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ABSTRACT 

Multiobjective decision support systems (DSS) are gaining acceptance as tools 

to evaluate resource management systems. Before applying a DSS, a matrix of 

decision criteria and alternative management systems is populated using 

information from measured data, expert opinion or simulation models. As each 

information source exhibits differences in data availability and accuracy, the 

extent to which outcomes from the DSS are influenced by the source of 

information remains an important issue. 

A conceptual framework links the Prototype Decision Support System (P-DSS) 

developed by the USDA-ARS Southwest Watershed Research Center in 

Tucson, Arizona, to a conservation practice physical effects matrix. Four 

rangeland practices of yearlong (YL) and rotation (ROT) grazing, with mesquite 

trees retained (+M) and removed (-M), are evaluated against eight decision 

variables that consider soil, water, plants and wildlife habitat. Each decision 

variable is quantified using data from four experimental watersheds on the Santa 

Rita Experimental Range, expert opinions, and two simulation modeling 

approaches. The simple approach uses the Curve Number method, RUSLE and 
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MUSLE, while the complex approach uses the CREAMS hydrology and erosion 

models. 

Outcomes from the P-DSS are sensitive to the source of information. When 

measured data and complex models quantify the decision variables, the YL-M 

and ROT-M management systems dominate the current system of YL+M. The 

simple modeling approach identifies ROT+M in addition to YL-M and ROT-M. 

However, when a frequency of rank methodology Is used, the simple and 

complex modeling approaches identify ROT-M as the preferred system, while 

the measured data and expert opinion identify YL-M. Ranking the four 

management systems quantified by simple models matches the ranking obtained 

from the expert survey. Rank ordering using the complex models agrees with 

the opinion of the most knowledgeable expert. 

Simple and complex modeling estimates of sediment yield are significantly 

different, as are estimates of peak runoff rate. The results suggest that model 

complexity improved information accuracy but had limited effect on the outcomes 

from the P-DSS. The effect of information sources on the outcomes from the 

P-DSS may become more pronounced if the evaluation changes from a relative 

assessment to one involving quality standards. 
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CHAPTER 1 

INTRODUCTION 

1.1 Problem Statement 

Natural resource management considers the soil, water, air, plants and animals 

for sustainable development. These are the five basic resources, and the 

management of one natural resource should not be in isolation of the other 

resources. In the past, the development of conservation systems has tended to 

target one of the physical resources. For example, zero tillage was designed 

primarily as a farming system to reduce soil erosion in croplands. However, the 

accumulation of additional moisture in the soil profile may contribute to 

increased leaching of polluted water and groundwater recharge. When a system 

is managed for a single resource, the approach may be termed a single-

objective system. However, the trend in natural resource management is towards 

the use of multi-objective conservation management systems where more than 

one objective is considered simultaneously. One of the tools for identifying 

systems that address the conservation of natural resources is the use of a multi-

objective decision support system (MO-DSS). 



MO-DSSs mean different things to different people. In the broadest sense, there 

are two categories of MO-DSSs. The first is a paper-based and qualitative 

assessment of the effects of current and alternative land management systems 

on natural resources. This type of MO-DSS relies heavily on expert opinion and 

experience for information rather than measured data. Nonetheless, these MO-

DSS tend to be very broad in their evaluation of natural resource systems. 

One example of this type of MO-DSS is the Conservation Practice Physical 

Effects matrix (CPPE) developed by USDA Natural Resources Conservation 

Service (NRCS) (SCS 1990). Within the framework of the CPPE, the planner 

considers the effect of implementing a conservation practice on the target 

problem as well as the other resource problems. The consideration is assessed 

in terms of its effect (negligible, positive or negative) and impact (slight, 

moderate or significant). The main limitations with this type of decision aid is 

that the assessments tend to be subjective, possibly site specific and may not be 

reproducible or defensible by another expert or someone with less experience. 

The second approach towards designing natural resource management systems 

is the development of computer-based MO-DSSs that combine existing 

databases, simulation models, multi-objective decision theory with a graphic 

user interface to provide visual summaries to assist the decision maker. The 

prototype DSS (hereafter called P-DSS) developed by the USDA Agricultural 
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Research Service (ARS), Southwest Watershed Research Center in Tucson, 

Arizona, is an example of a MO-DSS for natural resource management (Lane et 

al. 1991; Yakowitz et al. 1992a,b). This system has the capability of accepting 

data sources from simulation models and measured data, as well as expert 

opinion. To date, most of the applications of the P-DSS have used a simulation 

model to parameterize the decision variables (Lane et al. 1994). Consequently, 

the selection of decision variables to evaluate current and alternative 

management systems is restricted to those variables that can be quantified by 

the simulation model. While this demonstrates the utility of MO-DSS, there is a 

need to consider a much broader array of decision variables that reflect the five 

basic resources. 

Model complexity and data availability are further considerations when using a 

simulation model to parameterize the MO-DSS. Process-based, complex 

models are more demanding of data inputs compared with simpler models but 

may contain feedback loops between sub-models. Four important criteria in the 

selection of a model are:(i) accuracy of prediction; (ii) simplicity of the model; (iii) 

consistency of parameter estimates; and (iv) sensitivity of the results to changes 

in the parameter values (Dawdy and Lichty 1968). This list can be expanded to 

include the reality of the representation, representativeness of the data (in time 

and in space), the quality of information contained within the data set, the 



experience of the user, and the resources available to undertake the modeling. 

In the absence of satisfying these requirements, the resource planner may be 

inclined to use a less data-demanding, simpler simulation model. This then 

raises the question of the impact of model type and model complexity on the 

accuracy of the prediction and effect this may have on the outcome from a DSS. 

To address this issue, one option is to commence a data collection program. 

This may be costly in terms of equipment and resources as well as the 

opportunity cost associated with the delay in the implementation of the resource 

management system. Further, there is the time delay from the start of data 

collection to the point when data are found (or assumed) to be representative in 

time and space. Alternatively, the resource planner may turn to the opinion of 

experts as the primary source of information. This has the advantage of 

collective wisdom and is considerably cheaper and broader than most data 

collection programs, however it may lack the specifics and accuracy for a 

particular site and is only as good as the experts available. Information sources 

and model complexity therefore are Issues in the evaluation of resource 

management systems. 
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1.2 Objectives 

There are four objectives to this research: 

(i) to develop a conceptual framework to link the broad-based, qualitative 

decision support system of the CPPE to the quantitative, reproducible P-DSS 

with embedded decision theory. 

(ii) to test and evaluate the new methodology by developing a resource 

management system for a site representative of semi-arid rangelands in 

southern Arizona. 

(iii) to evaluate the sensitivity of the P-DSS to information sources (measured 

data, expert opinion, simulation models) and the effect of information sources on 

the identification of the preferred resource management system. 

(iv) to evaluate the effect of model complexity on simulating watershed 

responses and quantifying the decision variables in the P-DSS . 
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1.3 Approach and Format 

The schematic diagram in Figure 1.1 summarizes the approach adopted for this 

research. 

There are two major areas of concentration. First, to use the CPPE approach to 

identify resource management systems. This defines feasible alternatives for 

the current land use practice for evaluation as well as the decision variables that 

adequately reflect the consideration of the soil, water, plants and animals by 

which to evaluate the resource management systems. The effect of each 

management system on each decision variable is quantified using three sources 

of information. These sources are: (i) field measurements: (ii) expert opinion; 

and (iii) a simulation model. Once the decision variables are quantified, 

outcomes from the P-DSS are ranked using three methods. The ranking 

methods are: (i) the average of the best and worst scores: (ii) the Euclidean 

distance from the ideal, and (iii) a modified Euclidean method developed in this 

research called LAP. Each ranking method is used to identify the preferred 

management system within each information source, and compared across the 

information sources. This initial analysis is the primary goal of the research. 
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The second area of concentration is to examine the extent to which model 

complexity influences the outcome from the P-DSS. For the purposes of this 

research, model complexity is defined as a function of the number of parameters 

in the model. The simple model approach uses the runoff Curve Number (CN) 

method (SCS 1985), the Revised Universal Soil Loss Equation (RUSLE) 

(Renard et al. 1996) and the Modified Universal Soil Loss Equation (MUSLE) 

(Williams 1975) to quantify the decision variables. The more complex model 

approach uses the CREAMS (Chemicals, Runoff, and Erosion from Agricultural 

Management Systems) (Knisel 1980) hydrology and erosion models. 

