7 33.5 183.6
801005 1.04 0.92 2.14 - - - - 53.3 41.4 47.3 168.6
801006 1.09 0.96 2.20 - - - - 58.7 45.2 51.9 174.8
801007 0.90 0.86 1.65 - - - - 39.6 36.0 37.8 117.7
801008 1.02 0.92 1.58 - - - - 51.2 41.4 46.3 110.8
801009 0.96 0.90 1.87 - - - - 45.2 39.6 42.4 139.8
801010 0.96 0.92 2.30 17 - - - 45.2 41.4 43.3 185.8
801011 1.27 1.00 1.44 - - - - 80.3 49.2 64.7 97.6
801012 0.97 0.91 1.60 - - - - 46.2 40.5 43.3 112.8
801013 0.99 0.89 0.97 - - - - 48.1 - 43.4 46.2
801014 0.86 0.83 - 115 0.055 0.060 0.06 36.0 - 34.8 -

801015 0.80 0.78 - 119 0.038 - - 31.1 - 30.3 -

801016 0.76 0.75 - - - - - 28.0 - 27.6 -

801017 0.74 0.73 1.31 - - - - 26.5 - 26.1 85.6
801018 0.80 0.75 1.10 121 0.774 - - 31.1 - 29.1 59.8
801019 0.85 0.83 1.65 - 0.392 - - 35.2 - 34.4 117.7
801020 0.92 0.84 - 115 0.080 0.090 0.09 41.4 - 37.9 -
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Table E-l--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

801021 0.83 0.80 1.25 - - - - 33.5 - 32.3 80.3-
801022 0.94 0.87 1.95 - - - - 43.3 - 45.1 148.1
801023 1.00 0.92 - - - - - 49.2 - 45.3 -

801024 0.85 0.82 - - - - - 35.2 - 33.9 -

801025 0.80 0.78 - - - - - 31.1 - 30.3 -

801026 0.76 0.75 1.10 - - - - 28.0 - 27.6 59.8
801027 0.89 0.98 - - - - - 38.7 - 34.5 47.2 .

801028 0.81 0.78 - Ill 0.210 - - 31.9 - 30.7 -

801029 0.73 0.72 - - - - - 25.7 - 25.4 -

801030 0.71 0.70 - - - - - 24.3 - 24.0 -

801031 0.70 0.69 - - - - - 23.6 - 23.2 -

801101 0.69 0.68 - - - - - 22.9 - 22.6 -

801102 0.68 0.68 - - - - - 22.2 - 22.2 -

801013 0.67 0.66 - - - - - 21.6 - 21.2 -

801014 0.63 0.64 - - - - - 19.0 - 19.3 -

801105 0.63 0.63 1.22 89 0.134 0.275 0.20 19.0 - 19.0 78.5
801106 0.73 0.66 2.08 100 0.326 0.286 0.31 25.7 - 23.2 161.8
801017 1.10 0.86 - - - - - 59.8 - 47.9 -

801108 0.76 0.69 - - - - - 28.0 - 25.4 -

801109 0.68 0.66 - - - - - 22.2 - 21.6 -

801110 0.65 0.64 - - - - - 20.3 - 19.9 -

801111 0.64 0.63 - - - - ' - 19.6 - 19.3 -

801112 0.63 0.62 - - - - - 19.0 - 18.7 -

801113 0.62 0.61 - - - - - 18.4 - 18.1 -

801114 0.61 0.60 - - - - - 17.8 - 17.0 -

801115 0.60 0.59 - - - - - 16.3 - 16.1 -

801116 0.58 0.58 - - - - - 15.5 - 15.5 -

801117 0.74 0.59 - - - - - 26.5 - 21.2 -

801118 0.57 0.56 - - - - - 15.1 14.7 14.9 -

801119 0.55 0.55 - - - - - 14.3 14.3 14.3 -

801120 0.55 0.54 - - - - - 14.3 13.9 14.1 -

801121 0.54 0.53 - - - - - 13.9 13.6 13.8 -

801122 0.53 0.52 - - - - - 13.6 13.2 13.4 -

801123 0.52 0.51 - - - - - 13.2 12.8 13.0 -

801124 0.51 0.56 - - - - - 12.8 14.7 13.8 -

801125 0.50 0.50 - - - - - 12.4 12.4 12.4 -

801126 0.49 0.49 - - - - - 12.1 12.1 12.1 -

801127 0.49 0.49 - 120 0.216 - - 12.1 12.1 12.1 -

801128 0.49 0.49 - - - - - 12.1 12.1 12.1 -

801129 0.48 0.48 - - - - - 11.7 11.7 11.7 -

801130 0.48 0.48 - - - - - 11.7 11.7 11.7 -

801201 0.47 0.47 - - - - - 11.3 11.3 11.3 -
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Table E-l--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

801202 0.47 0.47 - - - - - 11.3 11.3 11.3 -

801203 0.46 0.46 - - - - - 11.0 11.0 11.0 -

801204 0.46 0.46 - - - - - 11.0 11.0 11.0 -

801205 0.45 0.45 - - - - - 10.6 10.6 10.6 -

801206 0.70 0.60 - 120 0.339 0.267 0.30 12.6 16.3 20.0 -

801207 0.81 0.66 - - - - - 31.9 20.96 26.4 -

801208 0.55 0.52 - - - - - 14.3 13.2 13.8 -

801209 0.50 0.48 - - - - - 12.4 11.7 12.1 -

801210 0.47 0.47 - - - - - 11.3 11.3 11.3 -

801211 0.46 0.45 - - - - - 11.0 10.6 10.8 -

801212 0.45 0.45 - 141 0.175 - - 10.6 10.6 10.6 -

801213 0.45 0.45 - - - - - 10.6 10.6 10.6 -

801214 0.44 0.44 - - - - - 10.3 10.3 10.3 -

801215 0.48 0.47 - - - - - 11.7 11.3 11.5 -

801216 0.46 0.46 - - - - - 11.0 11.0 11.0 -

801217 0.45 0.44 - - - - - 10.6 10.3 10.5 -

801218 0.44 0.43 1.77 142 0.282 - - 10.3 9.9 10.1 129.6
801219 1.02 0.70 - - - - - 51.2 12.6 37.4 -

801220 0.65 0.55 - 133 0.273 0.273 0.27 20.3 14.3 17.3 -

801221 0.50 0.49 - - - - - 12.4 12.1 12.3 -

801222 0.53 0.48 - - - - - 13.6 11.7 12.6 -

801223 0.47 0.46 - - - - - 11.3 11.0 11.2 -

801224 0.44 0.48 - - - - - 10.3 11.7 11.0 -

801225 0.44 0.43 - - - - - 10.3 9.9 10.1 -

801226 0.43 0.43 - - - - - 9.9 9.9 9.9 -

801227 0.43 0.43 - - - - - 9.9 9.9 9.9 -

801228 0.44 0.42 - - - - - 10.3 9.6 9.9 -

801229 0.42 0.42 - 142 0.148 0.222 0.19 9.6 9.6 9.6 -

801230 0.42 0.41 - - - - - 9.6 9.3 9.4 -

801231 0.42 0.41 - - - - - 9.6 9.3 9.4 -

810101 0.40 0.40 - - - - - 8.9 8.9 8.9 -

810102 0.40 0.40 - - - - - 8.9 8.9 8.9 -

810103 0.40 0.39 - - - - - 8.9 8.6 8.8 -

810104 0.39 0.39 - - - - - 8.6 8.6 8.6 -

810105 0.39 0.40 - - - - - 8.6 8.9 8.8 -

810106 1.35 0.90 - 100 - - - 91.1 39.6 65.3 -

810107 0.75 0.65 1.15 90 0.450 0.450 0.45 27.2 20.3 23.7 65.5
810108 0.85 0.72 - 114 0.286 0.224 0.26 35.2 25.0 30.1 -

810109 0.61 0.56 - - - - - 17.8 14.7 16.3 -

810110 0.54 0.55 0.90 134 0.292 - - 13.9 14.3 14.1 39.6
810111 0.75 0.63 - 128 0.234 0.220 0.23 27.2 19.0 23.1 -

810112 0.68 0.60 - - - - - 22.2 16.3 19.3 -
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Table E-l--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

810113 0.65 0.62 - 120 0.175 - - 20.3 18.4 19.3 -

810114 0.60 0.58 - - - - - 16.3 15.5 15.9 -

810115 0.56 0.55 - - - - - 14.7 14.3 14.5 -

810116 0.53 0.52 - - - - - 13.6 13.2 13.4 -

810117 0.53 0.51 - - - - - 13.6 12.8 13.2 -

810118 0.86 0.68 - - 0.114 - - 36.0 22.2 29.1 -

810119 0.70 0.69 - - - - - 23.6 22.9 23.3 -

810120 0.63 0.60 - 131 0.603 - - 19.0 16.3 17.7 -

810121 0.51 0.54 - - - - - 12.8 13.9 13.4 -

810122 0.53 0.51 - - - - - 13.6 12.8 13.2 -

810123 0.50 0.49 - - - - - 12.4 12.1 12.3 -

810124 0.48 0.48 - - - - - 11.7 11.7 11.7 -

810125 0.47 0.47 - - - - - 11.3 11.3 11.3 -

810126 0.47 0.46 - - - - - 11.3 11.0 11.2 -

810127 0.46 0.45 - - - - - 11.0 10.6 10.8 -

810128 0.44 0.44 - - - - - 10.3 10.3 10.3 -

810129 0.44 0.44 - 98 0.172 0.182 0.18 10.3 10.3 10.3 -

810130 0.46 0.43 - -
• - - - 11.0 9.9 10.5 -

810131 0.43 0.42 - - - - - 9.9 9.6 28.9 -

810201 0.58 0.93 0.86 113 0.470 0.470 0.47 15.5 42.3 28.9 36.0
810202 .77 0.66 - - - - - 28.7 20.9 24.8 -

810203 0.57 0.53 1.60 - - - - 15.1 13.6 14.3 112.8

810204 0.85 0.66 1.04 - - - - 35.2 20.9 28.1 157.6
810205 1.24 0.78 - - - - - 76.5 29.5 53.0 -

810206 0.68 0.63 - - - - - 22.2 19.0 20.0 -

810207 0.58 0.56 - - - - - 15.5 14.7 15.1 -

810208 0.54 0.53 - - - - - 13.9 13.6 13.8 -

810209 0.52 0.51 - - - - - 13.2 12.8 13.0 -

810210 0.51 0.49 - - - - - 12.8 12.1 12.4 -

810211 0.48 0.48 - - - - - 11.7 11.7 11.7 -

810212 0.47 0.47 - - - - - 11.3 11.3 11.3 -

810213 0.46 0.46 - - - - - 11.0 11.0 11.0 -

810214 0.45 0.45 - - - - - 10.6 10.6 10.6 -

810215 0.45 0.45 - - - - - 10.6 10.6 10.6 -

810216 0.47 0.45 - - - - - 11.3 10.6 11.0 -

810217 0.53 0.46 - - - - - 13.6 11.0 12.3 -

810218 0.44 0.44 - - - - - 10.3 10.3 10.3 -

810219 0.43 0.43 - - - - - 9.9 9.9 9.9 -

810220 0.42 0.50 0.80 - - - - 9.6 12.4 11.0 31.1
810221 0.62 0.50 - 133 0.229 0.240 0.23 18.4 12.4 15.4 -

810222 0.46 0.45 - - - - - 11.0 10.6 10.8 -

810223 0.43 0.42 - - - - - 9.9 9.6 9.8 -
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Table E-l--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

810224 0.42 0.41 - - - - - 9.6 9.3 9.4 —

810225 0.41 0.41 - - - - - 9.3 9.3 9.3 —

810226 0.40 0.40 - - - - - 8.9 8.9 8.9
810227 0.40 0.40 - - - - - 8.9 8.9 8.9
810228 0.40 0.40 - - - - - 8.9 8.9 8.9 -

810301 0.40 0.39 - - - - - 8.9 8.6 8.8
810302 0.39 0.39 - - - - - 8.6 8.6 8.6 -

810303 0.38 0.38 - - - - - 8.3 8.3 8.3 -

810304 0.38 0.38 - - - - - 8.3 8.3 8.3
810305 0.38 0.38 - - - - - 8.3 8.3 8.3 -

810306 0.38 0.37 - - - - - 8.3 7.9 8.1 —

810307 0.37 0.37 - - - - - 7.9 7.9 7.9 -

810308 0.36 0.36 - - - - - 7.6 7.6 7.6 —

810309 0.36 0.36 - - - - - 7.6 7.6 7.6 -

810310 0.36 0.35 - - - - - 7.6 7.3 7.5 -

810311 0.35 0.35 - - - - - 7.3 7.3 7.3 -

910312 0.35 0.35 - - - - - 7.3 7.3 7.3 —

810313 0.35 0.34 - 150 0.297 - - 7.3 7.0 7.2 -

810314 0.34 0.34 - - - - - 7.0 7.0 7.0
810315 0.34 0.34 - - - - - 7.0 7.0 7.0 —

810316 0.37 0.40 - - - - - 7.9 8'. 9 8.4 —

810317 0.35 0.33 - - - - - 7.3 6.7 7.0 —

810318 0.33 0.34 - - - - - 6.7 7.0 6.8 -

810319 0.33 0.32 - 65 - - - 6.7 6.4 6.5 —

810320 0.32 0.32 - - - - - 6.4 6.4 6.4 —

810321 0.33 0.34 - 150 0.176 0.665 0.43 6.7 7.0 6.8 -

810322 0.34 0.33 - - - - - 7.0 6.7 6.8
810323 0.32 0.32 - - - - - 6.4 6.4 6.4 —

810324 0.31 0.31 - - - - - 6.1 6.1 6.1 -

810325 0.33 0.34 - - - - - 6.7 7.0 6.8 —

810326 0.35 0.34 - 150 0.174 0.164 0.17 7.3 7.0 7.2 -

810327 0.45 0.57 - 128 - - - 10.6 15.1 12.9 -

810328 0.44 0.42 0.98 - - - - 10.3 9.6 9.9 47.2
810329 0.85 0.65 - 125 0.10 - - 35.2 20.3 27.7 -

810330 0.49 0.45 - - - - - 12.1 10.6 11.3 -

810331 0.41 0.39 - - - - - 9.3 8.6 8.9 -

810401 0.37 0.36 - - - - - 7.9. 7.6 7.8 -

810402 0.35 0.35 - - - - - 7.3 7.3 7.3 -

810403 0.34 0.34 - - - - - 7.0 7.0 7.0 -

810404 0.33 0.33 - - - - - 6.7 6.7 6.7 -

810405 0. 32 0.32 - - - - - 6.4 6.4 6.4 -

810406 0.32 0.32 - - - - - 6.4 6.4 6.4 -
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Table E-l--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

810407 0.32 0.32 - - - - - 6.4 6.4 6.4
810408 0.32 0.34 - - - - - 6.4 7.0 6.7 -

810409 0.41 0.46 - 140 0.175 2.622 1.40 9.3 11.0 10.1 -

810410 0.37 0.34 - - - - - 7.9 7.0 7.5 -

810411 0.35 0.34 - - - - - 7.3 7.0 7.2 -

010412 0.33 0.33 - - - - - 6.7 6.7 6.7 -

810413 0.32 0.32 - - - - - 6.4 6.4 6.4 -

810414 0.32 0.31 - - - - - 6.4 6.1 6.2
810415 0.31 0.31 - - - - - 6.1 6.1 6.1 -

810416 0.31 0.31 - - - - - 6.1 6.1 6.1 -

810417 0.30 0.30 - - - - - 5.8 5.8 5.8
810418 0.30 0.30 - - - - - 5.8 5.8 5.8 -

810419 0.29 0.29 - - - - - 5.5 5.5 5.5* -

810420 0.29 0.29 - - - - - 5.5 5.5 5.5 -

810421 0.29 0.29 - - - - - 5.5 5.5 5.5 -

810422 0.31 0.29 - - - - - 6.1 5.5 5.8 -

810423 0.35 0.30 - 150 0.259 0.246 0.25 7.3 5.8 6.6
810424 0.30 0.29 - - - - - 5.8 5.5 5.7 -