The content of individual chapters reflects the research approach. 

Chapter 2 reviews the published literature on the use of decision support 

systems and the need to adopt a multicriteria approach to evaluate feasible 

resource management systems. In addition, the benefits from hard and soft 

systems methodologies for decision support systems in agriculture are 

addressed. The physical effects of vegetation manipulation and grazing on 

rangelands are also briefly considered. 



Chapter 3 describes a conceptual method to link the NRCS' CPPE approach to 

the P-DSS. Issues of information hierarchy and information sources are 

discussed. This chapter also describes the individual components of the P-DSS, 

the management systems that are evaluated and the eight decision variables 

chosen as the evaluation criteria. 

Chapters 4, 5 and 6 present details of four resource management systems 

where the source of information is measured data, expert opinion and simulation 

modeling, respectively. These details are subsequently used to quantify the 

decision variables in the P-DSS analysis. 

Chapter 4 describes the site at the Santa Rita Experimental Range at which the 

methodology is tested on rangelands. The impacts of vegetation manipulation 

and grazing systems on the physical environment are provided. 

Chapter 5 presents the results of a survey of experts in natural resource 

management. The survey is used to quantify the decision variables and 

establish the importance order for the decision variables. 
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Chapter 6 describes the use of a simulation modeling approach to model the 

effects of resource management systems on natural resources of soil, water, 

plants and animals. The two modeling approaches are: 

(i) CN + RUSLE + MUSLE + water balance model. This combination of models 

is the simplest approach to calculating runoff, peak rate of runoff and erosion 

from uplands and channels. By assuming that drainage is negligible, annual 

evapotranspiration can be calculated as the difference between rainfall and 

runoff and used to estimate aboveground net primary production. The models 

are not calibrated against measured data . 

(ii) the CREAMS model. This model is designed to assess non-point source 

pollution at the field scale. Runoff depth, peak rate of runoff, overland erosion 

and sediment yield are calculated directly by the model, while the calculation of 

evapotranspiration is used to estimate aboveground net primary production. 

The hydrology and erosion submodels are calibrated using measured data. 

The simple and complex modeling approaches provide values for five of the 

eight decision variables. 



Chapter 7 describes the use of the P-DSS to evaluate current and alternative 

resource management systems for the rangeland site. The outcomes from the 

P-DSS as a function of the data source and model complexity are compared. 

Chapter 8 provides a general discussion and conclusions on issues of 

information sources when using a DBS, and the distinction between the direct 

use of expert opinion and time series information to parameterize decision 

variables. Aspects on the ranking of management systems using relative criteria 

in contrast to quality standards for soil, water, plants and animals are also 

discussed. Recommendations for future work in decision support systems and 

the linkage between MO-DSS and field experimentation are presented. 

1.4 Significance and Benefits 

This research benefits the application of decision support systems to areas 

where a broad-based, multi-objective approach is needed to identify the 

preferred management system. By simultaneously considering biotic and abiotic 

components, the outcomes will be feasible to both land managers and society. 



The work also addresses the fundamental Issue for reliable, long-term 

experimental field research sites to supply data to quantify decision variables. In 

data-limiting situations, the planner must rely more heavily on simpler models, 

expert opinion or extrapolation from other sites. Results from this work illustrate 

the effects of these trade-offs in terms of the estimates of the decision variables 

and the subsequent use of these estimates in the P-DSS. 

Finally, the research presents two new methods to assist users of simulation 

models and the P-DSS. The first is a modification of a method by Chiew and 

McMahon (1993) that combines the ratio of simulated to observed values with 

the calculation of the Nash-Sutcliffe (1970) model efficiency to identify optimal 

parameter values. The second is an improvement of the Euclidean distance 

method to rank alternative management systems from the outcomes of the P-

DSS. The new method provides a quantified assessment of the range of 

possible composite scores and the sensitivity of the score to a particular 

weighting vector. In addition, a method is used to establish and quantify 

dominance between altematives. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

2.1.1 Aim and scope of review 

The aim of this review is to summarize the current knowledge on decision 

support systems and their use in natural resource management. In particular, it 

focuses on the use of multiple indicators and simulation models to identify and 

evaluate resource conservation. The benefits of soft and hard systems 

methodologies is also discussed. 

The review does not address specific concerns on the effects of land use 

change on watershed hydrology, soil movement, primary productivity and wildlife 

habitat. This is a very extensive area of research, and beyond the intent of this 

review. Hydrological effects of land use change are addressed by Bosch and 

Hewlett (1982), Boughton (1970) and recently Calder (1992). Techniques 

available for range improvement and increased forage production are 



summarized by Vallentine (1977), while the grazing effects on rangeland 

hydrology and infiltration are presented by Branson et al. (1981) and Gifford and 

Hawkins (1978) The impacts of controlled grazing and prescribed burning on 

grass productivity and wildlife habitat are provided by Payne and Bryant (1994) 

and Ruyle and Roundy (1990). In addition, the use of simulation models to 

assess physical changes in land use is beyond the scope of this review, except 

where the results of the model are used in the development of resource 

management systems. 

2.2 Decision Support Systems 

2.2.1 Definition and development 

A decision support system (DSS) is defined as an integrated and reproducible 

approach to the age-old problem of helping people make better decisions. The 

components of a DSS encompass methodologies such as computer simulation 

models, expert systems, GIS, a graphic user interface to deliver results and 

encourage interaction from the user and discussion groups (Stuth and Stafford 

Smith 1993; Loucks 1995). A DSS brings information in a structured way, with 

greater objectivity and higher efficiency to decision making. A DSS does not 

necessarily attempt to model details of the human interaction, but rather to 

model inputs and outputs and parameters which are likely to affect the selection 



of the preferred alternative (Glllard and Moneypenny 1988). Stuth and Stafford 

Smith (1993) lists three key factors to the use of a DSS In decision making: 

(i) integration of a wide range of Information: (ii) every decision is unique and 

applicable to the site; and (iii) people are the most important part of the planning 

process. 

Steps taken during the development of a decision support system can be crucial 

to its success. Important considerations include institutional and organizational 

changes, as well as an evolutionary development of the DSS with iterative 

prototyping following practical experience (Eason 1988). In addition, it should 

not be assumed that end-users will automatically adopt the new technology or 

fully embrace its outcomes. Ison (1993) suggests that one of the reasons for 

failures in DSS adoption is that the DSS never had a producer and never had a 

problem. 

There is a need for interest groups to be involved in the development and review 

of progress. From post-training appraisals, Stuth et al. (1992) believe that 

adoption of new technology was not successful when the following issues were 

not addressed: (i) key concepts that affected the usability of DSS models had 

not been assessed relative to the technical skills of the user; (ii) follow-up 

training within 30 days of initial delivery; (iii) understanding interrelationships of 

DSS components and algorithms generating reports was poor; (iv) trainers did 



not explain how the DSS relates to the objectives of the organization: and 

(v) training and education issues were not interlinked with job performance 

appraisal and associated merit system. Further considerations in the 

development of a DSS provided by McGrann (1993) are: (i) timing of training; 

(ii) adequate training of the information technology user; (iii) presentation of 

results must be user-friendly but avoid the black-box syndrome; and (iv) training 

manuals for users. 

2.2.2 The use of DSS in natural resource management 

Applications of the use of decision support systems to define natural resource 

management systems are increasing. This is partly due to the improved 

accessibility to data storage and retrieval tools, and computer technology that 

provides a graphic user interface to operate decision aids. Examples of the 

application of DSSs specifically for grazing strategies, herd management and 

whole farm simulation include: Grazing Land Applications (GLA) (Stuth et al. 

1991a), RangePack (Stafford Smith and Foran 1990), BeefMan (Clewett et al. 

1991), GrazPlan (Moore et al. 1991) and Stockpol (McCall et al. 1991). All of 

these examples incorporate simulation models to test various temporal 

scenarios, provided of course that the scenario is structured in a way that can be 

solved by the simulation model. 



However, for less structured problem solving or where input data are limited, 

there is a shift from algorithmic methods towards knowledge-based systems. 

Knowledge-based systems may be broadly defined as complied knowledge or 

human expertise that is structured and retrieved according to a set of rules and 

helps the user think about his/her problem. Methods for building and applying 

knowledge-based systems are given by Schmoldt and Rauscher (1996) with 

particular emphasis on natural resource management. The Catchment 

Management Support System (CMSS) produced by Australia's CSIRO (Davis et 

al. 1991: Cuddy et al. 1993) is an example of a DSS that integrates simple, 

steady-state modeling with a database of expert knowledge to predict nutrient 

loads in watersheds. 

2.2.3 Methods to evaluate feasible alternatives 

When alternative land uses or farming practices impact on natural resources, 

methods for evaluating alternatives are needed by the decision maker. These 

evaluation methods may be categorized as either a mathematical framework or 

inventory based in which the decision is made from professional judgment. 

Mathematical methods include statistics and probability, linear programming, 

regression analysis, simulation modeling, utility theory and multi-criteria decision 

making (Goicoechea et al. 1982). When the objective and physical constraints 

of a problem can be expressed in terms of decision variables, a mathematical 

framework permits the selection of preferred alternatives and plans in terms of 



costs, resource availability and the contribution of the decision variables to the 

objectives (Goicoechea et al. 1982). In mathematical evaluations of alternatives, 

social values and preferences tend to be accommodated by weights. Tecle et al. 

(1988) demonstrate the application of muiticriteria decision making techniques to 

forest watershed resources management. In this example, six forestry practices 

are evaluated against 15 biophysical and social-economic factors using three 

multicriterion formulation procedures. 

There is an increasing awareness among decision makers and society to 

simultaneously consider and identify several objectives. Limitations on the use 

of single objective resource criteria to judge sound management practices are 

highlighted by Sanderson et al. (1990). They recommend the collection of 

broad-based indicator data that reflect environmental factors and management 

objectives, with due consideration given to the sampling procedure and 

representativeness of the site. Renard (1984) also recognizes that 

misconceptions regarding the health and quality of the rangeland resource can 

develop if the assessment is based on one criteria, particularly when indicators 

of health have different rates of change in time and space. As suggested by 

Renard (1984), to ignore erosion is as serious as using erosion as the only 

measure of rangeland condition. 
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The Task Group on Unity and Concepts in Terms (Society for Range 

Management 1995) believe there is no consistent indicator of site protection or 

soil stability. Recognizing soil as the most important physical resource and the 

most difficult resource to measure, the Task Group propose a concept of a site 

conservation threshold. The concept links a measurable attribute influencing 

soil erosion. The degree of influence and the threshold value may vary between 

ecological sites. 

Superior alternative management systems can be identified when multiple 

criteria are incorporated into the evaluation process. The Committee for 

Rangeland Classification (National Research Council 1994) identified three 

phases for the assessment of rangeland health (Table 2.1). Interestingly, the 

indicators of rangeland health in Table 2.1 do not include soil armoring nor 

consider more diverse uses of the land, such as wildlife and fish. 

Methods for evaluating alternatives may also be on the basis of their ability to 

meet regulatory standards for water or soil quality. This is the approach used 

within TCM-Manager (Martens and DiBiase 1995). While water quality 

standards have been established by the EPA, standards and criteria for soil 

quality are less prevailing in the literature, particularly in agriculture. Soil quality 

is defined in terms of the functions that soils perform. The Committee on Long-

Range Soil and Water Conservation (National Research Council 1993) adopted 
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TABLE 2.1 Phases, criteria and indicators for rangeland health (National 
Research Council 1994). 

PHASE CRITERIA INDICATORS 

Soil stability and 

watershed function. 

Distribution of 

nutrients and energy. 

Recovery 

mechanisms. 

Soil movement by wind 

and water. 

Spatial distribution of 

nutrients and energy. 

Temporal distribution of 

nutrients and energy. 

Plant demographics. 

A-horizon present; 
Rills and gullies; 

Pedestaling; 
Scour and sheet erosion; 
Sedimentation or dunes. 

Distribution of plants; Litter 
distribution and 
incorporation. 

Rooting depth; 
Photosynthetic period. 

Age class distribution; 
Plant vigor; 

Germination; and 
Presence of microsites. 

a broad definition that soil quality reflect the capacity of the soil to promote plant 

growth, regulate infiltration and precipitation partitioning, and act as a buffering 

agent to prevent potential water and air pollution. Indicators (direct and indirect) 

of soil quality provided by the Committee include: nutrient availability, organic 

carbon, texture, water holding capacity, soil structure, maximum rooting depth, 

salinity and soil pH. However, indicators are qualitative when quantification of 

soil quality are needed to detect trends and evaluate alternative management 

systems. It seems much research and interpretation of physical, biological and 



chemical interactions are required to establish soil quality standards. To this 

end, the Committee on Long-Range Soil and Water Conservation (National 

Research Council 1993) recommend the initiation of an interagency research 

effort to develop quantifiable standards. 

2.2.4 Future trends and needs in DSS 

Although the use of DSS in natural resource management is relatively recent, 

the dynamic nature of the technology surrounding the system beckons change. 

The future trends and needs in DSS include: (i) graphical user interfaces, multi

media and data visualization; (ii) spatial landscape analysis, GIS, spatial 

depiction of results and text reports: (iii) remote sensing, digital photography, 

GPS; (iv) specialized, well focused expert systems embedded in the DSS to 

parameterize simulation models and to match technological development options 

with management systems; (v) embedded simulation models. To this list, Loucks 

(1995) adds adaptive interaction so that the level of learning is more appropriate 

for the user, and real-time management systems that are continuously updated 

and used for forecasting future supply and demand of water resources systems. 

There is also a need for future DSSs and the embedded models in the DSS to 

be recognized and accepted by the scientific community. Users should be 

aware of the limitations and assumptions within the DSS, and examine the effect 

of these conditions on the outcomes. Importantly, the DSS only considers the 



preferred alternative from among the pool of selected options. Other 

alternatives, new data or new models may be considered later in time, in which 

case a new analysis is required. 

2.3 Simulation Models 

2.3.1 Use of simulation models in DSS 

The integration of simulation models into DSS provides a structured framework 

to aid data interpretation and to identify knowledge gaps that limit the 

performance of the model. In addition, it accelerates a multidisciplinary 

approach to research and is an effective and economic means to study behavior 

and interactions of complex systems (Carlson et al. 1993). Decision support 

systems with embedded simulation models permit a better linkage between the 

simulation model and the decision model. The advantage of this approach is 

that the model can be adjusted to simulate altemative management systems and 

the results of the simulation are used to quantify the decision variables in the 

decision model. Examples of the linkage between simulation models and 

decision models applied to rangeland situations are Springer (1987) using the 

EPIC model, Gillard and Moneypenny (1988) using a herd and economics 

model, and Renard and Stone (1993) using WEPP and the P-DSS. 



2.3.2 Mode! complexity 

The growth of computer technology has encouraged the development of 

complex simulation models. However, it is important to control model complexity 

for the sake of users and minimize their input needs while maintaining quality 

and integrity of the results. Lane and Nichols (1996) cite several recent reviews 

in hydrologic modeling and soil erosion modeling with a common assessment 

that models are becoming increasingly more complex. Justification for this route 

is promoted by the increased level of understanding that comes with a 

physically-based process model. Woolhiser (1975) states that the purpose is 

not to develop ever more complex models but to represent with better accuracy 

the movement of water, sediment and chemicals on the watershed. Issues 

relating to the appropriateness of physically-based modeling are raised by 

Beven (1989) and Goodrich and Woolhiser (1991) among others. One solution 

offered by Carlson et al. (1993) is to partition design the model into interactive 

modules. In this way, better prediction for one component will improve the 

interactive product of the combined modules. The development of the SPUR 

model (Wight and Skiles 1987) and the ELM model (Innis 1978) are examples of 

this approach. Alternatively, models and their outcome may be simplified 

through lumping. This approach may improve usability of the model provided 

the simplification process does not lead to a loss of accuracy and the simplified 

model is not used for purposes for which it was not originally designed. 