810425 0.33 0.32 •- - - - - 6.7 6.4 6.5 -

810426 0.29 0.29 - - - - - 5.5 5.5 5.5 -

810427 0.29 0.34 1.64 - - - - 5.5 7.0 6.3 116.7
810428 1.18 0.71 1.34 0 1.385 1.385 1.38 69.1 24.3 46.7 88.4
810429 1.14 0.74 1.40 - - - - 64.3 26.5 45.4 93.9
810430 0.83 0.64 1.04 - - - - 33.5 19.6 26.2 53.3
810501 0.86 0.70 2.12 - - - - 36.0 23.6 29.8 166.1
810502 1.15 0.85 1.95 41 1.811 - - 65.5 35.2 50.4 148.1
810503 1.68 1.17 3.95 93 0.383 0.386 0.38 142.7 67.92105.3 391.1
810504 1.83 1.37 1.80 - - - - 170.1 93.9 132.0 132.6
810505 1.27 1.21 1.85 0 3.229 0.700 1.96 80.3 72.7 76.5 137.6
810506 1.34 1.22 1.24 - - - - 89.7 74.0 81.8 79.4
810507 1.18 1.03 - -0 0.113 - - 69.1 52.2 60.7 -

810508 0.96 0.94 1.14 95 1.886 - - 45.1 43.3 44.2 64.3
810509 1.03 1.45 2.80 0 2.572 1.315 1.94 52.2 105.5 78.9 243.6
810510 1.92 1.39 2.08 - - - - 187.8 96.7 142.2 161.8
810511 1.55 1.35 2.48 0 1.537 2.888 2.13 121.0 91.1 106.0 206.1
810512 1.67 1.42 2.24 0 0.275 0.228 0.25 141.0 101.0 121.0 179.2
810513 1.53 1.72 2.06 0 0.269 1.144 0.71 117.8 149.8 133.8 159.7
810514 1.55 1.40 - - - - - 121.0 98.1 109.5 -

810515 1.47 2.35 - 200 0.198 0.494 0.35 108.5 260.1 184.3 -

810516 1.51 1.39 2.74 - - - - 114.6 96.7 105.7 .236.4
810517 1.90 1.51 1.70 0 1.067 - - 183.8 114.6 149.2 122.6
810518 1.37 1.35 2.70 - 0.051 0.982 0.52 93.9 91.1 92.5 231.7
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Table E-l--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

810519 1.51 1.38 - - - - - 114.6 95.3 105.0 -

810520 1.26 1.20 - - - - - 79.0 71.5 75.3 -

810521 1.16 1.11 - - - - - 66.7 60.9 63.8 -

810522 1.09 1.02 1.40 - - - - 58.7 51.2 54.9 93.9
810523 1.10 1.17 - - - - - 59.8 67.9 63.8 -

810524 1.00 0.98 1.82 - - - - 49.2 47.2 48.2 134.7
810525 1.47 1.34 1.74 - 0.336 0. 252 0 .29 108.4 89.7 99.1 126.6
810526 1.31 2.26 2.60 64 2.952 2. 807 2 .88 85.6 262.4 174.0 220.0
810527 1.33 1.18 1.53 - - - - 88.3 69.1 78.7 106.0
810528 1.23 1.64 - 61 1.099 1. 239 1 .17 75.2 135.8 105.5 -

810529 1.35 1.23 - - - - - 91.1 75.2 83.1 -

810530 1.13 1.08 1.48 - - - - 63.2 57.6 60.4 101.3
810531 1.12 1.07 1.70 - - - - 62.0 56.5 59.3 122.6
810601 1.16 1.08 1.78 99 0.454 0. 363 0 .41 66.7 57.6 62.1 130.6
810602 1.19 1.40 1.64 90 0.169 0. 096 0 .13 70.3 98.1 84.2 116.7
810603 1.16 1.10 1.28 - - - - 66.7 59.8 63.2 83.0
810604 1.12 1.08 - - - - - 62.0 57.6 59.8 -

810605 1.05 0.98 1.44 - - - - 54.3 47.2 50.7 97.6
810606 1.12 1.35 1.24 - - - - 62.0 91.1 76.6 79.4
810607 1.06 2.30 - - - - - 55.4 272.1 163.7 -

. 810608 1.16 1.10 1.37 - - - - 66.7 59.8 63.2 91.1
810609 1.17 1.00 - - - - - 67.9 49.2 58.4 -

810610 0.95 0.96 - 90 0.363 - - 44.2 45.2 44.7 -

810611 0.90 0.87 - - - - - 39.6 36.9 38.2 -

810612 0.85 0.84 - - - - - 35.2 34.3 34.8 -

810613 0.83 0.81 1.36 - - - - 33.5 31.9 32.7 90.2
810614 0.81 0.81 1.50 - - - - 35.2 31.9 33.5 103.2
810615 0.92 0.84 - - - - - 41.4 34.3 37.9 -

810616 0.85 0.81 1.44 - - - - 35.2 31.9 33.5 97.6
810617 0.96 0.84 1.40 - - - - 45.2 34.3 39.8 93.9
810618 1.00 0.84 - - - - - 49.2 34.3 41.8 -

810619 0.84 0.80 1.24 - - - - 34.3 31.1 32.7 79.4
810620 0.84 0.81 1.10 - - - - 34.3 31.9 33.1 59.8
810621 0.83 0.80 - - - - - 33.5 31.1 32.3 -

810622 0.83 0.82 - - - - - 35.5 32.7 33.1 -

810623 0.75 0.74 1.42 - - - - 27.2 26.5 26.8 95.7
810624 1.04 0.85 1.10 - - - - 53.3 35.2 44.2 59.8
810625 0.85 0.81 1.19 - - - - 35.2 31.9 33.5 70.3
810626 0.89 0.84 1.38 - - - - 38.7 34.3 36.5 92.0
810627 0.90 0.85 1.09 - - - - 39.6 35.2 37.4 58.7
810628 0.86 0.83 1.66 - - - - 36.0 33.5 34.8 118.6
810629 0.98 1.80 1.98 - - - - 47.2 164.5 105.8 151.2
810630 1.15 1.23 1.57 - - - - 65.5 75.2 70.4 109.9



 



329

Table E-2--Amina River.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800101 0.57 0.57 - - - - - 3.2 3.2 3.2 -

800102 0.56 0.56 - - - - - 2.9 2.9 2.9 -

800103 0.59 0.58 - - - - - 3.8 3.5 3.7 -

800104 0.72 0.71 - - - - - 8.0 7.6 7.8 -

800105 0.60 0.58 - - - - - 4.1 3.5 3.8 -

800106 0.59 0.59 - - - - - 3.8 3.8 3.8 -

800107 0.90 0.84 - - - - - 16.7 13.3 15.0 -

800108 0.82 0.77 - - - - - 12.3 10.0 11.1 -

800109 0.65 0.63 - - - - - 5.7 5.3 5.5 -

800110 0.61 0.60 - - - - - 4.5 4.1 4.3 -

800111 0.60 0.60 - - - - - 4.1 4.1 4.1 -

800112 0.59 0.59 - - - - - 3.8 3.8 3.8 -

800113 0.59 0.59 - - - - - 3.8 3.8 3.8 -

800114 0.58 0.58 - - - - - 3.5 3.5 3.5 -

800115 0.57 0.57 - - - - - 3.2 3.2 3.2 -

800116 0.57 0.57 - - - - - 3.2 3.2 3.2 -

800117 0.56 0.56 - - - - - 2.9 2.9 2.9 -

800118 0.56 0.56 - - - - - 2.9 2.9 2.9 -

800119 0.56 0.56 - - - - - 2.9 2.9 2.9 -

800120 0.55 0.55 - - - - - 2.7 2.7 2.7 -

800121 0.55 0.55 - - - - - 2.7 2.7 2.7 -

800122 0.55 0.55 - - - - - 2.7 2.7 2.7 -

800123 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800124 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800125 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800126 0.55 0.55 - - - - - 2.7 2.7 2.7 -

800127 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800128 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800129 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800130 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800131 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800201 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800202 0.53 0.53 - - - - 2.2 2.2 2.2 -

800203 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800204 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800205 0.54 0.53 - - - - - 2.4 2.2 2.3 -

800206 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800207 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800208 0.55 0.78 - - - - - 2.7 10.4 6.5 -

800209 0.72 0.69 - - - - - 8.0 6.9 7.5 -

800210 0.66 0.60 - - - - - 6.0 4.1 5.1 -

800211 0.57 0.55 - - - - - 3.2 2.7 2.9 -
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Table E-2--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800212 0.55 0.55 - - - - - 2.7 2.7 2.7 -

800213 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800214 0.53 0.53 - - - - - 2.2 2.2 2.2
800215 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800216 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800217 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800218 0.53 0.53 - - - - - 2.2 2.2 2.2
800219 0.53 0.53 - - - - - 2.2 2.2 2.2
800220 0.52 0.52 - - - - - 2.0 2.0 2.0 -

800221 0.91 0.95 - - - - - 17.4 20.0 18.7
800222 0.73 0.84 - - - - - 8.4 13.3 10.8 ~

800223 0.61 0.60 - - - - - 4.5 4.1 4.3 -

800224 0.58 0.57 - - - - - 3.5 3.2 3.3 -

800225 0.56 0.55 - - - - - 2.9 2.7 2.8 -

800126 0.55 0.55 - - - - - 2.7 2.7 2.7 -

800127 0.54 0.55 - - - - - 2.4 2.7 2.6 -

800128 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800129 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800301 0.54 0.54 - - - - - 2.4 2.4 2.4
800302 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800303 0.53 0.52 - - - - - 2.2 2.0 2.1 -

800304 0.74 0.78 - - - - - 5.8 10.4 9.6 -

800305 0.63 0.65 - - - - - 5.3 5.7 5.5 -

800306 0.89 1.09 - - - - - 16.1 31.6 23.8 -

800307 1.21 0.88 1.08 - - - - 43.0 15.5 29.3 42.6
800308 0.78 0.77 - - - - - 10.9 10.0 10.4 -

800309 0.73 0.71 - - - - - 8.4 7.6 8.0 -

800310 0.64 0.61 - - - - - 5.7 4.5 5.1 -

800311 0.59 0.59 - - - - - 3.8 3.8 3.8 -

800312 0.60 0.60 - - - - - 4.1 4.1 4.1 -

800313 0.59 0.59 - - - - - 3.8 3.8 3.8 -

800314 0.59 0.58 - - - - - 3.8 3.5 3.5 -

800315 0.58 0.58 - - - - - 3.5 3.5 3.5 -

800316 0.57 0.57 - - - - - 3.2 3.2 3.2 -

800317 0.56 0.56 - - - - - 2.9 2.9 2.9 -

800318 0.55 0.55 - - - - - 2.7 2.7 2.7 -

800319 0.55 0.55 - - - - - 2.7 2.7 2.7 -

800320 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800321 0.54 0.54 - 196 0.045 0.045 0.05 2.4 2.4 2.4 -

800322 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800323 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800324 0.55 0.55 - - - - - 2.7 2.7 2.7 -
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Table E-2--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L
T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800325 0. 54 0.54 - - - - - 2.4 2.4 2.4
800326 0.54 0.54 - - - - - 2.4 2.4 2.4 -

800327 0.53 0.53 - 191 0.018 0.018 0.02 2.2 2.2 2.2
800328 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800329 0.53 0.53 - - - - - 2.2 2.2 2.2 —

800330 0.53 0.53 - - - - - 2.2 2.2 2.2 -

800331 0.52 0.52 - - - - - 2.0 2.0 2.0 -

800401 0.52 0.52 - - - - - 2.0 2.0 2.0 -

800402 0.52 0.52 - - - - - 2.0 2.0 2.0 -

800403 0.52 0.52 - - - - - 2.0 2.0 2.0
800404 0.52 0.52 - - - - - 2.0 2.0 2.0 -

800405 0.51 0.51 - - - - - 1.8 1.8 1.8 -

800406 0.51 0.51 - - - - - 1.8 1.8 1.8 —

800407 0.52 0.51 - - - - - 2.0 1.8 1.9 -

800408 0.51 0.51 - - - - - 1.8 1.8 1.8 -

800409 0.78 0.75 1.94 - - - - 10.4 9.2 9.8 139.2
800410 1.05 0.95 - - - - - 27.9 20.0 24.0 -

800411 0.80 0.75 1.99 - - - - 11.3 9.2 10.2 148.3
800412 1.07 0.98 - - - - - 29.7 22.2 25.9 -

800413 0.84 0.80 - - - - - 13.3 11.3 12.3 -

800414 0.77 Ó. 74 - - - - - 10.0 11.3 12.3 -

800415 0.68 0.66 - - - - - 6.6 6.0 6.3 -

800416 0.65 0.65 - - - - - 5.7 5.7 5.7 -

800417 0.64 0.61 - - - - - 5.7 4.5 5.1 -

800418 0.70 0.70 - 183 0.062 0.071 0.07 7.3 7.3 7.3 -

800419 0.71 0.76 - - - - - 7.6 9.6 8.6 -

800420 0.79 0.75 - - - - - 10.9 9.2 10.0 -

800421 0.72 0.70 - - - - - 8.0 7.3 7.6 -

800422 0.75 0.73 - - - - - 9.2 8.4 8.8 -

800423 0.68 0.67 - - - - - 6.6 6.3 6.5 -

800424 0.65 0.63 - - - - - 5.7 5.3 5.5 -

800425 0.62 0.60 - - - - - 4.9 4.1 4.5 -

800426 0.75 0.72 - - - - - 9.2 8.0 8.6 -

800427 0.70 0.67 - - - - - 7.3 6.3 6.8 -

800428 1.05 1.12 - - - - - 27.9 25.3 26.6 56.2
800429 0.95 0.91 - - - - - 20.0 17.4 18.7 -

800430 0.94 0.90 - - - - - 19.3 16.7 18.0 -

800501 0.97 1.25 - - - - - 21.5 46.0 34.0 -

800502 1.50 1.20 3.30 - - - - 73.4 42.1 57.7 522.0
800503 1.50 1.25 3.15 - - - - 73.4 46.6 60.0 464.9
800504 1.08 1.08 1.30 - - - - 30.6 30.6 30.6 51.4
800505 1.00 0.98 - - - - - 23.7 22.2 23.0 -
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Table E-2--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800506 1.05 0.80 - - - - - 27.9 11.3 19.6 -

800507 1.10 1.24 - - - - - 32.5 45.7 39.1 -

800508 1.05 1.30 - - - - - 27.9 51.4 39.6 -

800509 1.00 1.10 - - - - - 23.7 32.5 28.1 -

800510 1.00 0.80 - - - - - 23.7 11.3 17.5 -

800511 1.12 1.35 - - - - - 34.5 56.6 45.5 -

800512 1.25 0.95 - - - - - 46.6 20.0 33.3 -

800513 1.06 0.96 - - - - - 28.8 20.7 24.8 -

800514 1.15 0.98 - - - - - 37.7 22.2 29.9 -

800515 0.80 1.50 - - - - - 11.3 73.4 42.4 -

800516 0.95 0.92 - - - - - 20.0 18.0 19.0 -

800517 1.25 1.10 2.50 - - - - 46.6 32.5 39.6 261.6
800518 1.17 1.10 — - - - - 39.5 32.5 36.0 -

800519 1.19 1.10 - - - - - 41.2 32'. 5 36.9 -

.