49 

2.4 Soft and Hard Systems Methodology 

2.4.1 Definitions 

A system is defined as a set of elements which are related in some way to form a 

whole (Checkland 1981). Traditionally, science has followed a reductionist 

approach to break complexity into elements that can be studied individually. In a 

systems approach, the focus is towards a framework, and changing the shape 

and structure of the whole framework rather than on individual pigeon holes 

(Whittaker 1993). Soft Systems Methodology (SSM) differs from Hard Systems 

Methodology (HSM) in the nature of the problem. HSM has been used when the 

problem has quantifiable inputs and relationships so that specific results can be 

estimated for given conditions. Simulation modeling is a common example of 

HSM. In contrast, SSM is used when problems have goals and inputs that are 

more obscure and relationships that are more difficult to quantify (Whittaker 

1993). SSM may also be an appropriate method for gathering knowledge about 

the problem to be addressed. For example, SSM is an appropriate methodology 

to accommodate human values, wildlife experiences, aesthetics and recreation 

opportunity. 

2.4.2 Applications in agriculture 

There are few references to the direct use of "soft" systems to problem solving in 

agriculture. Whittaker (1993) suggests this may be attributed to the close focus 



approach taken by many scientists to examine specific issues rather than 

consider the broader picture. He believes the primary contribution that current 

work in "systems thinking" can make is to consider the total system before it is 

reduced to its elements. 

The combination of "soft" and "hard" systems would lead to a more 

comprehensive approach than either individual methods (Tait 1988; West 1990). 

This combined approach may be accomplished by adopting a broader view than 

is common in hard systems when formulating a problem and by incorporating 

quantitative models for conceptual models where appropriate in soft systems 

approach (Whittaker 1993). An example of such an association would be to link 

the P-DSS with the CPPE methodology. Soft systems approaches orchestrate 

learning and are likely to influence the future progress of "hard" decision support 

systems (Miles 1985; Checkland 1988). 

2.5 Effects of Mesquite Control on Runoff 

In practice, resource management systems embody a conservative agricultural 

and wildlife management practice. Systems that are conservative of resources 

must also be economically productive to the land owner. In semiarid 

environments, rangeland practices involve manipulation of the existing 
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vegetation and adjustment to the frequency of grazing. This section of the 

literature review examines the effects of grazing and vegetation manipulation 

systems on physical resources. 

In southern Arizona, one of the main forms of vegetation manipulation is the 

removal and control of mesquite {Prosopis velutina Woot.), an indigenous woody 

plant. The effects of mesquite control have been studied for two reasons: 

(i) to better understand and predict potential livestock production associated with 

increased forage production, and 

(ii) the potential for off-site water yield and associated environmental impacts 

(Heitschmidt and Dowhower (1991). 

The assumption of these investigations is that evaporative losses from mesquite 

and grasses would be greater than mesquite-free grasslands. The possible 

pathways for the excess water are surface runoff, deep drainage or consumed 

by increase in herbaceous growth. 

Hibbert (1983) states that there is little potential to increase yield on low 

precipitation semiarid shrublands and grasslands other than through 



purposefully restricting infiltration. Annual precipitation needs to be in excess of 

450 mm and shallow-rooting grasses would need to replace deep-rooting shrubs 

before vegetation manipulation would contribute towards increases in water yield 

(Hibbert 1983; Davis and Pase 1977; Bosch and Hewlett 1982). 

For rangeland areas in precipitation zones of less than 650 mm, there is growing 

evidence to suggest that the removal of mesquite leads to either no net change 

or a reduction in annual surface runoff. Carlson et al. (1990) and Heitschmidt 

and Dowhower (1991) report annual runoff from herbaceous and mesquite 

treatment represented 4.6% of the annual precipitation compared to 1.6% from a 

mesquite-free herbaceous treatment. Weltz and Blackburn (1995) found no 

difference in runoff from shrub clusters and grass interspaces. However, 

Richardson et al. (1979) observed no change in runoff following the chemical 

killing of mesquite during the dormant season (November to March) but an 

increase of about 4 mm per runoff event during the growing season (April to 

October). Over a seven year period, the treatment of mesquite resulted in a 10 

percent increase in annual runoff. 

There are several hypotheses concerning the lack of change or reduction in 

runoff following the removal of mesquite. These are: 



(i) similar water loss rates by the mesquite and the dominant herbaceous 

species on a per unit area of leaf surface (Heitschmidt and Dowhower 

1991): 

(ii) increased standing crop and green leaf area resulting from the increased 

herbage production (Heitschmidt and Dowhower 1991); 

(iii) soil compaction from heavy livestock use may be required to effectively 

increase water yields (Wood and Blackburn 1981); and 

(iv) lack of baseflow in moist mesquite sites. 

2.6 Conclusions 

There is growing interest to consider multiple indicators or criteria to assess the 

status and health of natural resources. While there are many definitions of 

multi-criteria decision support systems, all are designed to help the end-user 

make better decisions. Two important components of MO-DSSs are the 

integration of a wide range of information and that users must feel 'in-touch' with 

the outcomes. 



Managing agencies and interest groups have developed several qualitative but 

broad-based evaluation procedures to account for soil, water, air, plants and 

animals, and use decision variables that are representative of the problems and 

concerns. However, many of these procedures depend on expert opinion and 

the need for the outcomes to be reproducible and defensible warrant 

consideration of mathematical evaluation methods with embedded decision and 

simulation models. Ideally, a useful methodology would capture the broad-

based conceptual framework of the CPPE matrix with the techniques of decision 

theory and simulation modeling. The incorporation of simulation models in MO-

DSSs challenges the development of multidiscipline, soft and hard systems 

methodology models without making the models so complex and input-

demanding that they remain within the domain of a research tool. 

The literature appears evasive to the sensitivity of the results of resource 

management evaluations to information sources. There are no accounts where 

the decision criteria in the MO-DSS were parameterized using information from 

measured data, expert opinion and simulation models. This may be attributed to 

the fact that applications of MO-DSSs have largely been within a research 

framework or the MO-DSS is specifically designed to operate with a single 

information source The effect of information source on the outcomes from a MO-

DSS therefore remains an important issue. 



55 

CHAPTER 3 

AN APPROACH FOR EVALUATING 

RESOURCE MANAGEMENT SYSTEMS 

3.1 Introduction 

Tiiis Chapter describes an approach for developing and evaluating a natural 

resource management system. It considers the types of problems that land use 

planners typically face in the development process and a potential solution. In 

particular, it focuses on the issue of information sources and information 

availability, and how planners may proceed to develop a natural resource 

system in the face of data uncertainty. 

3.2 A Context of Logical Components and Information Hierarchy 

Holling (1978) developed a simple classification of the relationship between data 

and understanding (Figure 3.1). The horizontal axis shows the degree of 
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1 

0 UNDERSTANDING 

FIGURE 3.1 Holling's (1978) classification of the relationship between 
understanding the problem and data. 



understanding for the problem to be solved, while the vertical axis represents the 

quality and/or quantity of the data available. Each of the quadrants represents 

one of four classes of problems (Starfield and Bleloch 1986). 

Area 1 is the region of good data but little understanding. This is where 

statistical techniques are useful, where hypotheses are tested, and represents 

the initial stages of data interpretation. Area 2 is the region of good data and 

good understanding. This is a region where established relationships or models 

are used routinely and with confidence because their effectiveness has been 

proven. Many engineering design techniques are examples of Area 2. Area 4 is 

the region of little data and little understanding of the problem. Many of the 

problems in natural resource management typically belong in Areas 3 and 4. In 

Area 3, there may be little supporting data but the structure of the problem is 

understood. In Area 4, even the understanding of the problem is tenuous. It is 

with the use of models or more data that the researcher or planner can move 

towards the region of good databases and good understanding (Starfield and 

Bleloch 1986; Carlson et al. 1993). 

From a management point of view, decisions are often made despite the lack of 

data and understanding (Starfield and Bleloch 1986). Steps to overcome these 

deficiencies and reduce uncertainty include: (i) collect more data or different 
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types of data; (ii) obtain information from experts; and (iii) use simulation 

models. 

The first option is both time consuming and expensive. The costs to initiate, 

operate and maintain new field programs are increasing. The second option, to 

approach experts or local opinion, is the traditional source of information for 

many planners and producers (Stuth et al. 1991b). This alternative source of 

information is relatively less expensive and considerably more time efficient than 

the option to collect more data. The information however may be more 

qualitative than quantitative, and there is a need to consider whether a 

"generalist" or "discipline specific" expert is required. However, the advent of 

computer technology has given way to a more accessible form of information 

through the use of simulation models and computerization of databases for 

storage and retrieval. Simulation models can improve the transfer of new 

technology and information as well as analysis of complex systems (Stuth et al. 

1991b). Before embarking on the use of models, several issues need to be 

resolved, including model selection, data requirements, user experience and 

whether the model will simulate the biophysical information needed by the 

planner. 



Recognition of the characteristics of the three primary sources of information 

gives way to a hierarchy of information, as shown in Figure 3.2. While 

measured data are highly desirable, they are costly and need to be 

representative in both time and space. Simulation models are less expensive 

and are a means to extend data and test alternative scenarios, however the 

issues of model selection, how well the model represents reality, data for 

calibration and validation, and the degree of experience of the model user 

require considerable attention. Information obtained by expert opinion may be 

the least expensive to obtain, but the information is only be as good as the 

expert available and may be site specific. 

The shift in the development of a resource management system from knowledge-

based to scientifically-based planning is facilitated by the construction of a 

computerized decision support system. This allows the planner to input 

information from a variety of sources in an organized fashion with the intent to 

address a broad array of physical parameters. The information relates the 

effects of management systems on resources. The blend of information however 

is an important issue. If measured data are available, then they become the 

primary source of information. When measured data are not available, a 

decision is made as to whether expert opinion or simulation results are to be 



EXPERT OPINION 
collective wisdom 
least expensive 
only as good as available expert 
may not be site specific 

SIMULATION MODEL 
model for each decision variable 

calibration and validation 
data may not be available 

less expensive 
test scenarios 

extend data 

MEASURED DATA 
preferred source 
costly 
precision and accuracy 
time consuming 
representativeness in time, space 

FIGURE 3.2 Hierarchy of information from measured data, simulation models 
and expert opinion. 
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used. Within this context, there are seven possible cases for selecting 

information sources for the decision support system (Table 3.1). 

TABLE 3.1 Blending information sources for a decision support system. 

NON-BLENDED 
INFORMATION 

PARTIALLY BLENDED 
INFORMATION 

FULLY BLENDED 
INFORMATION 

CASE 1 CASE 4 CASE 7 

use all measured data measured data -t-
expert opinion 

measured data + 
expert opinion + 

CASE 2 CASES simulation model data 

use all expert opinion measured data + 
simulation model data 

CASE 3 CASES 

use all simulation 
model data 

expert opinion + 
simulation model data 

Cases 1, 2 and 3 represent non-blended information sources in which only one 

information source is used in the decision support system. Case 1 would be 

restricted to an experimental site in which all necessary information required to 

formulate a natural resource system is available. In contrast, Case 2 represents 

the situation where no measured data are available and expert opinion is the 

only source of information. Such would be the case for developing a resource 

system for a new area and there is no opportunity to establish a monitoring 



program. In some situations, it may be necessary to use simulation models to 

generate long-term information for a resource management system. This 

situation is represented by Case 3. 

It may be argued that simulation models are a combination of both measured 

data and expert opinion (in the development of the model). Within these 

boundaries, there will be partial mixing (Cases 4, 5, and 6) or complete mixing 

(Case 7) of the information. The issue of information sources then becomes one 

of integrating information to improve the accuracy of the decision without 

increasing the uncertainty in the decision support system. 

3.3 The Concept of an Information Triangle 

If the assumption is made that all the necessary information for developing a 

natural resource management system can come from measured data, expert 

opinion (including scientific literature) and simulation models, then the concept 

of an Information Triangle may be introduced. Figure 3.3 depicts the three 

sources of information. The three vertices of the triangle represent the situation 
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0.0, 

INCREASING EXPERT OPINION 

FIGURE 3.3 Information triangle showing the possible blending of information 
between measured data, expert opinion; and simulation models. 



where all the necessary information is obtained from a single source (i.e., Cases 

1, 2 and 3 in Table 3.1). However, in reality, there will be a partial (Cases 4, 5 

and 6) or complete (Case 7) blending of information that arises due to data 

deficiencies and the actions taken to use alternative information sources in order 

to fulfill the information requirements for the resource management system. 

Further, it is most likely that there will be an Information Triangle for each 

feasible option in the resource management system. 

The major issue then becomes to what extent does a blend (partial or complete) 

of infomnation sources affect the development of a resource management plan. 

This is a difficult (if not impossible) task to determine or quantify a priori. 

3.4 A Systematic Sensitivity Component Analysis to Evaluate Information 

Sources 

In the absence of measured data to provide the primary information source, the 

resource planner must depend on secondary information sources from expert 

opinion and experience or simulation models. The choice of whether to use 

expert opinion, simple or complex simulation models will depend on the 

availability and cost of alternative sources, and which information source has the 
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least variation from measured data, and hence, minimize the introduction of 

further uncertainty to the decision process. 

The overall intent of this research is to systematically evaluate the sensitivity of 

the ranked resource management systems to changes in information sources as 

input components to the decision support system. The analysis uses the P-DSS 

to identify the preferred resource management system where ail the necessary 

information is supplied from either measured data (Case 1), expert opinion 

(Case 2) and simulation models (Case 3). Where decision variables can not be 

quantified by simulation models, measured values are used (Case 5). If there is 

no difference in the preferred resource management system between the three 

cases as identified by the P-DSS, then it may be concluded that the evaluation 

of the management system is independent of the source of information. It would 

follow, then, that Holling's (1978) positive correlation between understanding 

and data (Figure 3.1) is inappropriate. However, if the source of information 

alters the outcome from the P-DSS, then further investigation of the effects of 

blending information on the identification of the P-DSS is needed. 

The systematic assessment of information source and the relationship between 

data and understanding is performed using the P-DSS. The following section 

describes the components of the P-DSS and the methods to rank alternatives. 



66 

3.5 The Prototype Decision Support System 

The prototype decision support system (P-DSS) developed by the USDA 

Agricultural Research Service in Tucson, Arizona, is a methodology to assist the 

decision maker when multiple and possibly conflicting objectives need to be 

addressed (Lane et al. 1991). By considering information on alternative 

resource management systems and the effects of alternatives on the decision 

variables, the decision maker is presented with an outcome of ranked 

preferences based on a scenario and an importance order of the decision 

criteria. 

3.5.1 Components of the P-DSS 

Major components of the P-DSS are the decision model, the simulation model, 

the input file generator for the simulation model, the graphic user interface and 

the report generator (Lane et ai. 1994). Excluding the decision model, the 

remaining four components are associated with the assembly of input and output 

information. Within the decision model there are three subcomponents: (i) the 

score functions and their shapes; (ii) the calculation of best and worst scores; 

and (iii) the method of ranking alternatives. A brief description of each 

subcomponent follows. 



3.5.1.1 Score functions and their shapes 

The purpose of the score functions is to convert the numerical values for 

decision variables with different units of measure to a dimensionless quantity or 

score within the range of 0 to 1. This enables all decision variables to be 

compared on a common basis. For decision variables that are expressed in 

qualitative terms (for example, aesthetics, wildlife habitat) some user-acceptable 

index is required to convert the units of quality to a score value. The score 

functions are based on the 12 score function shapes proposed by Wymore 

(1988) and reclassified to four basic score shapes and combined with decision 

rules developed by Yakowitz et al. (1992a,b). The four score shapes (Figure 

3.4a) are: more is better (MIB), more is worse (MIW), a desirable range (DR) 

and an undesirable range (UDR). Further refinement of each score shape can 

be achieved by specifying whether the shape is constrained by an upper and/or 

lower threshold. 