800520 1.20 1.17 - - - - - 42.1 39.5 40.8 -

800521 1.15 1.10 - - - - - 37.7 32.5 35.1 -

800522 1.13 1.05 - - - - - 35.5 27.9 31.7 -

800523 1.12 1.18 - 133 0.090 0.146 0.12 34.5 40.4 37.4 -

800524 0.96 0.93 - - - - - 20.7 18.7 19.7 -

800525 1.48 1.39 - Ill 0.079 0.079 0.08 71.0 60.7 65.8 -

800526 1.22 1.32 - - - - - 43.9 53.4 48.6 -

800527 1.25 1.15 - 136 0.058 0.058 0.06 46.6 37.7 42.1 -

800528 1.20 1.26 - 131 0.165 - - 42.1 47.5 44.8 -

800529 1.28 1.35 - - - - - 49.4 56.5 52.9 -

800530 1.40 1.29 - - - - - 61.8 50.4 56.1 -

800531 1.10 1.05 - - - - - 32.5 27.9 30.2 -

800601 1.03 0.96 - - - - - 26.2 20.7 23.5 -

800602 0.88 0.84 - - - - - 15.5 13.3 14.4 -

800603 0.89 0.75 - - - - - 16.1 9.2 12.6 -

800604 0.80 0.88 - - - - - 11.3 15.5 13.4 -

800605 0.96 0.79 - - - - - 20.7 10.9 15.8 -

800606 0.81 0.95 - - - - - 11.8 20.0 15.9 -

800607 0.91 0.87 - - - - - 17.4 15.0 16.2 -

800608 0.85 0.97 - - - - - 13.9 21.5 17.7 -

800609 0.81 0.78 - - - - - 11.8 10.4 11.1 -

800610 0.75 0.90 - - - - - 9.2 16.7 15.1 -

800611 0.83 0.91 - - - - - 12.8 17.4 15.1 -

800612 0.96 0.89 - - - - - 20.7 16.1 18.4 -

800613 0.82 0.95 - - - - - 12.3 20.0 16.2 -

800614 1.15 0.98 - - - - - 37.7 22.2 29.9 -

800615 0.88 0.85 - - - - - 15.5 13.9 14.7 -

800616 0.90 0.88 - - - - - 16.7 15.5 16.1 -
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Table E-2--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800617 0.75 1.20 - 131 11.050 1.363 6.207 9.2 42.1 25.6 -

800618 1.10 1.01 - - - - - 32.5 24.5 28.5 -

800619 1.10 0.90 - - - - - 32.5 16.7 24.6 -

800620 0.87 0.82 - - - - - 15.0 12.3 13.6 -

800621 0.86 0.80 - - - - - 14.4 11.3 12.9 -

800622 0.80 0.80 - - - - - 11.3 11.3 11.3 -

800623 0.89 0.83 - - - - - 16.1 12.8 14.5 -

800624 0.80 0.77 - - - - - 11.3 10.0 10.7 -

800625 0.75 0.74 - - - - - 9.2 8.8 9.0 -

800626 0.73 0.72 - - - - - 8.4 8.0 8.2 -

800627 0.71 0.69 - - - - - 7.6 6.9 7.3 -

800628 0.70 0.68 - - - - - 7.3 6.6 6.9 -

800629 0.71 0.70 - - - - - 7.6 7.3 7.5 -

800630 0.69 0.67 - - - - - 6.9 6.3 6.6 •
-

800701 0.63 0.62 - - - - - 5.3 4.9 5.1 -

800702 0.61 0.60 - - - - - 4.5 4.1 4.3 -

800703 0.63 0.60 - - - - - 5.3 4.1 4.7 -

800704 0.65 0.73 - - - - - 5.7 8.4 7.0 -

800705 0.72 0.75 - - - - - 8.0 9.2 8.6 -

800706 0.76 0.71 - - - - - 9.6 7.6 8.6 -

800707 0.68 0.69 - - - - - 6.6 6.9 6.8 -

800708 0.70 0.68 - - - - - 7.3 6.6 6.9 -

800709 0.66 0.64 - - - - - 6.0 5.7 5.9 -

800710 0.68 0.69 - - - - - 6.6 6.9 6.8 -

800711 0.65 0.69 - - - - - 5.7 6.9 6.3 -

800712 0.68 0.67 - - - - - 6.6 6.3 6.5 -

800713 0.65 0.67 - - - - - 5.7 6.3 6.0 -

800714 0.64 0.68 - - - - - 5.7 6.6 6.2 -

800715 0.62 0.61 - - - - - 4.9 4.5 4.7 -

800716 0.60 0.56 - - - - - 4.1 2.9 3.5 -

800717 0. 58 0.60 - - - - - 3.5 4.1 3.8 -

800718 0.59 0.57 - - - - - 3.8 3.2 3.5 -

800719 0.63 0.60 - - - - - 5.3 4.1 4.7 -

800720 0.65 0.70 - - - - - 5.7 7.3 6.5 -

800721 0.73 0.85 - - - - - 8.4 13.9 11.1 -

800722 0.79 0.75 - - - - - 10.9 9.2 10.0 -

800723 0.71 0.73 - - - - - 7.6 8.4 8.0 -

800724 0.70 0.68 - - - - - 7.3 6.6 6.9 -

800725 0.68 0.65 - - - - - 6.6 5.7 6.1 -

800727 0.66 0.67 - - - - - 6.0 6.3 6.1 -

800727 0.64 0.65 - - - - - 5.7 5.7 5.7 -

800728 0.68 0.69 - - - - - 6.6 6.9 6.8 -
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Table 11<NW continued •

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800729 0.66 0.75 - - - - - 6.0 9.2 7.6 -

800730 0.72 0.71 - - - - - 8.0 7.6 7.8 -

800731 0.68 0.65 - - - - - 6.6 5.7 6.1 -

800801 0.65 0.64 - - - - - 5.7 5.7 5.7 -

800802 0.67 0.69 - 184 0.024 0.025 0.02 6.3 6.9 6.6 -

800803 0.67 0.68 - - - - - 6.3 6.6 6.5 -

800804 0.65 0.66 - - - - - 5.7 6.0 5.8 -

800805 0.64 0.63 - - - - - 5.7 5.3 5.5 -

800806 1.50 1.45 - 100 0.260 0.231 0.25 73.4 67.4 70.4 -

800807 0.95 0.90 - 162 0.113 0.111 0.11 20.0 16.7 18.4 -

800808 0.85 0.86 - - - - - 13.9 14.4 14.1 -

800809 0.88 0.85 - - - - - 15.5 13.9 14.7 -

800810 0.83 0.82 - - - - - 12.8 12.3 12.6 -

800811 0.79 0.76 - 176 0.077 0.061 0.07 10.8 9.6 10.2 -

800812 0.78 0.75 - - - - - 10.4 9.2 9.8 -

800813 0.77 0.76 - - - - - 10.0 9.6 9.8 -

800814 0.70 0.75 - - - - - 7.3 9.2 8.2 -

800815 0.80 0.72 - - - - - 11.3 8.0 9.7 -

800816 0.68 0.67 - - - - - 6.6 6.3 6.5 -

800817 0.69 0.70 - - - - - 6.9 7.3 7.1 -

800818 0.65 0.66 - - - - - 5.7 6.0 5.8 -

800819 0.62 0.63 - - - - - 4.9 5.3 5.1 -

800820 0.60 0.65 - - - - - 4.1 5.7 4.9 -

800821 0.80 0.75 - - - - - 11.3 9.2 10.2 -

800822 0.72 0.73 - - - - - 8.0 8.4 8.2 -

800823 0.71 0.70 - - - - - 7.6 7.3 7.5 -

800824 0.69 0.67 - - - - - 6.9 6.3 6.6 -

800825 0.75 0.73 - - - - - 9.2 8.4 8.8 -

800826 0.74 0.70 - 183 0.052 0.057 0.06 8.8 7.3 8.0 -

800827 1.3 0.90 - - - - - 51.4 16.7 34.1 -

800828 1.20 1.15 - - - - - 42.1 37.7 39.9 -

800829 0.90 0.87 - 165 0.106 - - 16.7 15.0 15.9 -

800830 0.85 0.81 - - - - - 13.9 11.8 12.8 -

800831 0.90 0.88 - - - - - 16.7 15.5 16.1 -

800901 0.95 0.92 - 160 0.064 0.096 0.08 20. 18.0 19.0 -

800902 0.80 0.78 - - - - - 11.3 10.4 10.9 -

800903 0.74 0.71 - - - - - 8.8 7.6 8.2 -

800904 0.70 0.68 - - - - - 7.3 6.6 6.9 -

800905 0.65 1.34 - 117 0.286 5.322 1.8 5.7 55.4 30.6 -

800906 0.98 0.94 - - - - - 22.2 19.3 20.8 -

800907 0.90 0.87 - - - - - 16.7 15.0 15.9 -

800908 0.95 0.89 - - - - - 20.0 16.1 18.1 -
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Table E-2--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800729 0.66 0.75 - - - - - 6.0 9.2 7.6 -

800730 0.72 0.71 - - - - - 8.0 7.6 7.8 -

800731 0.68 0.65 - - - - - 6.6 5.7 6.1 -

800801 0.65 0.64 - - - - - 5.7 5.7 5.7 -

800802 0.67 0.69 - 184 0.024 0.025 0.02 6.3 6.9 6.6 -

800803 0.67 0.68 - - - - - 6.3 6.6 6.5 -

800804 0.65 0.66 - - - - - 5.7 6.0 5.8 -

800805 0.64 0.63 - - - - - 5.7 5.3 5.5 -

800806 1.50 1.45 - 100 0.260 0.231 0.25 73.4 67.4 70.4 -

800807 0.95 0.90 - 162 0.113 0.111 0.11 20.0 16.7 18.4 -

800808 0.85 0.86 - - - - - 13.9 14.4 14.1 -

800809 0.88 0.85 - - - - - 15.5 13.9 14.7 -

800810 0.83 0.82 - - - - - 12.8 12.3 12.6 -

800811 0.79 0.76 - 176 0.077 0.061 0.07 10.8 9.6 10.2 -

800812 0.78 0.75 - - - - - 10.4 9.2 9.8 -

800813 0.77 0.76 - - - - - 10.0 9.6 9.8 -

800814 0.70 0.75 - - - - - 7.3 9.2 8.2 -

800815 0.80 0.72 - - - - - 11.3 8.0 9.7 -

800816 0.68 0.67 - - - - - 6.6 6.3 6.5 -

800817 0.69 0.70 - - - - - 6.9 7.3 7.1 -

800818 0.65 0.66 - - - - - 5.7 6.0 5.8 -

800819 0.62 0.63 - - - - - 4.9 5.3 5.1 -

800820 0.60 0.65 - - - - - 4.1 5.7 4.9 -

800821 0.80 0.75 - - - - - 11.3 9.2 10.2 -

800822 0.72 0.73 - - - - - 8.0 8.4 8.2 -

800823 0.71 0.70 - - - - - 7.6 7.3 7.5 -

800824 0.69 0.67 - - - - - 6.9 6.3 6.6 -

800825 0.75 0.73 - - - - - 9.2 8.4 8.8 -

800826 0.74 0.70 - 183 0.052 0.057 0.06 8.8 7.3 8.0 -

800827 1.3 0.90 - - - - - 51.4 16.7 34.1 -

800828 1.20 1.15 - - - - - 42.1 37.7 39.9 -

800829 0.90 0.87 - 165 0.106 - - 16.7 15.0 15.9 -

800830 0.85 0.81 - - - - - 13.9 11.8 12.8 -

800831 0.90 0.88 - - - - - 16.7 15.5 16.1 -

800901 0.95 0.92 - 160 0.064 0.096 0.08 20. 18.0 19.0 -

800902 0.80 0.78 - - - - - 11.3 10.4 10.9 -

800903 0.74 0.71 - - - - - 8.8 7.6 8.2 -

800904 0.70 0.68 - - - - - 7.3 6.6 6.9 -

800905 0.65 1.34 - 117 0.286 5.322 1.8 5.7 55.4 30.6 -

800906 0.98 0.94 - - - - - 22.2 19.3 20.8 -

800907 0.90 0.87 - - - - - 16.7 15.0 15.9 -

800908 0.95 0.89 - - - - - 20.0 16.1 18.1 -
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Table E-2--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L
T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

800909 0.98 0.94 - - - - - 22.2 19.3 20.8 -

800910 0.96 1.00 - - - - - 20.7 23.7 22.2 -

800911 0.98 1.39 - Ill 15.602 - - 22.2 60.7 41.5 -

800912 1.06 0.99 - - - - - 28.8 23.0 25.9 -

800913 1.03 0.98 - 152 0.391 - - 26.2 22.2 24.2 -

800914 0.94 0.91 - - - - - 19.3 17.4 18.4 -

800915 0.87 0.84 - - - - - 15.0 13.3 14.1 -

800916 0.79 0.76 - - - - - 10.9 9.6 10.2 -

800917 0.73 0.70 - - - - - 8.4 7.3 7.8 -

800918 0.76 0.75 - - - - - 9.6 9.2 9.4 -

800919 0.73 0.71 - - - - - 8.4 7.6 8.0 -

800920 0.74 0.72 - - - - - 8.8 8.0 8.4 -

800921 0.70 0.69 - 85 0.028 - - 7.3 6.9 7.1 -

800922 0.72 0.70 - - - - - 8.0 7.3 7.6 -

800923 0.68 0.67 - - - - - 6.6 6.3 6.5 -

800924 0.74 0.72 - - - - - 8.8 8.0 8.4 -

800925 0.70 0.68 - - - - - 7.3 6.6 6.9 -

800926 0.71 0.69 - 185 0.042 0.045 0.04 7.6 6.9 7.3 -

800927 0.68 0.65 - - - - - 6.6 5.7 6.1 -

800928 0.65 0.64 - - - - - 5.7 5.7 5.7 -

800929 0.65 0.70 - - - - - 5.7 7.3 6.5 -

800930 0.82 0.75 - 185 - - - 12.3 9.2 10.7 -

801001 1.00 0.94 - - - - - 23.7 19.7 21.5 -

801002 0.90 0.96 - 156 0.097 - - 16.7 20.7 18.7 -

801003 0.95 0.82 - - - - - 20.0 12.3 16.2 -

801004 0.80 0.76 - - - - - 11.3 9.6 10.5 -

801005 0.74 0.72 - - - - - 8.8 8.0 8.4 -

801006 0.99 0.94 - - - - - 23.0 19.3 21.1 -

801007 0.84 0.80 - - - - - 13.1 11.3 12.3 -

801008 0.88 0.82 - - - - - 15.5 12.3 13.9 -

801009 0.94 1.68 1.9 - - - - 19.3 97.3 58.3 132.2
801010 1.05 1.50 2.5 4 - - - 27.9 73.4 50.6 261.6
801011 1.24 1.15 - 131 0.559 - - 45.7 37.7 41.7 -