In order to provide a reference point, the score functions are set up so that the 

current or conventional system in the field scores 0.5 as a baseline for each 

decision variable. Alternative systems are then scored relative to the 

conventional system for each decision variable (Figure 3.4b). A system that 

performs better than the conventional system will score higher than 0.5 for that 

decision criterion, and one that performs worse than the conventional system 
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(a) Basic score function shapes 

"More is Better" SCORE "More Is Worse" 
1 

Criterion Criterion 

Desirable Range" "Undesirable Range" 

Criterion Criterion 

(b) Scoring alternative systems relative to the current system 

Alternative #2 

Cun ent system 

Alternativ s #1 
Criterion 

FIGURE 3.4 P-DSS score functions showing (a) basic score function 
(b) scoring alternative systems relative to the current system. 

shapes and 
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with respect to the decision criterion will score less than 0.5. All of the 

alternatives are scored for each criterion to develop a score matrix. 

3.5.1.2 Importance order 

Once each decision variable is scored, aggregating the scores provides a 

means of ranking the current and alternative management systems. This is 

normally done by assigning weights to each score and then summing the scores 

to determine the total score. Assigning weights is a difficult and subjective 

process for the decision maker and may have a large Impact on the outcome. 

The method of Yakowitz et al. (1993) partially overcomes this problem by 

assigning an importance order to the decision variables based on the normalized 

slope of the score function. Importance for each decision variable is calculated 

by multiplying the slope of the score function at the point of average annual 

value by the difference between the maximum and minimum annual values. 

This (default) method of defining importance assumes that the variable that is 

most sensitive to a change in the score is the most important. Alternatively, the 

importance order can be specified directly by the user or defined from a survey, 

but without the need to assign weights to the decision variables. 
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Best and worst composite scores for each alternative are determined by solving 

two linear programs. For a total of m decision criteria: 

Best Composite Score: 

maximize [1] 
i=l 

subject to: Y w(/) = 1 [2] 
/=1 

w ( l ) > w ( 2 ) > . . .  > w ( m ) > 0  

Worst Composite Score: 

minimize ^w(/) *5c(/,y) [3] 
1=1 

subject to: Y w(/) = I [4] 
1=1 

w ( l ) >  w ( 2 )  > . . .  ̂  w ( m )  >  0  

where 

Sc(i,j) = score of altemative /evaluated for decision criterion / 

w(i) = weight factor based on the importance order for decision criterion i 
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The best and worst composite scores reflect the most optimistic and pessimistic 

solutions consistent with the importance order, and represent the full range of 

possible composite scores for the given importance order. 

3.5.2 Ranking alternatives 

The computation of the best and worst scores leads to the ranking of the 

management systems. By definition, Alternative J dominates all other 

alternatives if the worst score for Alternative / is greater than or equal to the best 

scores for ail other alternatives. If clear dominance is not established between 

the alternatives (i.e. partial ranking), then two methods are suggested to rank the 

alternatives (Yakowitz et al. 1993). These are: (i) ranking by the average of the 

best and worst composite scores, and (ii) ranking by the Euclidean distance from 

the ideal. 

3.5.2.1 Average of best and worst 

The determination of the best and worst composite scores establishes the 

maximum and minimum overall score possible for any combination of weights 

consistent with the importance order. The difference between the best and worst 

composite scores is a measure of the sensitivity of the outcome to the 

weightings of the decision criteria. A method to select the preferred altemative 



is achieved by ranking the management systems in descending order by the 

average of the best and worst composite scores (Figure 3.5a). Yakowltz et al. 

(1993) provide a theoretical justification for this approach. While this may be the 

simplest approach and computationally acceptable to users, it may lead to two 

equally preferred alternatives that have quite different sensitivities to the 

weightings associated with the importance order, as shown by Alternatives #2 

and #3 in Figure 3.5(a). 

3.5.2.2 Euclidean distance 

Another method to distinguish between alternatives is to calculate the Euclidean 

distance from the ideal composite score. This is done by plotting the worst score 

(x-axis) against the best score (y-axis), and determining the distance from the 

hypothetically ideal score (Yakowitz et al. 1992b). For an ideal score, the best 

and worst score would equal 1 (Figure 3.5b). Alternatives further from the ideal 

would be of decreasing preference. The Euclidean distance method is a more 

quantitative method of distinguishing between alternatives than the average of 

the best and worst composite scores. 



u 

0 
ALT#1 ALT#2 ALT#3 

(U 
U. 

o 
o 

CO 
V) 
0 
CD 

1.0 

0.5 

ALT#3 • 

ALT#2 

ALT#1 •''' 

.s" V 

CONVENTIONAL 

IDEAL (1.1) 

0.5 

Worst Score 
1.0 

FIGURE 3.5 Ranking alternatives using (a) average of the best and worst 
composite scores and (b) Euclidean distance from the ideal. 



3.5.2.3 LAP method 

Both the averaging of best and worst and the Euclidean distance methods only 

make use of the best and worst composite values. As noted earlier, it is not 

possible to distinguish the ranking between alternatives with the same calculated 

average value. Similarly, it is possible for two or more alternatives to lie equally 

distant from the ideal. In addition, the calculation of both ranking methods does 

not accommodate the sensitivity of the composite score to the weighting vector 

associated with the importance order. A method that could always distinguish 

between alternatives and reflect weighting sensitivity therefore would be of 

considerable value to the decision maker. To address this issue, a new method 

is presented based on the concepts of the Euclidean distance method, but one 

which links accuracy and precision of the composite score. 

If a decision maker is indifferent about the importance of the decision criteria 

(i.e. all decision criteria are equally weighted), then the best composite score (B) 

would equal the worst composite score (W). By inference, the score value would 

be free of weightings and therefore completely insensitive to the weighting 

vector associated with the importance order. If Bj and Wj represent the best and 

worst scores for Alt,, then all score values would lie along the line of best equals 

worst, Bj = Wj, as shown in Figure 3.6. The uncertainty within the composite 

score is zero as the values lie along the line of best equals worst composite 
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FIGURE 3.6 Concept and development of the LAP method for ranking 
alternative management systems. 



scores. When a weighting vector is maximized (and therefore uncertainty is 

maximum), the difference between Bj and Wj is 1. A feasible space representing 

all possible combinations therefore is defined by the triangle with vertices (0,0), 

(0,1) and (1,1) (Figure 3.6). Within the feasible space, the interior angle formed 

by the line between the point with coordinates (Bj, Wj) and the ideal (1,1) 

represents a quantitative measure of the sensitivity associated with the 

weighting vector. Hence, given the value of the best and worst composite score, 

each alternative can be defined in terms of the Euclidean distance from the ideal 

(rj) and the interior angle (9j) formed by the deviation from the line of zero 

weighting vector. This allows alternatives with equal Euclidean distance to be 

quantitatively distinguished on the basis of their sensitivity to the weighting 

vector. 

Next, recall that an Altj dominates Alt if Wj > Bj. Therefore, a region of 

dominance may be defined below the line of y = Wj within the feasible space 

(Figure 3.6). Altj dominates any alternative that lies within the region of 

dominance (RDj). The area RDj is calculated as Va (Wj f. As shown in 

Figure 3.6, alternatives with the same worst composite scores (Altj and AltO will 

have an equal region of dominance but can be distinguished by consideration of 

the interior angle (0k < 0j). This approach is essentially the same as that 
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described by Yal<owitz et al. (1993) to identify dominance, with the advantage 

that the degree of dominance can be quantified. 

Therefore, it is possible to construct a table based explicitly on the values of n 

and 0j to rank altematives that are equally distant from the ideal and to use the 

calculation of RDj to quantify dominance between alternatives as a ranking 

method. An alternative with a greater region of dominance and smaller interior 

angle would be preferred. The main advantage associated with this method is 

that it attempts to link a measure of precision (0j) to a measure of accuracy (fj). 