801012 1.13 1.50 - - - - - 35.5 73.4 54.5 -

801013 0.94 0.90 - - - - - 19.3 16.7 18.0 -

801014 0.88 0.82 - - - - - 15.5 12.3 13.9 -

801015 0.86 0.80 - - - - - 14.4 11.3 12.9 -

801016 0.82 0.79 - - - - - 12.3 10.9 11.6 -

801017 0.90 0.98 - - - - - 16.7 22.2 19.5 -

801018 0.84 0.80 - - - - - 13.3 11.3 12.3 -

801019 0.88 0.83 - - - - - 15.5 12.8 14.2 -

801020 0.85 0.81 - - - - - 13.9 11.8 12.8 -
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Table E-2--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

801021 0.86 0.82 - - - - - 14.4 12.3 13.4 -

801022 0.80 0.78 - - - - - 11.3 10.4 10.9 -

801023 0.75 0.72 - 181 0.034 0.045 0.04 9.2 8.0 8.6 -

801024 0.70 0.69 - - - - - 7.3 6.9 7.1 -

801025 0.67 0.66 - - - - - 6.3 6.0 6.1 -

801026 0.64 0.63 - - - - - 5.7 5.3 5.5 -

801027 0.62 0.62 - - - - - 4.9 4.9 4.9 -

801028 0.61 0.64 - - - - - 4.5 5.7 5.1 -

801029 0.70 0.70 - - - - - 7.3 7.3 7.3 -

801030 0.68 0.66 - - - - - 6.6 6.0 6.3 -

801031 0.64 0.62 - - - - - 5.7 4.9 5.3 -

801101 0.63 0.63 - - - - - 5.3 5.3 5.3 -

801102 0.62 0.61 - - - - - 4.9 4.5 4.7 -

801103 0.65 0.64 - - - - - 5.7 5.7 5.7 -

801104 0.64 0.64 - - - - - 5.7 5.7 5.7 -

801105 0.63 0.88 - - - - - 5.3 15.5 10.4 -

801106 0.79 0.77 - 152 0.314 0.574 0.44 10.9 10.0 10.4 -

801107 0.91 0.88 - - - - - 17.4 15.5 16.5 -

801108 0.85 0.83 - - - - - 13.9 12.8 13.3 -

801109 0.82 0.80 - - - - - 12.3 11.3 11.8 -

801110 0.79 0.75 - - - - - 10.9 9.2 10.0 -

801111 0.71 0.69 - - - - - 7.6 6.9 7.3 -

801112 0.68 0.68 - - - - - 6.6 6.6 6.6 -

801113 0.66 0.65 - - - - - 6.0 5.7 5.8 -

801114 0.66 0.64 - - - - - 6.0 5.7 5.9 -

801115 0.67 0.65 - - - - - 6.3 5.7 6.0 -

801116 0.64 0.63 - - - - - 5.7 5.3 5.5 -

801117 0.63 0.62 - - - - - 5.3 4.9 5.1 -

801118 0.60 0.60 - - - - - 4.1 4.1 4.1 -

801119 0.59 0.59 - - - - - 3.8 3.8 3.8 -

801120 0.62 0.61 - - - - - 4.9 4.5 4.7 -

801012 0.60 0.59 - - - - - 4.1 3.8 4.0 -

801122 0.58 0.57 - - - - - 3.5 3.2 3.3 -

801123 0.59 0.58 - - - - - 3.8 3.5 3.7 -

801124 0.58 0.58 - - - - - 3.5 3.5 3.5 -

801125 0.58 0.57 - - - - - 3.5 3.2 3.3 -

801126 0.57 0.58 - - - - - 3.2 3.5 3.3 -

801127 0.58 0.56 - - - - - 3.5 2.9 3.2 -

801128 0.58 0.56 - - - - - 3.5 2.9 3.2 -

801129 0.65 0.63 - - - - - 5.7 5.3 5.5 -

801130 0.67 0.65 - - - - - 6.3 5.7 6.0 -
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Table E-2--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

801201 0.59 0.58 - 120 0.170 - - 3.8 3.5 3.7
801202 0.58 0.57 - - - - - 3.5 3.2 3.3 -

801203 0.57 0.57 - - - - - 3.2 3.2 3.2 -

801204 0.57 0.57 1.2 152 0.160 - - 3.2 3.2 3.2 42.1
801205 0.57 0.65 1.8 - - - - 3.2 5.7 4.4 115.5
801206 1.38 1.05 - 147 0.193 0.212 0.20 59.6 27.9 43.8 -

801207 0.98 0.96 - - - - - 22.2 20.7 21.5 -

801208 0.94 0.93 - - - - - 19.2 18.7 19.0 -

801209 0.93 0.92 - - - - - 18.7 18.0 18.3 -

801210 0.90 0.89 - - - - - 16.7 16.1 16.4 -

801211 0.87 0.86 - - - - - 15.0 14.4 14.7 -

801212 0.85 0.83 - - - - - 13.9 12.8 13.3 -

801213 0.83 0.81 - - - - - 12.8 11.8 12.3 -

801214 0.77 0.75 - - - - - 10.0 9.2 9.6 -

801215 0.68 0.65 - - - - - 6.6 5.7 6.1 -

801216 0.64 0.62 - - - - - 5.7 4.9 5.3 -

801217 0.60 0.58 - - - - - 4.1 3.5 3.8 -

801218 0.58 0.57 1.8 - - - - 3.5 3.2 3.3 115.5
801219 1.19 1.17 - - - - - 41.2 39.5 40.4 -

801220 1.09 1.04 - 147 0.328 0.351 0.34 31.6 27.0 29.3 -

801221 0.99 0.95 - - - - - 23.0 20.0 21.5 -

801222 0.73 0.72 - - - - - 8.4 8.0 8.2 -

801223 0.70 0.67 - 180 1.31816.305 8.81 7.3 6.3 6.8 -

801224 0.64 0.62 - - - - - 5.7 4.9 5.3 -

801225 0.62 0.61 - - - - - 4.9 4.5 4.7 -

801226 0.60 0.60 - - - - - 4.1 4.1 4.1 -

801227 0.69 0.68 - - - - - 6.9 6.6 6.8 -

801228 0.68 0.67 - - - - - 6.6 6.3 6.5 -

801229 0.65 0.64 - 190 0.349 0.747 0.55 5.7 5.7 5.7 -

801230 0.63 0.63 - - - - - 5.3 5.3 5.3 -

801231 0.62 0.61 - - - - - 4.9 4.5 4.7 -

810101 0.61 0.61 - - - - - 4.5 4.5 4.5 -

810102 0.60 0.60 - - - - - 4.1 4.1 4.1 -

810103 0.60 0.59 - - - - - 4.1 3.8 4.0 -

810104 0.58 0.58 - - - - - 3.5 3.5 3.5 -

810105 0.60 0.98 - 164 0.314 - - 4.1 22.2 13.2 -

810106 1.27 1.23 - 126 26.089 - - 48.5 44.8 46.6 -

810107 1.01 0.91 - - - - - 24.5 17.4 20.9 -

810108 0.85 0.81 - 170 0.214 0.212 0.21 13.9 11.8 12.8 -

810109 0.75 0.72 - - - - - 9.2 8.0 8.6 -

810110 0.69 0.68 - - - - - 6.9 6.6 6.8 -

810111 0.81 0.78 - 164 0.869 0.875 0.87 11.8 10.4 11.1 -



 



338

Table E-2--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

810112 0.85 0.83 - - - - - 13.9 12.8 13.3 -

810113 0.81 0.79 - - - - - 11.8 10.9 11.3 -

810114 0.73 0.71 - - - - - 8.4 7.6 8.0 -

810115 0.74 0.72 - - - - - 8.8 8.0 8.4 -

810116 0.70 0.72 - - - - - 7.3 8.0 7.8 -

810117 0.70 0.71 - - - - - 7.3 7.6 7.5 -

810118 0.73 0.72 - - - - - 8.4 8.0 8.2 -

810119 0.71 0.71 - - - - - 7.6 7.6 7.6 -

810120 0.73 0.70 - - - - - 8.4 7.3 7.8 -

810121 0.69 0.68 - - - - - 6.9 6.6 6.8 -

810122 0.68 0.66 - - • - - - 6.6 6.0 6.3 -

810123 0.64 0.64 - - - - - 5.7 5.7 5.7 -

810124 0.62 0.61 - - - - - 4.9 4.5 4.7 -

810125 0.60 0.60 - ■ - - - - 4.1 4.1 4.1 -

810126 0.65 0.63 - - - - - 5.7 5.3 5.5 -

810127 0.54 0.53 - - - - - 2.4 2.2 2.3 -

810128 0.62 0.61 - - - - - 4.9 4.5 4.7 -

810129 0.65 0.63 - 165 0.176 0.176 0.18 5.7 5.3 5.5 -

810130 0.61 0.61 - - - - - 4.5 4.5 4.5 -

810131 0.60 0.60 - - - - - 4.1 4.1 4.1 -

810201 1.50 1.10 - 135 0.305 - - 73.4 32.5 53.0 -

810202 0.91 0.89 - - - - - 17.4 16.1 16.8 -

810203 0.79 0.76 - - - - - 10.9 9.6 8.4 -

810204 0.74 0.72 - - - - - 8.8 8.0 8.4 -

810205 0.84 0.83 - - - - - 13.3 12.8 13.1 -

810206 0.81 0.80 - - - - - 11.8 11.3 11.1 -

810207 0.80 0.79 - - - - - 11.3 10.9 8.6 -

810208 0.76 0.71 - - - - - 9.6 7.6 8.6 -

810209 0.65 0.64 - - - - - 5.7 5.7 5.7 -

810210 0.63 0.62 - - - - - 5.3 4.9 5.1 -

810211 0.64 0.62 - - - - - 5.7 4.9 5.3 -

810212 0.62 0.61 - - - - - 4.9 4.5 4.7 -

810214 0.59 0.62 - - - - - 4.1 4.1 4.1 -

810215 0.61 0.61 - - - - - 4.5 4.5 4.5 -

810216 0.68 0.66 - - - - - 6.6 6.0 6.3 -

810217 0.68 0.65 - - - - - 6.6 5.7 6.1 -

810218 0.65 0.64 - - - - - 5.7 5.7 5.7 -

810219 0.62 0.62 - - - - - 4.9 4.9 4.9 -

810220 0.60 0.61 - - - - - 4.1 4.5 4.3 -

810221 0.98 0.94 - 155 0.187 0.182 0.18 22.2 19.3 20.8 -

810222 0.91 0.88 - - - - - 17.4 15.5 16.5 -

810223 0.85 0.82 - - - - - 13.9 12.3 13.1 -
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Table E-2--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

810224 0.79 0.75 - - - - - 10.9 9.2 10.0 -

810225 0.68 0.64 - - - - - 6.6 5.7 6.2 -

810226 0.60 0.60 - - - - - 4.1 4.1 4.1 -

810227 0.60 0.60 - - - - - 4.1 4.1 4.1 -

810228 0.60 0.61 - - - - - 4.1 4.5 4.3 -

810301 0.64 0.64 - - - - - 5.7 5.7 5.7 -

810302 0.63 0.62 - - - - - 5.3 4.9 5.1 -

810303 0.62 0.62 - - - - - 4.9 4.9 4.9 -

810304 0.61 0.60 - - - - - 4.5 4.1 4.3 -

810305 0.57 0.57 - - - - - 3.2 3.2 3.2
810306 0.57 0.57 - - - - - 3.2 3.2 3.2
810307 0.57 0.57 - - - - - 3.2 3.2 3.2 -

810308 0.56 0.56 - - - - - 2.9 2.9 2.9 -

810309 0.55 0.55 - - - - - 2.7 2.7 2.7 -

810310 0.56 0.56 - - - - - 2.9 2.9 2.9 —

810311 0.55 0.55 - - - - - 2.7 2.7 2.7 -

810312 0.55 0.55 - - - - - 2.7 2.7 2.7 -

810313 0.54 0.54 - - - - - 2.7 2.7 2.7 -

810314 0.54 0.54 - 150 0.155 - - 2.4 2.4 2.4 -

810315 0.54 0.58 - - - - - 2.4 3.5 3.0
810316 0.65 0.62 - - - - - 5.7 4.9 5.3
810317 0.66 0.64 - 184 0.202 0.202 0.20 6.0 5.7 5.9 -

810318 0.58 0.57 - 187 0.238 0.260 0.25 3.5 3.2 3.3 -

819319 0.54 0.54 - - - - - 2.4 2.4 2.4 -

810320 0.54 0.54 - - - - - 2.4 2.4 2.4 -

810321 0.54 0.54 - 187 0.179 0.026 0.10 2.4 2.4 2.4 -

810322 0.53 0.53 - - - - - 2.2 2.2 2.2 -

810323 0.53 0.53 - - - - - 2.2 2.2 2.2 -

810324 0.53 0.56 - - - - - 2.2 2.9 2.6 -

810325 0.58 0.57 - - - - - 3.5 3.2 3.3 -

810326 0.56 0.58 - 185 0.161 0.190 0.18 2.9 3.5 3.2 -

810327 0.65 1.16 - 145 0.719 0.232 0.48 5.7 38.7 22.2 -

810328 1.02 0.94 2.1 - - - - 25.3 19.3 22.3 169.5
810329 1.49 1.25 - 143 0.471 0.444 0.46 72.2 46.6 59.4 -

810330 0.96 0.85 - - - - - 20.7 13.9 17.3 -

810331 0.80 0.75 - - - - - 11.3 9.2 10.2 -

810401 0.72 0.70 - - - - - 8.0 7.3 7.6 -

810402 0.69 0.69 - - - - - 6.9 6.9 6.9 -

810403 0.68 0.74 - - - - - 6.6 8.8 7.7 -

810404 0.71 0.70 - - - - - 7.6 7.3 7.5 -

810405 0.68 0.67 - - - - - 6.6 6.3 6.5 -
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Table E-2--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

810406 0.63 0.62 - - - - - 5.3 4.9 5.1 -

810407 0.60 0.60 - 185 0.066 0.176 0.12 4.1 4.1 4.1 -

810408 0.79 0.78 - - - - - 10.9 10.4 10.6 -

810409 0.76 0.75 - 177 0.030 0.318 0.17 9.6 9.2 9.4 -

810410 0.74 0.74 - - - - - 8.8 8.8 8.8 -

810411 0.79 0.75 - - - - - 10.9 9.2 10.0 -

810412 0.73 0.68 - - - - - 8.4 6.6 7.5 -

810413 0.65 0.64 - - - - - 5.7 5.7 5.7 -

810414 0.63 0.68 - - - - - 5.3 6.6 6.0 -

810415 0.67 0.66 - - - - - 6.3 6.0 6.1 -

810416 0.65 0.65 - - - - - 5.7 5.7 5.7 -

810417 0.64 0.63 - - - - - 5.7 5.3 5.5 -

810418 0.65 0.65 - - - - - 5.7 5.7 5.7 -

810419 0.64 0.64 - - - - - 5.7 5.7 5.7 -

810420 0.64 0.63 - - - - - 5.7 5.3 5.5 -

810421 0.64 0.64 - - - - - 5.7 5.7 5.7 -

810422 0.62 0.61 - - - - - 4.9 4.5 4.7 -

810423 0.66 0.65 - - - - - 6.0 5.7 5.8 -

810424 0.63 0.63 - - - - 5.3 5.3 5.3 -

810425 0.62 0.64 - - - - - 4.9 5.7 5.3 -

810426 0.60 0.60 - - - - - 4.1 4.1 4.1 -

810427 0.60 0.58 - - - - - 4.1 3.5 3.8 -

810428 0.17 1.25 5.50 0 1.432 1.549 1.49 0.0 46.6 23.3 1860.2
810429 1.50 1.30 - - - - - 73.4 51.4 62.4 -

810430 1.40 1.20 - - - - - 61.8 42.1 52.0 -

810501 1.20 1.30 - - - - - 42.1 52.4 46.7 -

810502 1.15 1.10 - 150 35.056 1.64718.35 37.7 32.5 35.1 -

810503 1.12 1.25 - - - - - 34.5 46.6 40.6 -

810504 1.15 1.18 - 126 3.982 - - 37.7 40.4 39.0 -

810505 1.15 1.19 - - - - - 36.6 41.2 38.9 -

810506 1.25 1.30 - - - - - 46.6 51.4 49.0 -

810507 1.20 1.15 - - - - - 42.1 37.7 39.9 -

810508 1.30 1.25 - - - - - 51.4 46.6 49.0 -

810509 0.95 0.80 - - - - - 20.0 11.3 15.7 -

810510 0.86 0.90 - - - - - 14.4 16.7 15.6 -

810511 1.30 1.25 - 0 1.690 0.279 1.48 51.4 46.6 49.0 -

810512 1.40 1.30 - - - - - 61.8 51.4 56.6 -

810513 1.25 1.20 - 130 0.068 - - 46.6 42.1 44.4 -

810514 1.30 1.25 - - - - - 51.4 46.6 49.0 -

810515 1.30 1.23 - 125 0.010 0.708 0.36 51.4 44.8 48.1 -

810516 1.00 0.90 - - - - - 23.7 16.7 10.2 -

810517 0.98 0.95 - - - - - 22.2 20.0 21.1 -
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Table E-2--continued.

D L L L L S S S D D D D

A E E E E E E E L L L L

T V V V V D D D E E E E

E L L L L C C C V V V V

A P M F A B A P D M

810518 0.80 0.90 - - - - - 11.3 16.7 14.0 -

810519 0.95 0.93 - - - - - 20.0 18.7 19.3 -

810520 0.90 0.84 - - - - - 16.7 13.3 15.0 -

810521 1.04 0.99 - - - - - 27.0 23.0 25.0 -

810522 0.98 1.18 - - - - - 22.2 40.4 31.3 -

810523 1.05 1.01 - 150 2.165 2.165 2.17 27.9 24.5 26.2 -

810524 1.30 1.84 2.89 - - - - 51.4 122.0 86.7 375.2
810525 1.43 2.02 1.82 0 2.211 2.211 2.21 65.2 153.9 109.5 353.0
810526 1.34 1.15 - 136 0.733 - - 55.4 37.7 46.5 -

810527 1.25 1.10 - - - - - 46.6 32.5 39.6 -

810528 1.13 1.44 - 120 2.963 1.176 2.07 35.5 66.3 50.9 -

810529 1.22 1.04 - - - - - 43.9 27.0 35.4 -

810530 1.01 0.98 - - - - - 24.5 22.2 23.4 -

810531 0.93 0.89 - - - - - 18.7 16.1 17.4 -

810601 0.99 0.96 - - - - - 23.0 20.7 21.8 -

810612 0.98 1.04 - 140 0.562 0.236 0.40 22.2 27.0 24.6 -

810603 1.00 0.97 - - - - - 23.7 21.5 22.6 -

810604 0.98 0.90 - 160 0.029 - - 22.2 16.7 19.5 -

810605 0.87 0.99 - - - - - 15.0 23.0 19.0 -

810606 0.94 0.89 - - - - - 19.3 16.1 17.7 -

810607 0.85 0.99 - - - - • - 13.9 23.0 18.4 -

810608 0.92 0.86 - 164 0.670 - - 18.0 14.4 16.2 -

810609 0.85 0.84 - - - - - 13.9 13.3 13.6 -

810610 0.80 0.78 - - - - - 11.3 10.4 10.9 -

810611 0.82 0.81 - - - - - 12.3 11.8 12.1 -

810612 0.78 0.77 - - - - - 10.4 10.0 10.2 -

810613 0.76 0.75 - - - - - 9.6 9.2 9.4 -

810614 0.74 0.73 - - - - - 8.8 8.4 8.6 -

810615 0.72 0.70 - - - - - 8.0 7.3 7.6 -

810616 0.69 0.69 - - - - - 6.9 6.9 6.9 -

810617 0.68 0.67 - - - - - 6.6 6.3 6.5 -

810618 0.69 0.66 - - - - - 6.9 6.0 6.5 -

810619 0.68 0.69 - - - - - 6.6 6.9 6.8 -

810620 0.70 0.69 - - - - - 7.3 6.9 7.1 -

810621 0.75 0.73 - - - - - 9.2 8.4 8.8 -

810622 0.70 0.70 - - - - - 7.3 7.3 7.3 -

810623 0.68 0.68 - - - - - 6.6 6.6 6.6 -

810624 0.78 0.75 - - - - - 10.4 9.2 9.8 -

810625 0.74 0.74 - - - - - 8.8 8.8 8.8 -

810626 0.73 0.71 - - - - - 8.4 7.6 8.0 -

810627 0.70 0.70 - - - - - 7.3 7.3 7.3 -

810628 0.69 0.68 - - - - - 6.9 6.6 6.8 -

810629 0.71 0.82 - - - - - 7.6 12.3 10.0 -

810630 0.87 0.89 - - - - - 15.0 16.1 15.6 -



 



APPENDIX F

DATA ON SEDIMENT CONCENTRATION, STAGE AND
DISCHARGE FOR SMALL WATERSHEDS



 



Legend for Tables F-l through F-5.

MAXLEVL

SED1 - 5

MAXDSCHG

FLDDSCHG

SEDDIS1 - 5

= maximum height reached by flood crest as indicated by
number of bottles filled, 1 ->• 5 (bottom -> top) , on

sampling equipment.

= sediment concentration (g L "S of stream water samples
from rising flood at levels 1-5.

3 -1
= discharge rate (m sec ) at flood peak, (or level 5,

maximum recorded stage).

3 -1
= flood discharge rate (m sec ) calculated for peak

annual flood stage (to be used as a high estimate if
level 5 is passed).

= sediment discharge rate in kg sec ^ at each sampled
stage of the rising flood, levels 1-5.

343



 



TableF-l
Station60,PananaoStream

Date

MAXLEVL

SEDl

SED2

SED3

SED4

SED5

MAXDSCHG

FLDDSCHG

SEDDISl

SEDDIS2

SEDDIS3

SEDDIS4

SEDDIS5

800410

5

(gl"1) 91.48

48.78

8.61

19.08

25.56

(msec) 4.400

28.08

(kgsec"S 27.9

48.3

17.8

67.5

112.4

800412

1

30.89

-

-

-

-

0.306

-

9.4

-

-

-

-

800501

5

107.19

44.21

33.44

24.81

21.54

4.400

28.08

32.8

43.8

69.2

87.8

94.7

800502

4

99.40

52.71

44.46

31.52

-

3.540

-

30.4

52.2

92.0

111.5

-

800504

1

14.54

-

-

-

-

0.306

-

4.4

-

-

-

-

800516

5

102.48

33.69

59.24

26.87

4.52

4.400

28.08

31.3

33.4

122.6

95.1

19.8

800524

5

108.54

155.90

5.50

153.57

40.72

4.400

28.08

33.2

154.6

11.3

543.6

179.1

800528

2

36.01

3.70

-

-

-

0.992

-

11.2

3.6

-

-

-

800530

4

8.16

13.50

-

18.16

-

3.540

-

2.5

13.3

-

64.2

-

800601

5

55.35

29.64

32.16

117.15

18.87

4.400

28.08

16.9

29.4

66.5

414.7

83.0

800613

3

43.58

5.40

0.44

-

-

2.070

-

13.3

5.3

0.9

-

-

800721

3

46.89

13.72

4.46

-

-

2.070

-

14.3

13.6

9.2

-

-

800805

2

1.03

0.07

-

-

-

0.992

-

0.3

0.0

-

-

-

800820

1

2.86

-

-

-

-

0.306

-

0.8

-

-

-

-

800908

2

0.56

0.08

-

-

-

0.992

-

0.1

0.0

-

-

-

800910

3

-

0.19

0.86

-

-

2.070

-

-

0.1

1.7

-

-

801007

1

12.28

-

-

-

-

0.306

-

3.7

-

-

-

-

801015

5

47.74

21.09

-

-

-

4.400

28.08

14.6

20.9

-

-

-

801107

3

48.39

4.05

2.86

-

-

2.070

-

14.8

4.0

5.9

-

-

801220

4

-

0.30

-

-

-

3.540

-

-

0.3

-

-

-

810106

1

5.68

-

-

-

-

0.306

-

1.7

-

-

-

-

810108

2

24.64

6.46

-

-

-

0.992

-

7.5

6.4

-

-

-

810112

1

18.39

-

-

-

-

0.306

-

5.6

-

-

-

-

810115

3

56.61

25.09

~

-

-

2.070

-

17.3

24.8

-

-

-

810118

1

1.37

-

-

-

-

0.306

-

0.4

-

-

-

-

810202

1

0.66

-

-

-

* -

0.306

-

0.2

-

-

-

-

810206

5

18.14

8.21

3.08

73.69

69.56

4.400

28.08

5.5

8.1

6.3

260.8

306.0

810221

2

9.61

42.47

-

-

-

0.992

-

2.9

42.1

-

-

-

810329

3

31.03

-

2.41

-

-

2.070

-

9.5

-

4.9

-

-

810428

4

20.10

34.07

30.05

9.46

-

3.540

-

6.1

33.8

62.2

33.4

-

810502

4

36.67

16.08

13.34

4.65

-

3.540

-

11.2

15.9

27.6

16.4

-

810503

5

40.50

23.44

38.78

-

-

4.400

28.08

12.3

23.2

80.2

-

-

810505

2

-

0.30

-

-

-

0.992

-

-

0.3

-

-

-

810506

1

29.38

-

-

-

-

0.306

-

8.9

-

-

-

-

810510

4

13.15

111.51

28.13

13.91

-

3.540

-

4.0

110.6

58.2

49.2

-

810515

1

12.83

-

-

-

-

0.306

-

3.9

-

-

-

-

810516

2

4.65

1.65

-

-

-

0.992

-

1.4

1.6

-

-

-

810524

2

0.28

2.59

-

-

-

0.992

-

0.0

2.5

-

-

-

810528

4

35.82

7.55

7.25

8.96

3.540

-

10.9

7.4

15.0

31.7

•,3Dischargerates(m
-1,

sec)
foreach
level,

corresponding
toconcentrations
SEDl

through
SED5are
asfollows

•

o

i

■—i

306,2-
0.992

,3-2
.070,4

-3.540
,5-

4.400.
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TableF-2
Station64,PrietoStream

DateMAXLEVL
SEDl

SED2

SED3

SED4

SED5

MAXCSCHG

FLDDSCHG

SEDDISl

SEDDIS2
!SEDDIS3SEDDIS4
SEDDIS5

800516

l

0.10

-

-

-

-

0.223

_

0.0

_

_

_

_

800531

2

0.29

0.14

-

-

-

0.753

-

0.0

0.1

-

-

_

800612

3

0.45

1.06

0.61

-

-

1.458

-

0.1

0.8

0.8

-

-

800915

3

0.45

1.06

0.61

-

-

1.458

-

0.1

0.7

0.8

-

-

801010

5

49.76

31.36

3.58

0.84

-

3.350

5.742

11.0

23.6

5.2

2.2

-

801022

4

94.46

91.70

45.93

13.44

-

2.633

-

21.0

69.0

66.9

35.3

-

801031

1

1.47

-

-

-

-

0.223

-

0.3

-

-

-

-

801107

2

-

1.19

-

-

-

0.753

-

-

0.4

-

-

-

801210

1

0.14

-

-

-

-

0.223

-

0.0

-

-

-

-

801222

4

3.30

-

-

1.26

-

2.633

-

0.7

-

-

3.3

-

800109

1

0.19

-

-

-

-

0.223

-

0.0

-

-

-

-

810116

1

0.68

-

-

'-

-

0.223

-

0.1

-

-

-

-

810119

1

0.35

-

-

-

-

0.223

-

0.0

-

-

-

_

810202

2

0.66

1.38

0.85

-

-

0.753

-

0.1

1.0

1.2

-

-

810204

1

0.68

-

-

-

-

0.223

-

0.1

-

-

-

-

810223

1

0.24

-

-

-

-

0.223

-

0.0

-

-

-

-

810316

1

0.46

-

-

-

-

0.223

-

0.1

-

-

-

-

810327

1

0.50

-

-

-

-

0.223

-

0.1

-

-

-

-

810429

2

103.20

99.47

0.28

-

-

0.753

-

23.0

74.9

0.4

-

-

810504

3

0.28

5.46

10.93

-

-

1.458

-

0.0

4.1

15.9

-

-

810509

1

0.15

-

-

-

-

0.223

-

0.0

-

-

-

-

810519

2

-

43.51

-

-

-

0.753

-

-

32.7

-

-

-

810526

2

35.04

5.40

-

-

-

0.753

-

7.8

4.0

-

-

-

810609

2

2.51

13.83

“

-

0.753

0.5

10.4

“

.3

-1

Discharge
rates(m
sec)

foreach
level,

corresponding
toconcentrations
SEDl

through
SED5,are
as

follows:
1-

0.223,
2-0.
753,3-
1.458,
4-2.
633,5-
3.350.

•
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TableF-3.Station67,HondoStream Date

MAXLEVL

SEDl

SED2

SED3

SED4

SED5

MAXDSCHG

FLDDSCHG

SEDDIS1

SEDDIS2

SEDDIS3

SEDDIS4

SEDDIS5

800619

1

0.83

_

_

0.610

0.5

800813

3

264.97

0.12

0.06

-

-

4.054

-

161.6

0.2

0.2

_

801003

4

7.01

-

35.28

-

-

7.856

-

4.2

_

143.0

_

_

801028

4

26.80

5.62

21.50

68.30

-

7.856

-

16.3

11.2

87.1

536.5

_

810311

5

13.76

4.13

19.68

0.98

0.18

8.500

47.8

8.3

8.2

79.7

7.7

1.5

810407

1

0.13

-

-

-

-

0.610

-

0.0

_

810414

1

0.29

-

-

-

-

0.610

_

0.1

_

_

_

810504

3

24.31

2.04

2.80

-

-

4.054

_

14.8

4.0

11.3

_

810526

1

27.42

-

-

-

-

0.610

_

16.7

_

_

_

810609

4

32.32

33.76

~

7.856

~

“

64.4

136.8

-

-

Dischargerates(msec)foreachlevel,correspondingtoconcentrationsSEDlthroughSED5,areas follows:1-0.610,2-2.000,3-4.054,4-7.856,5-8.500.



 



TableF-4.Station70,GreaterBajamilloStream Date

MAXLEVL

SED1

SED2

SED3

SED4

SED5

MAXDSCHG

FLDDSCHG

SEDDIS1

SEDDIS2

SEDDIS3

SEDDIS4

SEDDSI5

800813

2

6.60

4.39

.