This method is hereafter referred to as the LAP method. 

3.6 Selection of Resource Management Systems 

The resource management systems selected for evaluation in this study are 

representative of the systems available for grazing management. They are: 

(i) yearlong grazing with mesquite retained [YL+M] 

(ii) yearlong grazing with mesquite removed [YL-M] 

(iii) rotation grazing with mesquite retained [ROT+M]; and 

(iv) rotation grazing with mesquite removed [ROT-M] 



In the rotational grazing, cattle graze once during March-October and once 

during November-February in a 3-year rotation with one year's rest between 

grazing periods (Martin 1978). The grazing system is known as the 'Santa Rita 

Rotation'. The governing feature of the system is that rangeland to be grazed in 

the spring is rested during the preceding summer and winter and is an important 

component for proper grazing management in this environment (Arizona 

Interagency Committee 1973). Note that there are no non-grazing treatments. 

For the purposes of this research, YL+M was considered the current or 

conventional system while the others are alternative systems for natural 

resource management. In practice, these systems are used for grazing 

management, however using all the decision variables, each system is 

evaluated for its ability to conserve soil, water, plants and wildlife habitat. 

3.7 Selection of Decision Variables 

Decision variables need to be selected that embrace the broad issues that need 

to be considered in the selecting a natural resource management system. 

Adopting the approach used in the CPPE, a total of eight decision variables 

reflective of soil, water, plants and animals were chosen. These are listed in 
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Table 3.2. These decision variables are not exhaustive of the considerations 

and problems associated with rangelands in the Southwest, but a subset of 

variables that are important when evaluating altematives. In the context of the 

CPPE matrix, economics of the management systems is not considered a 

decision criteria but an implementation variable that may be used to define 

further alternative management systems. 

TABLE 3.2 Selection of decision variables used to evaluate the effect of 
management systems on the physical resources of rangelands. 

RESOURCE DECISION VARIABLE 

SOIL 
sediment yield 

channel erosion 

WATER 
watershed runoff 

peak rate of runoff 

PLANTS 
aboveground net primary production 

range condition 

ANIMALS 
wildlife habitat for javelina 

wildlife habitat for Gambel's quail 
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3.8 Chapter Summary 

In the context of the relationship between understanding and data, information 

for evaluating current and alternative management systems can come from 

measured data, expert opinion and simulation modeling. Each has advantages 

and limitations, leading to a hierarchy of information sources for the decision 

maker. In addition, the decision making process needs to accommodate a broad 

range of decision criteria, and so there is a move towards the use of multi-

objective rather than single-objective decision support systems. 

A prototype multi-objective decision support system (P-DSS) developed by the 

USDA-ARS in Tucson, Arizona, is used to evaluate four management systems 

using eight decision criteria. The decision variables reflect concerns for the 

resources of the soil, water, plants and animals. By parameterizing each of the 

decision variables using measured data, expert opinion and simulation 

modeling, and using alternative ranking methods and importance orders, it is 

possible to quantify the selection of a resource management system. A new 

method, known as LAP, is presented to further quantify the ranking of the 

alternatives and the degree of dominance between alternatives. 
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CHAPTER 4 

PHYSICAL EFFECTS OF MANAGEMENT PRACTICES 

ON NATURAL RESOURCES 

4.1 Introduction 

Four of the experimental watersheds on the Santa Rita Experimental Range 

(SRER) were selected as sites to evaluate the effect of information sources and 

model complexity in using the P-DSS to identify a preferred management system 

for a semiarid area. 

This Chapter presents the results of measurements from the long-term study of 

the effect of grazing and land management systems on runoff and sediment 

yield. These data are combined with biotic measurements to quantify the eight 

decision variables in the P-DSS. There are three components to the measured 

data: 



(i) time series measurements of runoff depth, peak runoff rate and sediment yield 

(1976-1991, inclusive), and changes in channel volume (1976-1994); 

(ii) calculated time series data for aboveground net primary productivity (ANPP) 

(1976-1991); and 

(iii) point values for range condition and an assessment of wildlife habitat for 

javelina and Gambel's quail. 

4.2 The Santa Rita Experimental Watersheds 

The experimental watersheds are located on the SRER (Figure 4.1), 50 kms 

south of Tucson, Arizona (3519788 N, 514080 E; approximately 31° 48' 55.2" N, 

110° 51' 4.4" W). The SRER is a 206 km^ outdoor laboratory established by the 

USDA in 1903 to understand the interactions between climate and productivity 

and advise cattle producers (Martin and Reynolds 1973). During the late 1880's, 

many problems were associated with overgrazing and the onset of drought 

conditions. At the same time, widespread changes in vegetation from 

semidesert grasslands to shrublands were observed (Branson 1985). This 

change was mostly evident with the increase of mesquite trees. The causes for 

the change have been linked to climate changes (Hastings and Turner 1965), 

overgrazing (Ellison 1960) and fire control (Humphrey 1958). In more recent 
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time, the spread of introduced Lehmann lovegrass {Eragrostis lehmanniana 

Nees.) has revegetated degraded areas but provides lower fauna! diversity 

compared to native grasses (Anable et al. 1992). In 1988, the management of 

the Range passed to the University of Arizona's College of Agriculture who 

continue to conduct research on semidesert ecosystems. 

4.2.1 Description of the watersheds and experimental design 

Eight experimental watersheds were established by the USDA Agricultural 

Research Service Southwest Watershed Research Center during 1974-1975, 

with the first complete year of data collection occurring in 1976. The purpose of 

the watershed study was to examine the impact of grazing and vegetation 

manipulation methods for rangelands on alluvial fans in the semidesert (300-400 

mm annual precipitation) regions of the southwestern United States (Osborn 

1983; Martin and Morton 1993). Four watersheds are located at an elevation 

between 975 and 1040 m (watersheds WS1-WS4), and four lie at a higher 

elevation of about 1170m (watersheds WS5-WS8). 

At each elevation, two watersheds are in a yearlong grazed pasture and two are 

in a grazed rotational pasture. For yearlong grazing during 1982 to 1991, the 

stocking capacity on WS7 and WS8 averaged 617 AUM's (range 544-636 

AUM's). In the rotational grazing, cattle graze once March-October and once 

November-February in a 3-year rotation with one year's rest between grazing 



periods (Martin 1978). Rotation pastures are grazed a third of the tinne at triple 

the stocking rate (approximately 1800 AUM's) to the yearlong. The grazing 

system is known as the 'Santa Rita Rotation'. The dominant feature of the 

system is that rangeland to be grazed in the spring is rested during the 

preceding summer and winter and is an important component for proper grazing 

management in this environment (Arizona Interagency Committee 1973). 

Stocking schedules show that the rotation watersheds were not grazed in 

1976/77, 1979/80, 1982/83, 1985/86 or 1988/89. 

In 1974, two watersheds at each elevation were treated with basal applications 

of diesel oil to control the invasion of mesquite {Prosopis velutina Woot.) and 

retreated when needed to keep the watersheds mesquite free. The other two 

remained unchanged. The grazing and vegetation treatments associated with 

each watershed has remained unchanged since the commencement of the 

study. 

After careful consideration of the data set and land conditions for all eight 

watersheds, the experimental watersheds in the upper elevation position 

(watersheds WS5-WS8) were chosen for further analysis. The justification for 

this decision was primarily the homogeneity of soil type, land slope and 

precipitation zone which would minimize these variables when comparing 

treatments effects. There were also fewer missing rainfall and runoff records for 



these watersheds than for the lower elevation watersheds (Ms. Rose Shillito, 

USDA-ARS unpublished report). A list of the treatments and a summary of the 

physical characteristics of the watersheds is given in Table 4.1. Watershed 

slope and channel slope are calculated from topographical maps developed from 

aerial photographs in 1976 and 1994. 

TABLE 4.1 Physical characteristics of the experimental watersheds. 