6.476

22.7

28.4

800918

4

-

-

-

-

-

15.024

-

_

-

_

_

—

811001

5

-

-

-

-

-

17.750

57.51

-

-

-

-

-

801010

5

16.42

15.23

200.82

12.56

76.25

17.750

57.51

56.4

98.6

2080.7

188.7

1353.4

801022

5

36.82

7.47

8.04

70.29

17.99

17.750

57.51

126.5

48.3

83.3

1056.0

319.3

801106

3

7.46

1.80

23.37

-

-

10.361

-

25.6

11.6

252.5

_

_

801222

1

3.58

-

-

-

-

3.436

-

12.3

-

_

_

_

810204

2

4.79

7.79

-

-

-

6.476

-

16.5

50.4

-

_

_

810414

2

-

0.39

-

-

-

6.476

_

_

2.5

_

_

_

810504

4

0.19

0.42

1.56

3.18

-

15.024

-

0.7

2.7

16.1

47.7

-

810519

5

10.00

2.94

0.56

34.37

18.80

17.750

57.51

34.4

19.0

5.8

516.3

333.7

810529

5

1.81

58.87

80.56

79.84

5.64

17.750

57.51

6.2

381.2

834.6

1199.5

100.1

810609

2

5.72

4.04

—

“

6.476

19.7

26.1

~

“

3-1

Dischargerates(msec) follows:1-3.436,2-6
foreachlevel, 476,3-10.361

correspondingto 4-15.024,5-
concentrationsSED1throughSED5, 17.750.

areas
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TableF-5
Station71,UpperBajamilloStream

DateMAXLEVL
SEDl

SED2

SED3

SED4

SED5

MAXDSCHG

FLDDSCHG

SEDDISl

SEDDIS2

SEDDIS3

SEDDIS4

SEDDIS5

800619

5

0.39

0.19

0.13

0.10

0.10

2.360

9.96

0.0

0.1

0.1

0.2

0.2

800708

l

0.28

-

-

-

-

0.213

-

0.0

-

_

_

_

800915

3

-

-

-

-

-

1.161

_

_

_

_

_

_

801001

4

-

-

-

-

-

1.920

-

_

-

_

_

_

801010

5

13.36

32.33

10.35

5.14

4.54

2.360

9.96

2.8

19.1

12.0

9.8

10.7

801022

5

33.46

-

-

0.41

19.95

2.360

9.96

7.1

-

-

0.7

47.0

801105

1

-

-

-

-

-

0.213

-

_

_

_

_

_

801106

2

0.94

0.28

-

-

-

0.593

-

0.2

0.1

_

_

_

801202

1

11.07

-

-

-

-

0.213

-

2.3

_

_

__

_

801210

1

10.71

-

-

-

-

0.213

-

2.2

-

_

_

_

810202

2

3.73

0.82

-

-

-

0.593

-

0.7

0.4

-

_

_

810504

4

1.70

1.41

5.05

2.46

-

1.920

-

0.3

0.8

5.8

4.7

_

810506

4

7.74

0.40

9.71

7.42

-

1.920

-

1.6

0.2

11.2

14.2

-

810526

5

22.98

0.38

1.41

9.00

0.34

2.360

9.96

4.8

0.2

1.6

17.2

0.8

810609

1

0.65

—

~

0.213

-

0.1

Discharge

3

-1

rates(m
sec)

foreach
level,

corresponding
toconcentrations
SEDl

through
SED5,are
as

follows:
1-

0.213,
2-0.
593,3-
1.161,
4-

1.920,5-
2.360.
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APPENDIX G

SOIL PROFILE DESCRIPTIONS FOR EROSION PLOT SITES



 



Form used for field data collection:

Soil type Date Stop No.
Classification | Area
Location | Elcv.
N. veg. (or crop) | Climate
Parent material

Physiography
Relief Slope Erosion

Drainage Gr. water Permeability
Moisture Salt or alkali

Stoniness Root distrib.

Remarks

Hori¬
zon Depth

Thick¬
ness

Bound¬
ary

Color
Tex¬
ture

Struc¬
ture

Con¬
sistence

Reac¬
tion

Spec.
Feat.Check. D(ry)

or M(oist)

D
M
D
M

D
M

D
M

D
M

D
M

D
M

D
M

D
M

D
M

D
M

B

USDA, 1951.
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Location

Plot

Land Use

Land Cover

Parent Material

Relief
Position

Slope Class
Runoff

Permeability
Erosion Class

Drainage Class
Soil Moisture

Salts/Alkaline
Stoniness

Sample Field Report Sheet

Soil Profile:

Horizon

Depth
Boundaries

Color

Texture*
Structure

Consistency

C°3
Concretions

Slickensides

Mottles

Roots

-

*Note: for more

data as reported
accurate determination of texture, see laboratory
in Appendix I; see same for N content.



 



352

Location: Carrizal
Plot #: 80

Land Use: Coffee Stand
Land Cover: Established coffee with dense shade

Parent Material : Complex crystallines, meta-volcan
Relief: Pronounced

Position: Mid-upper slope
Slope Class: 24-45%

Runof f: Rapid
Permeability: Slow

Erosion Class: None slight
Drainage Class: Rapid (4)
Soil Moisture: Uniform, moist
Salts/Alkaline: None

Stoniness: Moderate

Soil Profile:

Horizon A AC

Depth
Boundaries

0-12 cm 12-20 cm

Color (dark reddish

browm)
Texture loam clay loam
Structure blocky blocky
Consistency - -

CO 3 no no

Concretions no no

Slickensides no no

Mottles no no

Roots yes yes

litter

C

20-55+ cm

clay loam
blocky

no

no

no

no

yes
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Location:
Plot #:

Land Use:

Land Cover:

Carrizal

81

Coffee Stand

Recently planted coffee, bananas, guava, weeds

Parent Material

Relief:
Position:

Slope Class:
Runof f:

Permeability:
Erosion Class:

Drainage Class:
Soil Moisture:

Salts/Alkaline:
Stoniness:

: Complex crystallines,
Pronounced

Mid-slope
25-45%

Rapid
Slow

Moderate

Rapid (4)
Uniform, moist
None

High

metavolcanic

Soil Profile:

Horizon A B C

Depth 0-10 cm 10-18 cm 18-60+ cm

Boundaries regular regular regular
Color

Texture

(dark reddish
brown)

loam clay loam clay loam
Structure granular weak blocky weak blocky
Consistency - - -

C°3 no no no

Concretions no no no

SIickensides no no no

Mottles no yes (red) no

Roots yes yes yes
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Location: Los Montones

Plot #s: 82, 83
Land Use: Food crops
Land Cover: Pigeon pea, Sweet potatoes
Parent Material: Belted metamorphics, metasedimen

Relief: Pronounced

Position: Mid-slope
Slope Class: 25-45%

Runof f: Rapid
Permeability: Moderately rapid
Erosion Class: Severe

Drainage Class: Rapid (4)
Soil Moisture: Uniform, dry to slightly moist
Salts/Alkaline: None

Stoniness: Moderate

Soil Profile:

Horizon A C

Depth 0-8 cm 8-100+ cm

Boundaries irregular irregular
Color 10 YR 4/3 10 YR 5/6
Texture sandy sandy
Structure granular granular
Consistency — -

C°3 no no

Concretions no no

Slickensides no no

Mottles no no

Roots yes yes*

*in top of horizon
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Location:

Plot #s:
Land Use:

Land Cover:

Parent Material:

Relief:

Position:

Slope Class:
Runof f:

Permeability:
Erosion Class:

Drainage Class:
Soil Moisture:

Salts/Alkaline:
Stoniness:

Los Montones

84, 85
Mixed food crop, recently cleared
beans, maize, manioc
Metasedimentary rocks near intrusive igneous formation
of granite and rhyolite
Pronounced

Mid-slope
25-45%

Moderate

Moderate

Slight-Moderate
Rapid (4)
Uniform, slightly moist
None

Slight

Soil Profile:

Horizon A

Depth 0-17 cm

Boundaries irregular
Color 10 YR 4/3
Texture sandy
Structure granular
Consistency -

C°3 no

Concretions no

Slickensides no

Mottles no

Roots yes*

C

17-40 cm

irregular

sandy to clay
granular to blocky

no

no

no

no

yes

*root residuals from prior forest cover, plus roots from crops.



 



Location: Los Montones

Plot #: 86

Land Use: Pasture

Land Cover: Degraded pasture, overgrazed
Parent Material : Metasedimentary, same as 84 and 85

Relief: Pronounced

Position: Mid-slope
Slope Class: 25-45%

Runoff: Rapid
Permeability: Slow to moderate

Erosion Class: Slight to moderate
Drainage Class: Rapid (4)
Soil Moisture: Uniform, slightly moist

Salts/Alkaline: None

Stoniness: Slight

Soil Profile:

Horizon A C

Depth 0-13 cm 13-46 cm

Boundaries regular irregular
Color 7.5 YR 4/2 10 YR 6/6
Texture sandy loam sandy clay
Structure weak, granular blocky
Consistency - -

C°3 no no

Concretions no no

Slickensides no no

Mottles no yes (red, iro:
Roots yes yes
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Location: Los Montones
Plot #: 87

Land Use:

Land Cover:

Parent Material:
Relief:

Position:

Slope Class:
Runof f:

Permeability:
Erosion Class:

Drainage Class:
Soil Moisture:

Salts/Alkaline:
Stoniness:

Pine forest

Widely spaced pines and dense undergrowth
Metasedimentary, same as 84 and 85
Pronounced

Mid-slope
25-45%

Moderate

Moderate
None

Rapid (4)
Uniform, moist
None

None

Soil Profile:

Horizon A

Depth 0-15 cm

Boundaries regular
Color 10 Y 4/3
Texture sandy loam
Structure granular
Consistency -

C°3 no

Concretions no

Slickensides no

Mottles no

Roots yes

B

15-30 cm

regular
10 Y 5/3

sandy loam
granular

C

30-40 cm

regular
10 YR 6/4

sandy loam
granular

no

no

no

no

yes

no

no

no

no

no
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Location:
Plot #:

Land Use:

Land Cover:

Los Montones

88

Pine forest

Undisturbed forest, dense undergrowth, litter

Parent Material:

Relief:

Position:

Slope Class:
Runof f:

Permeability:
Erosion Class:

Drainage Class:
Soil Moisture:
Salts/ Alkaline:
Stoniness:

Intrusive igneous rock
Pronounced

Mid-to-upper slope
25-45%

Moderate

Modrate

None

Rapid (4)
Uniform, moist
None

None

Soil Profile:

Horizon A B C

Depth 0-17 cm 17-28 cm 28-98 cm

Boundaries irregular irregular irregular
Color 10 YR 4/3 7.5 YR 5/4 7.5 YR 5/6
Texture loam sandy clay clay-loam
Structure granular to blocky semi-blocky semi-blocky
Consistency - - -

C°3 no no no

Concretions no no no

SIickensides no no no

Mottles no yes (iron, manganese) yes
Roots yes yes yes
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Location: Los Montones

Plot #: 89

Land Use: Pasture

Land Cover: Sparse natural pasture
Parent material: Intrusive igneous rock
Relief: Pronounced

Position: Mid-to-lower slope
Slope Class: 25-45%

Runof f: Rapid
Permeability: Low to moderate

Erosion Class: Slight
Drainage Class: Rapid (4)
Soil Moisture: Uniform, slightly moist
Salts/Alkaline: None

Stoniness: Slight

Soil Profile:
•

Horizon A C

Depth 0-15 cm 15-32 cm

Boundaries regular irregular
Color 10 YR 4/2 10 YR 5/8
Texture sandy clay
Structure blocky blocky
Consistency moderately adhesive -

C°3 no no

Concretions no no

Slickensides no no

Mottles no yes (rust & black; iron & manganese)
Roots yes yes
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Location: Pananao
Plot #: 91

Land Use: Perennial and annual crops
Land Cover: Sisal, Sweet Potato, Manioc, with Hillside Ditches
Parent Material: Conglomerates
Relief: Pronounced

Position: Mid-slope
Slope Class: 25-45%
Runoff: Rapid
Permeability: Moderately Rapid
Erosion Class: Moderate to severe

Drainage Class: Rapid (4)
Soil Moisture: Uniform, slightly moist
Salts/Alkaline: None
Stoniness: Moderate to high

Soil Profile:

Horizon

Depth
Boundaries

Color

Texture

Structure

Consistency

c°3Concretions

Slickensides

Mottles

Roots

A

0-10 cm

regular, sharp
5 YR 5/4

sandy, loam
granular

no

no

no

no

yes

C

10-22 cm

sharp
7.5 YR 5/4

sandy
granular

no

no

no

no

no*

*difficult to penetrate for fine roots of crop plants



 



Location: Pananao
Plot #: 92

Land Use: Perennial and annual crops
Land Cover: Sisal, Sweet potato, Manioc

Parent Material : Conglomerate
Relief: Pronounced

Position: Mid-slope
Slope Class: 25-45%

Runoff: Rapid
Permeability: Moderately rapid
Erosion Class: Moderate

Drainage Class: Rapid (4)
Soil Moisture: Uniform, slightly moist
Salts/Alkaline: None

Stoniness: Moderate to high

Soil Profile:

Horizon A C

Depth 0-8 cm 8-15 cm

Boundaries sharp sharp
Color 5 YR 4/4 5 YR 5/4
Texture sandy loam sandy
Structure granular granular
Consistency - -

C°3 no no

Concretions no no

SIickensides no no

Mottles no no

Roots yes no*

*presents barrier to penetration by fine roots of crop plants



 



Location: Pananao

Plot #: 93

Land Use: Pasture

Land Cover: Improved pasture, overgrazed
Parent Material : Conglomerate
Relief: Pronounced

Position: Mid-slope
Slope Class: 25-45%

Runof f: Rapid
Permeability: Moderate

Erosion Class: Slight to moderate
Drainage Class: Rapid (4)
Soil Moisture: Uniform, slightly moist

Salts/Alkaline: None

Stoniness: Slight to moderate

Soil Profile:

Horizon A C

Depth 0-24 cm 24-56 cm

Boundaries sharp sharp
Color - -

Texture sandy loam sandy
Structure granular granular
Consistency - -

C°3 no no

Concretions no no

Slickensides no no

Mottles no no

Roots yes yes



 



Location: Pananao

Plot #: 94

Land Use: Pasture

Land Cover: Improved pasture, overgrazed
Parent Material : Conglomerate
Relief: Pronounced

Position: Mid-slope
Slope Class: 25-45%

Runoff: Rapid
Permeability: Moderate

Erosion Class: Slight to moderate
Drainage Class: Rapid (4)
Soil Moisture: Uniform, slightly moist

Salts/Alkaline: None

Stoniness: Slight to moderate

Soil Profile:

Horizon A C

Depth 0-25 cm 25-45 cm

Boundaries sharp sharp
Color - -

Texture sandy loam sandy
Structure granular granular
Consistency no no

C°3 no no

Concretions no no

Slickensides no no

Mottles no no

Roots yes yes



 



Location: Pananao
Plot #: 95

Land Use: Manioc, monocropping
Land Cover: Manioc, recently planted, poorly
Parent Material : Conglomerate
Relief: Pronounced

Position: Upper slope
Slope Class: 25-45%

Runof f: Rapid
Permeability: Rapid
Erosion Class: Severe

Drainage Class: Very rapid (5) (excessive)
Soil Moisture: Uniform, slightly moist

Salts/Alkaline: None

Stoniness: Moderate

Soil Profile:

Horizon A C

Depth 0-12 cm 12-30 cm

Boundaries irregular irregular
Color - -

Texture sandy sandy-clay
Structure granular granular
Consistency - -

C°3 no no

Concretions no no

Slickensides no no

Mottles no no

Roots yes* yes

*fine roots, herbaceous weeds and manioc crop

developed



 



Location:
Plot #:

Land Use:

Land Cover:

Parent Material:

Relief:
Position:

Slope Class:
Runof f:

Permeability:
Erosion Class:

Drainage Class:
Soil Moisture:

Salts/Alkaline:
Stoniness:

Pananao-El Rubio

96

Pine forest

Pines, 20-40 yrs,
Acid metamorphics
Pronounced

Mid-to-lower slope
25-45%

Rapid
Slow

Slight
Moderate (3) (due to litter)
Uniform, moist
None

Slight

Soil Profile:

Horizon A

Depth 0-4 cm

Boundaries irregular
Color -

Texture sandy
Structure granular
Consistency -

C°3 no

Concretions no

Slickensides no

Mottles no

Roots yes*

selectively cut in past

otherwise rapid

C

4 20 cm

irregular

sandy
granular

no

no

no

no

yes

*roots from trees plus fine roots of herbaceous plants



 



APPENDIX H

FORM USED FOR INFILTRATION TESTS



 



Location

Date

Depth ( cm) A Depth ( cm)
Initial Final**

Time* 10
T + 30 sec

T + 1 min

T + 2 min

T + 3 min
T + 4 min

T + 5 min

T + 10 min

T + 15 min

T + 20 min

T + 30 min

T + 40 min

T + 50 min

T + 60 min

T + 75 min

T + 90 min
T +105 min

T +120 min

T +135 min

T +150 min
T +165 min

T +180 min

T +195 min
T +210 min

T +225 nvin
T +240 min

* Time intervals to be shortened if infiltration is rapid.
**Refill to 10 cm after each reading if level has fallen below 9 cm.

Rate A D^pth
(cm min )
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APPENDIX I

DERIVATION OF FACTORS FOR USE IN USLE, BY PLOT



 



Location: Carrizal

Land Use: Established Coffee
Plot #: 80
A = RKLSCP

R

K % Silt = 62
% Sand = 34
% O.M. = (6.92)4
Structure = 4

Permeability = 5.5
L 22 m = LS

S 35%

C

P

A = 37.8 t ha ^yr ^

K

1000

.45

8.4

.01
1.0

Additional Information:
% Clay = 4.0
% N = 0.30

Location: Carrizal

Land Use: Coffee, Recently
Plot #: 81
A = RKLSCP

R

K % Silt = 66
% Sand = 25
% O.M. = 1.82
Structure = 4

Permeability = 5
L 22 m = LS

S 37.9%
C

P

Planted

= 1000

K = 0.63

= 95

= 0.20,0.50
= 1.0

A (c=.20 ) = 1197 t ha

A (c=.50) = 2992.5 t
i -1 -1
ha yr

Additional Information:
% Clay = 10
% N =0.09
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Location:
Land Use:

Plot #:
A = RKLSCP
R

K % silt
% sand

% O.M.
Structure

L

S

C

P

Los Montones

Pigeon Pea, Minimum
82

= 29
= 63

=(6.16)4 h K =
= 3

Permeability = 1
22m

46.5%

= LS

tillage

700

.11

13.2

.2, .9
1, .50

A

A

A

A

(c=.2) -1 -1

(p=l)
= 203.28 t ha yr

cm

m

.

.

II

ll

O

¿i
= 101.64 t ha ^yr ^

(c=.9)
(p=l)

= 914.76 t ha lyr ^
(c=.9)
(p=.5)

= 457.38 t
, _1 _1
ha yr

Additional Information:
% clay = 8.0
% N = 0.31

Los Montones
_

Pigeon pea, Conventional Tillage
83

= 700
= 29
= 63
= (6.16)4 L K = .11

Location:

Land Use:

Plot #:
A = RKLSCP

R

K % silt
% sand
% O.M.
Structure = 3

Permeability = 1
L 22 m = LS ' =12.7
S 44%

C = 2, .9
P = 1

A (c=.2) = 195.58 t ha Xyr 1
A (c=.9) = 880.11 t ha ^yr ^

Additional Information:
% Clay = 8.0
% N = 0.31



 



Location: Los Montones

Land Use: Mixed Food Crops
Plot #: 84
A = RKLSCP

R

K % silt
% sand

% O.M.

Structure

Permeability
L 22 m = LS

S 34.3%
C

P

40

59

(5
3

1

.86)4 - K

700

.16

8.2

.20, .90

.50, 1.0

A = 91.84 t ha '''yr ^
A = 183.68 t

, -1 -1
ha yr

A = 413.28 t ha lyr 1
A = 826.56 t

» -1 -1
ha yr

Additional Information:
% clay = 1.0
% N = 0.29

Location: Los Montones

Land Use: Mixed Food Crops
Plot #: 85

A = RKLSCP

R = 700

K % silt = 40

% sand - 59

% O.M. = (5.86)4 ~

K = .16
Structure = 3

Permeability = 1

L 22m = LS = 8.2
S 34.3%
C • 20,
P = 1

(c=.2)
-1 -1

A = 183 .68 t ha yr

(c=.9)
-1 -1

A = 826 .56 t ha yr

Additional Information:
% clay = 1
% N = 0.30
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Location:
Land Use:
Plot #:
A = RKLSCP

R

K % silt
% sand
% O.M.

Structure

Permeability
L 22 m = LS

S 25.5%
C

P

Los Montones

Pasture
86

20
76

(6.0)4
3

3.5

= 700

K = .32

= 5.2

= .20, .04
= 1

A (c=.20) = 232.95 t ha-lyr-1

A (c=0.4) = 46.6 t ha-lyr-1

Additional Information:
% clay = 4.0
% N =0.30

Location: Los Montones

Land Use: Pine forest, Subjected to selective harvest in past
Plot #: 87
A = RKLSCP

R

20

76

(5.9)4
2

2

C

P

K % silt
% sand =

% O.M.

Structure =

Permeability =
L 22m LS

S 34%

= 700

K = .08

= 8.0

= .003,01
= 1

A (c=0.003) = 1.344 t ha 1yr 1
A (c=0.01) =4.48 t

i -1 -1
ha yr

Additional Information:
% clay = 4.0
% N = 0.30



 



Location: Los

Land Use: Pine
Plot #: 88

A = RKLSCP
R

K % silt
% sand
% O.M.

Structure
- Permeability

L 22 m = LS

S 27.5%
C

P

Montones

forest,

= 26
= 69
= 3.5
= 2
= 1.5

undisturbed

= 700

K = .08

= 5.8

= .003,
= 1

A (c=.01) = 3.248 t ha-lyr-1

A (c=.003) = 0.9744 t ha-lyr-1

Additional Information:
% clay = 5.0
% N = 0.18

Location: Los Montones
Land Use: Pasture

PLot #: 89
A = RKLSCP

R

K % silt
% sand

% O.M.

Structure

Permeability
L 22 m = LS

S 25.5%
C

P

33

66

2.94
3

3.5

= 700

K = .26

= 5.2

= .20,
= 1

A (c=.20) = 189.28 t ha 1yr
A (c=.04) = 37.856 t ha_1yr

Additional Information:
% clay = 6.0
% N = 0.15
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Location: Pananao

Land Use: Sisal and Food Crops with Hillside
Plot #: 91
A = RKLSCP

R = 855

K % silt = 43

% sand = 43

% O.M. = 3.02 - K = .24

Structure = 3

Permeability = 2.5
L 22m = LS = 8.0

S 34%

C = 0.2, 0.9
P li

• on o 1—*

A

A

(c=.2)
(p=. 5)
(c=.2)
(c=l)

A

A

(c=.9)
(p=.5)
(c=.9)

(P=l)

= 164.16 t ha '''yr 1
= 328.32 t ha ‘'"yr ^
= 738.72 t

, -1 -1
ha yr

=1477.44 t
, -1 -1
ha yr

Additional Information:
% clay = 14.0
% N = 0.15

Location: Pananao

Land Use: Sisal and Food Crops,
Plot #: 92
A = RKLSCP

R

K % silt

% sand
% O.M.
Structure

Permeability
L 22m = LS

S 32%

C

P

47

42

(3.98)4
3

2.5

K

No Conservation

= 855

= .26

= 7.2

= .2, .9
= 1

Practice

A (c= .2) = 320.11 t ha ‘'‘yr ^
A (c= .9) =1440.50 t

, -1 _1
ha yr

Additional Information:
% clay = 12.0
% N =0.20
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Location: Pananao

Land Use: Pasture, heavily grazed
Plot #: 93
A = RKLSCP
R

K % silt
% sand
% O.M.

Structure

Permeability
L 22m = LS

S 35%

C

P

43

44

(5.18)4)
3

2

K

855

.20

8.4

.20, .04
1

A (c= .20) = 287.28 t
i -1 -1
ha yr

A (c= .04) = 57.46 t
, -1 -1
ha yr

Additional Information:
% clay = 13.0
% N = 0.26

Location: Pananao

Land Use: Pasture

Plot #: 94
A = RKLSCP

R

K % silt
% sand

% O.M.

Structure

Permeability
L 22m = LS

S 30.5%
C

P

A (c= .20) = 215.46
. . -1 -1
t ha yr

A (c= .04) = 43.09
. . -1 -1
t ha yr

Additional Information:
% Clay = 25.0
% N = 0.17

= 45
= 30
= 3.36
= 3
= 2

= 855

K = .18

= 7.0

= .20, .04
= 1



 



Location: Pananao

Land Use: Manioc
Plot #: 95
A = RKLSCP
R

K % silt
% sand =

% O.M.

Structure =

Permeability =
L 22m = LS

S 39%
C

P

(Cassava)

39

56

(6.02)4
3

1

A (c= .20) = 273.60 t ha ^yr ^
A (c= .90) =1231.20

. . -1 "I
t ha yr

Additional Information:
% Clay = 4.0
% N = 0.30

= 855

K = .16

= 10

= .20,
= 1

Location: Pananao

Land Use: Pine forest
Plot #: 96
A = RKLSCP

R

K % silt = 37
% sand = 58
% O.M. = 3.22
Structure = 3

Permeability = 1
L 22m - LS

S 30%

C

P

A (c=.001) 2.77 t ha

A (c=.01) = 9.25 t ha 1yr 1

= 800

K = .17

— 6.8

= .003,
= 1

Additional Information:
% clay = 6
% N = 0.16



 



APPENDIX J

DATA FROM EROSION PLOTS



 



Plot 80. Established Coffee, Carrizal

nple Collection
Date

Sediment Yield*

(kg ha ^)
Runoff Rat

, 3-1.(m ha )

80 05 21 3022.30 25.8603
80 06 12 22.46 95.1911
80 06 19 6.84 14.5462
80 09 15 209.56 39.9536
80 10 01 11.65 81.1625
80 10 02 10.93 43.7205
80 10 10 23.79 47.5765
80 10 22 13.72 35.1596
80 12 02 2.18 10.8992
80 12 10 0.00 0.0000
80 12 22 0.00 0.0000
80 12 30 0.00 0.0000
81 01 09 0.00 0.0000
81 01 29 0.30 1.5101
81 02 02 1.35 6.7727
81 02 23 0.00 0.0000
81 03 16 0.00 0.0000
81 04 08 0.62 3.2434
81 04 21 0.00 0.0000
81 04 27 0.00 0.0000
81 04 28 18.03 58.6045
81 05 04 18.18 92.5726
81 05 05 0.00 0.0000
81 05 12 172.93 92.5726
81 05 14 15.94 92.5726
81 05 19 12.33 92.5726
81 05 26 18.70 92.5726
81 06 09 0.00 0.0000

*Sediment yield refers to soil loss per unit area as measured in erosion
plots; this is not the same as sediment yield measured at watershed
level.
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Plot 81. Recently Planted Coffee, Carrizal.

Sampl<s Collection Sediment Yield
, , -1,

Runoff Rat
. 3 -i

Date (kg ha ) (m ha )

80 05 21 834.255 25.8603
80 06 12 145.245 42.0019
80 06 19 54.617 78.6720
80 09 15 523.701 70.6910
80 10 01 39.903 71.2546
80 10 02 9.765 88.7756
80 10 10 71.025 82.6528
80 10 22 67.424 88.7756
80 12 02 21.819 13.6084
80 12 10 188.862 9.1863
80 12 22 0.377 1.0194

80 12 30 11.686 2.0483
81 01 09 6.780 1.5101
81 01 29 0.788 2.6276
81 02 02 311.663 20.5042
81 02 23 1.233 3.2434
81 03 16 0.000 0.0000
81 04 08 14.431 81.2142
81 04 21 0.815 2.6276
81 04 27 1.355 6.7727
81 05 04 20.412 93.8580
81 05 05 20.072 13.6084

81 05 12 20.422 93.8580
81 05 14 20.696 95.1530
81 05 19 26.757 53.5902
81 05 26 26.589 93.8580
81 06 09 42.819 47.5765
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Plot 82. Pigeon pea, Minimum Tillage, Los Montones.

Sample Collection
Date

Sediment Yield

(kg ha ^)
Runoff Rate

, 3, -1.(m ha )

80 08 13 114.18 48.134
80 09 13 2339.70 123.597
80 09 25 1259.62 9.730
80 09 25 38.30 9.730
80 10 30 183.85 6.724
80 10 30 0.00 7.883
80 11 06 1820.03 2.039
80 12 02 4.17 9.763
80 12 10 12.53 5.157
80 12 20 5.22 1.605
80 12 22 6.15 7.883
80 12 23 7.33 3.549
81 01 08 27.34 33.384
81 01 13 72.37 5.255
81 01 19 1.26 3.058
81 01 30 7.86 6.145
81 02 05 1.44 18.041
81 02 12 0.19 1.758
81 02 23 31.75 59.452

81 03 11 1.36 4.530

81 03 16 9.44 20.412
81 03 26 7.55 16.573
81 03 27 3.30 6.186

81 04 03 4.41 7.883
81 04 08 4.34 6.186
81 04 09 2.47 6.186
81 04 14 3.31 5.069
81 04 18 0.24 0.586
81 04 28 11.03 23.460
81 05 05 7.75 18.946
81 05 06 6.13 37.469
81 05 12 137.00 65.613
81 05 28 72.00 6.145
81 06 10 224.90 15.237
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Plot 83. Pigeon pea, Conventional Tillage, Los Montones.

Sample Collection
Date

Sediment Yield

(kg ha ^)
Runoff Rat

(m^ha
e

)

80 08 13 40.62 64..646
80 09 13 241.68 124,.853
80 09 25 6746.58 12..357
80 09 25 25.07 11..677
80 10 30 87.70 6..724
80 10 30 0.00 4..676
80 11 06 3.20 3..058
80 12 02 2.12 12..479
80 12 10 1.11 5..607
80 12 23 15.25 4..578
80 12 29 1.67 3..058
81 01 08 28.99 31..081
81 01 13 69.48 7..883
81,.01 19 0.38 3..058
81 01 30 1.44 6,.145
81 02 05 12.22 37..195
81 02 18 2.41 9,.114
81 02 23 7.13 47,.504
81 03 11 4.98 4..578
81 03 16 23.50 27..715
81 03 26 6.26 15..131
81 03 27 10.77 15..839
81 04 03 5.13 13.. 744
81 04 08 9.80 4,.530
81 04 09 1.69 5,.157
81 04 11 0.00 20..480
81 04 14 3.86 5..157
81 04 28 8.58 15..131
81 04 30 0.00 23..514
81 05 05 2.74 13..072
81 05 06 17.51 28..003
81 05 12 8.32 40..530
81 05 28 4.90 4..097
81 06 10 59.23 33..825
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Plot 84. Mixed Food Crops with Hillside Ditches, Los Montones.

Sample Collection Sediment Yield Runoff Rate

Date (kg ha ) (m ha )

80 05 14 5447.4 26.3842
80 05 31 29579.9 23.9066
80 06 11 10782.4 90.0801
80 06 20 67.0 10.8992
80 08 08 0.4 4.5719
80 09 13 28.2 14.5462
80 09 25 15.6 3.9985
80 10 02 1292.7 88.7756
80 10 30 8.6 2.0483
80 11 06 2.9 2.0483
80 12 02 1.6 1.0194
80 12 10 1.6 2.6276
80 12 23 96.6 3.8924
80 12 29 1.6 1.5101
81 01 08 34.0 2.0483
81 01 15 127.8 44.9961
81 01 19 806.0 5.2796
81 02 04 o•orH 12.6875
81 02 23 3.4 3.2434
81 03 16 5.5 6.7727
81 03 18 1.6 1.5101
81 03 25 0.0 0.5859
81 04 03 5.8 5.2796
81 04 09 1.6 3.8924
81 04 14 2.9 5.2796
81 04 27 0.00 5.2796
81 04 28 12.2 41.1991
81 05 05 9.9 41.1991
81 05 06 0.0 3.8924
81 05 13 0.0 7.5552
81 05 28 1.5 5.2796
81 06 10 2.0 6.7727
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Plot 85. Mixed Food Crops, Los Montones.

Sample Collection Sediment Yield Runoff Rate

Date (kg ha ) (m ha )

80 05 14 6025.9 37.0020
80 05 31 26688.8 28.4308
80 06 11 14401.0 93.9154
80 06 20 5666.2 8.4856
80 08 08 2.0 5.2796
80 09 13 93.6 15.5006
80 09 25 0.0 0.0000
80 10 02 17047.4 82.6528
80 10 30 44.3 2.6276
80 12 10 7.1 2.0483

81 01 08 8.5 7.5552
81 02 23 2.8 1.5101
81 03 25 0.0 0.5859
81 04 03 0.0 3.8924
81 04 09 1.1 3.8924
81 04 27 1.5 5.2796
81 04 28 2.0 9.1863
81 05 05 10.7 41.1991

81 05 06 0.0 3.2434
81 05 13 0.0 6.0137
81 05 15 5.9 0.5859
81 05 28 3.3 5.2796
81 06 05 0.5 5.2796
81 06 10 2.2 5.2796
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Plot 86. Pasture, Los Montones.

Sample Collection Sediment Yield Runoff Rate

Date (kg ha ) (m ha )

80 05 14 42.0034 46.3951
80 05 31 29.9224 44.9961
80 06 11 56.2281 86.2949
80 06 20 0.0000 2.6276
80 08 08 38.9690 83.6741
80 09 13 29.0388 38.7184
80 09 25 1.2407 5.2796
80 09 25 30.9911 5.2796
80 10 02 0.0000 88.7756
80 10 02 12.7717 41.1991
80 10 17 0.0000 0.0000
80 10 30 0.0000 4.5719
80 10 30 6.6292 4.5719
80 12 02 0.4992 2.6276
80 12 10 0.5838 3.2434
80 12 23 0.7396 3.8924
80 12 29 0.7400 1.5101
81 01 08 2.4717 3.8924
81 01 12 2.7217 13.6084
81 01 13 0.0410 0.5859
81 01 19 15.7309 2.0483
81 01 04 20.4126 13.6084
81 01 18 6.1062 1.0194
81 02 23 3.0782 23.6781
81 03 16 7.3124 2.0483
81 03 25 0.7391 1.0194
81 04 03 3.7004 1.0194
81 04 09 1.4950 1.5101
81 04 14 10.6826 13.6084
81 04 28 11.3298 41.1991
81 05 05 7.8138 23.6781
01 05 06 3.3109 10.0329
81 05 12 9.2345 23.6781
81 05 28 1.9266 7.5552
81 06 09 2.3134 13.6084
81 06 10 5.3073 13.6084
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Plot !37. Pine Forest, Los Montones.

Sample Collection Sediment Yield
-1

Runoff Rate

Date (kg ha ) (m^ ha )

80 05 14 1.57 7.26
80 05 31 6.88 28.29
80 06 11 5.32 12.97
80 06 20 2.76 15.78
80 08 08 1.92 10.97
80 09 13 7.65 12.97
80 09 13 0.-46 2.59
80 09 25 0.00 0.00
80 10 02 1.03 12.97
80 10 02 2.46 12.97
80 10 17 1.81 9.07
80 10 30 0.93 2.59
80 10 30 0.93 2.59
80 12 02 0.51 1.36
80 12 10 0.16 1.00
80 12 23 0.17 1.00
80 12 29 0.25 1.36
81 01 08 0.70 3.51
81 01 13 0.25 2.59
81 01 15 0.13 ■ 0.39
81 01 19 2.98 1.36
81 or 04 2.58 10.33
81 02 23 0.76 3.04
81 03 16 0.38 1.75
81 03 18 1.92 2.16
81 04 03 0.32 1.36
81 04 08 0.17 1.36
81 04 09 0.75 2.59
81 04 14 0.49 2.59
81 04 27 3.89 12.97
81 05 06 1.81 9.07
81 05 12 3.72 11.63
81 05 28 4.28 19.48
81 06 10 1.77 6.12
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Plot 88. Pine Forest, Los Montones.

Sample Collection
Date

Sediment Yield

(kg ha ^)
Runoff Rate

, 3 . -1,(m ha )

80 05 14 4.54 14.36
80 05 31 73.67 29.99
80 06 10 81.20 43.78
80 06 20 14.26 5.57
80 08 08 1.39 10.33
80 09 13 3.20 6.68
80 09 25 0.00 0.00
80 10 02 0.00 0.00
80 10 17 0.00 0.00
80 10 30 0.00 0.00
80 11 06 0.52 3.51
80 11 29 0.65 1.36
80 12 10 0.34 0.67
80 12 23 0.78 1.00
80 12 29 0.55 1.36
81 01 08 0.41 2.16
81 01 19 0.73 3.51
81 02 04 4.17 9.07
81 03 16 1.45 9.07

81 03 20 0.43 2.16
81 03 25 1.68 2.16
81 04 03 0.42 1.75

81 04 09 0.29 0.67
81 04 14 1.60 2.59
81 04 27 0.00 3.51

81 04 28 1.10 6.12
81 05 05 2.32 11.63
81 05 06 0.00 4.51

81 05 12 6.98 20.24

81 05 28 4.67 19.48
81 06 09 0.24 6.12
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Plot 89. Pasture, Los Montones

Sample Collection
Date

Sediment Yield

(kg ha ^)
Runoff Rate

, 3, -i,(m ha )

80 05 14 19.94 44.99
80 05 31 11.40 48.88
80 06 10 118.25 82.43
80 06 20 24.92 41.19
80 08 08 1.33 8.36
80 09 13 68.51 47.57
80 09 25 5.83 3.24
80 09 25 10.21 3.24
80 10 02 0.00 0.00
80 10 17 0.00 47.57
80 10 30 7.78 3.89
80 12 02 0.57 2.62
80 12 10 1.76 2.62
80 12 23 1.64 1.01
80 12 29 1.63 0.58
81 01 08 13.03 7.55
81 01 01 2.59 11.78
81 01 12 7.62 13.60
81 01 13 0.43 1.51
81 01 15

'

0.96 0.58
81 01 14 3.22 5.27
81 01 04 7.34 13.60
81 03 06 1.21 5.27
81 03 16 3.05 14.54
81 03 25 6.44 4.57
81 04 09 1.78 2.62
81 04 09 0.64 3.24
81 04 14 22.31 13.60
81 04 27 1.83 9.18
81 04 28 11.53 41.19
81 05 05 11.01 23.67
81 05 06 4.76 13.60
81 05 12 5.76 33.88
81 05 28 2.34 7.55
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Plot 91. Sisal and Food Crops with Hillside Ditches, Pananao.

Sample Collection Sediment Yield Runoff Rate

Date (kg ha ) (m ha X)

80 05 05 3766.92 38. 64

80 05 12 1372.01 23. 63
80 05 15 1485.19 13. 44

80 05 16 871.64 9. 94
80 05 18 934.66 6. 13

80 05 24 314.86 50. 70

80 05 28 5454.39 38. 46

80 06 01 2738.56 47. 58

80 07 07 1109.69 38. 25

80 08 20 3397.59 90 59

80 08 26 387.13 44. 78

80 08 28 14.92 23. 68

80 09 08 783.27 23. 68

80 09 29 1119.00 47. 58

80 10 04 330.33 41. 71

80 10 11 5702.42 66. 03

80 10 21 39.06 13. 61

80 11 07 322.18 43. 72

80 12 01 98.11 1. 02

80 12 10 3.76 1. 02

81 01 07 2.25 3. 24

81 01 08 6.28 1. 02

81 01 12 51.91 62. 18

81 01 28 3.01 6. 01

81 02 06 82.97 49. 73

81 02 20 9.91 1. 51

81 02 21 14.02 13. 61

81 04 29 11.48 12. 69

81 05 06 29.97 66. 43

81 05 10 38.47 14. 55

81 05 14 37.07 68. 67

81 05 24 31.50 45. 00
81 05 28 20.31 63. 45

81 06 16 1.27 2. 05
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Plot 92. Sisal and Food Crops, Pananao.

Sample Collection Sediment Yield
, -1 >

Runoff Rate
3 -1

Date (kg ha ) (m ha )

80 05 05 2537.27 49.59
80 05 12 1280.51 23.68
80 05 16 2881.04 30.73
80 05 18 563.48 13.61
80 05 24 3518.51 49.64
80 05 28 472.57 47.87
80 06 01 1859.98 47.58
80 07 07 1082.18 48.20
80 08 20 1142.60 91.76
80 08 26 1193.76 32.70
80 08 28 17.29 23.68
80 09 08 1086.84 42.45
80 09 29 26.68 23.68
80 10 04 2645.99 22.61.
80 10 10 2073.79 66.03
80 10 15 0.00 0.00
80 10 20 3273.86 9.19
80 10 21 33.67 9.19
80 11 07 54.60 45.00
80 12 10 2.27 1.51
80 12 11 3.76 1.51
81 01 08 63.18 1.51
81 01 12 2130.13 41.20
81 01 28 2.29 4.57
81 02 01 303.38 29.23
81 02 06 11.88 10.90
81 02 21 7.03 13.61
81 04 29 2.71 10.03
81 05 02 4.70 3.24
81 05 06 203.34 92.57
81 05 10 33.41 18.46
81 05 14 27.37 70.86
81 05 24 9.90 45.00
81 05 28 27.53 63.45
81 06 16 1.25 2.05
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Plot 93. Pasture, Pananao.

Sample Collection
Date

Sediment Yield

(kg ha ^)
Runoff Rate

, 3, ”1,
(m ha )

80 05 05 140.43 47.58
80 05 12 91.44 4.57
80 05 18 39.01 47.58
80 05 24 1594.29 47.58
80 05 28 0.00 0.00
80 06 01 11.89 47.58
80 07 07 34.73 47.58
80 08 20 1.70 42.45
80 08 26 2.72 8.36
80 08 28 0.02 0.59
80 19 08 2.79 12.69
80 09 29 2.60 23.68
80 10 14 10.54 50.19
80 11 07 6.59 41.20
80 12 10 0.78 3.89
80 12 11 1.23 2.05
81 01 07 0.65 3.24
81 01 12 13.01 25.26
81 01 28 1.35 6.77
81 02 06 10.81 29.23
81 02 21 7.75 29.23
81 03 27 0.57 1.02
81 04 09 0.12 0.59
81 04 28 7.35 13.61
81 04 29 1.96 1.02
81 05 02 0.90 1.02
81 05 06 30.96 91.28
81 05 10 33.22 92.57
81 05 12 3757.90 90.00
81 05 16 0.47 2.05
81 05 24 14.40 45.00
81 05 26 4.63 13.61
81 05 28 6.72 29.23
81 06 16 0.48 5.28
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Plot 94. Pasture, Pananao.

Sample Collection
Date

Sediment Yield

(kg ha ^ )
Runoff Rate

, 3-1,(m ha )

80 05 05 1086.11 45.29
80 05 12 55.30 5.28
80 05 18 11.89 47.58+
80 05 24 388.22 47.58+
80 06 01 11.89 47.58+
80 07 07 34.89 47.58+
80 08 20 3.40 42.45
80 08 26 1.63 10.90
80 09 08 36.22 12.69
80 09 29 4.74 23.68
80 10 04 0.71 3.24
80 10 10 62.62 43.25
80 11 07 3.91 41.20
81 01 03 0.49 3.24
81 01 07 0.00 0.00
81 01 12 0.00 0.00
81 01 13 0.95 5.28
81 01 18 1.11 5.28
81 01 28 1.67 8.36
81 02 01 54.10 15.50
81 02 06 6.59 7.56
81 02 21 14.56 50.19
81 03 19 5.03 3.24
81 03 27 0.38 1.51
81 04 09 0.26 1.02
81 04 28 5.71 21.55

81 04 29 0.32 1.02
81 05 02 0.82 2.05
81 05 06 25.23 90.00
81 05 10 172.11 89.99
81 05 12 89.63 91.30
81 05 16 1.75 3.89
81 05 24 13.50 45.00
81 05 26 6.94 13.61
81 05 28 39.89 52.55
81 06 16 4.07 5.28
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Plot 95. Manioc, Pananao

Sample Collection
Date

Sediment Yield

(kg ha ^)
Runoff Rate

, 3. -lv(m ha )

80 05 05 3787.54 51.52

80 05 12 1136.50 29.23

80 05 15 1136.50 18.46

80 05 18 0.00 0.00

80 05 24 4569.15 13.30

80 05 28 141.46 47.58

80 06 01 1811.35 47.58

80 07 07 140.93 47.58

80 08 26 249.65 84.44

80 08 28 4.26 23.68

80 09 08 2231.33 45.00

80 09 29 321.17 46.64

80 10 04 56.82 36.10

80 10 11 63.63 62.69

80 11 07 36.65 66.04

80 12 01 1.25 2.05

80 12 10 1.15 2.05

80 12 20 468.53 2.05

80 01 07 236.78 45.03

81 01 13 3239.04 61.19

81 01 18 569.51 13.61

81 01 28 384.45 9.19

81 02 01 115.94 13.61

81 02 06 56.69 56.99

81 02 21 223.49 95.24

81 03 27 16.05 1.51

81 04 09 10.81 1.02

81 04 28 85.21 68.70

81 04 29 8.34 5.28

81 05 02 51.10 126.44

81 05 04 106.01 87.14

81 05 05 0.77 1.02

81 05 06 63.82 85.94

81 05 10 36.80 55.25

81 05 14 790.48 129.47

81 05 16 8.91 29.23

81 05 24 2021.26 63.45

81 05 28 18.72 67.35
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Plot 96. Pine Forest, near Pananao.

Samplie Collection Sediment Yield Runoff Rate

Date (kg ha 1) , 3, -1.
(m ha )

80 08 13 0.12 3.05
80 09 08 1.97 12.30
80 10 03 43.84 23.38
80 10 20 13.56 23.38
80 11 07 1.66 15.78
81 01 16 2.09 12.30
81 01 28 0.27 1.37
81 01 21 0.91 2.59
81 03 27 0.90 4.51
81 04 09 0.72 1.75
81 04 28 2.77 12.30
81 04 30 0.80 4.01
81 05 02 1.27 3.52
81 05 14 3.47 15.78
81 05 26 2.22 9.07
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