WATERSHED 

WS8 WS7 WS5 WS6 

Drainage Area (ha) 1.12 1.06 4.02 3.08 

Grazing System yearlong yearlong rotation rotation 

Vegetation Type mesquite 
and grass 

grass mesquite 
and grass 

grass 

Treatment ID. YL+M YL-M ROT+M ROT-M 

Soil Type Sasabe 
sandy loam 

Sasabe 
sandy loam 

Sasabe 
sandy loam 

Diaspar 
loamy sand 

Watershed Length (m) 237 266 386 487 

Watershed Slope (%) 4.21 3.38 3.10 1.85 

Channel Length (m) 112 145 217 146 

Channel Slope (%) 4.95 4.62 4.55 4.76 

4.2.2 Climate 

Climate data other than precipitation are not available for the experimental 

watersheds, however an automatic weather station is located 2.5 km southeast 



of the experimental watersheds and at approximately the same elevation (Dr. B. 

Roundy, personal communication, June 1995). Daily recordings over five 

summer periods (1990-1994) show the mean daily air temperature for July is 

25.9 °C (range 24.5 to 27.7 °C) and the mean daily relative humidity is 41.9% 

(range 24.2 to 63.2%). For January (1991-1992), mean daily temperature is 

8.4 °C (range 8.3 to 8.6 °C) and mean daily relative humidity is 51.2% (range 

47.9 to 54.6%). These temperatures vary slightly from long-term (40 years) 

recordings at Florida, the headquarters of the SRER (elevation 1340 m), where 

average daily temperature is 26.4 °C in July and 8.6 °C in January (Green and 

Sellers 1964). Total solar radiation in July is 7.0 kW m'^ (range 6.16 to 7.4 kW 

m'^, 4 years of measurements) and in January is 3.4 kW m'^ (one year of 

measurement). 

4.2.3 Precipitation 

Precipitation at the watersheds is measured using a 203 mm orifice Belfort 

weighing-type recording raingage (5-780 Series). Raingages are located near 

the outlet of three of the watersheds (P5, P6 and P8). Recordings from the P8 

gage are used for watershed WS7. Freimund's (1992) detailed analysis of 

measurement and data processing errors indicate the potential error between 

observed and actual data for both rainfall depth and maximum 30-minute rainfall 

intensity is slight (5-6 percent underrepresentation). Mean annual precipitation 

(1976-1991, inclusive) at P5 is 441 mm, although variable from 273 mm (1991) 
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to 711 mm (1984). The coefficient of variation for annual precipitation is 27%. 

For the same period of recording, the mean annual precipitation at P6 and P8 is 

455 mm and 497 mm, respectively. Precipitation comprises almost entirely of 

rainfall. 

The rainfall is distributed biomodally through the year (Figure 4.2). Rainfall 

received from 01 July to 30 September represents 51% (range 30% to 72%, 

1976-1991, inclusive) of the annual total. Similar distributions for monthly 

rainfall are found at P6 and P8. 

200 

<100 

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

PROBABILITY OF EXCEEDENCE (%) 

^ MEAN 20% POE^50% POE 80% ROE 

FIGURE 4.2 Distribution of monthly rainfall at gage P5 (1976-1991, inclusive). 



The Rainfall Factor (R) In the USLE (Wischmeier and Smith 1978) presents an 

indication of rainfall erosivity. Values of R are calculated for individual storms 

and accumulated on an annual basis. The return probability distribution of the 

annual Rainfall Factor for raingage P5 is shown in Figure 4.3. Annual values 

range from 496 MJ.mm. ha"'.hr''.yr'' (1980) to 5362 MJ.mm. ha''.hr''.yr'' (1984). 

The 50% probability for R at gage P5 is 1095 MJ.mm. ha*Vhr'\yr"^. This value is 

in close agreement with the average annual value of 1106 MJ.mm. ha*\hr'\yr'^ 

for Tombstone (Renard et al. 1996) and 1157 MJ.mm. ha"\hr"\yr'' for 

Alamogordo Creek (Renard and Simanton 1975). 

4.2.4 Runoff volume and rate 

Runoff is ephemeral on all the watersheds. Measurements of runoff are made 

using a Stevens FW-1 water level recorder as it passes through a 1.4 m^ s'^ (50 

cfs) Santa Rita supercritical flume (Smith et al. 1981) located at the watershed 

outlet (Figure 4.4). The FW-1 is a float type water level recorder with a six-hour 

time scale. The supercritical flume retains hydraulic control by maintaining flow 

velocities that reduce deposition of sediment (Smith et al. 1981). The potential 

error between observed and actual runoff depth is approximately 10 percent 

underrepresentation (Freimund 1992). 
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FIGURE 4.4(a) Flume and sediment instrumentation at watershed WSS. 

FIGURE 4.4(b) Site conditions for yearlong grazing with mesquite retained WS8 
(background) and mesquite removed WS7 (foreground). 



4.2.5 Sediment yield 

Sediment is measured witin a total load, traversing slot automatic sampler 

(Renard et ai. 1976). When triggered by flow height, the collection slot moves 

across the path of flow at a constant speed until either the weight of the sample 

bottle is equal to a one liter sample or two minutes have elapsed. Hence, the 

slot may traverse the flow several times during low flows and only once during 

larger flows. Average potential error in sediment concentration is approximately 

38% underrepresentation of actual sediment concentration in flow (Freimund 

1992). In addition, the operational reliability of the sediment samplers is less 

than that for precipitation and runoff instrumentation. Consequently, it was 

necessary to develop methods to estimate missing event data. 

4.2.6 Estimating missing events 

Malfunctions in the runoff and sediment instrumentation required a method to 

estimate missed information in the event record. The quality of the rainfall and 

runoff data for the experimental watersheds is considered excellent (Renard et 

al. 1991). A detailed inspection of the database for the four upper watersheds in 

partnership with Ms. Rose Shillito (USDA-ARS unpublished report) revealed a 

total of nine missing runoff events for the period 1976-1991. Four of these 

events are from watershed WS5, four from watershed WS6, and one from 

watershed WS7. For the number of runoff events during the 16 year 



period(1976-1991, inclusive), the degree of estimation (calculated as the number 

of missing events divided by number of actual events) in the measured record 

represents 1.8% in WS5, 2.6% in WS6, 0.4% in WS 7, and none in WS8. 

Regression analyses are used to estimate missing information on runoff depth, 

peak rate of runoff and sediment yield for individual storm events. Several 

procedures are required depending on the availability of the measured data from 

the particular storm. Only completely non-estimated data are used in the 

development of the regression equations. Full details of the analyses used to 

estimate runoff volume, peak rate of runoff and sediment yield are provided in 

Appendix A. 

4.2.7 Representativeness of record period 

A number of long-term raingages are maintained by the University of Arizona on 

the SRER, including 13 gages that commenced recording in 1923. Recordings 

at Station 45 commenced in 1937, and is less than 0.5 km from the P5 raingage. 

The gage at Station 45 is a non-recording type visited on a monthly basis. To 

assess the representativeness of the period from 1976 to 1991, two analyses 

were undertaken. First, to compare monthly and annual rainfall from P5 and 

Station 45 for the same period (1976-1991) and, second, to examine the 



representativeness of the recording period at P5 during 1976-1991 to the 

recording period at Station 45 during 1937-1991. 

4.2.7.1 Comparison of raingages 

Although the two gages are in close proximity to each other, gage P5 is a 

weighing bucket, continuous recording gage, whereas Station 45 is a non-

recording type monthly accumulation gage. During the period 1976 to 1991, 

mean annual rainfall at P5 and Station 45 was 441 mm and 427 mm, 

respectively. Differences in annual rainfall between the two gages are not 

significant (p>0.05), although Figure 4.5 suggests the recording at Station 45 is 

less than at gage P5. The mean difference in annual rainfall during the 16 year 

period is -14 mm, with a maximum difference of -125 mm in 1987. This large 

deviation between the two gages in 1987 may not be entirely related to 

evaporative losses from the gage at Station 45. An Inspection of monthly 

recordings in 1987 indicates that the largest difference between monthly 

recordings from the two gages was 33 mm which occurred in December, and 

that 82% of the 125 mm difference occurred in the later part of the year (July to 

December). There is no significant difference (p>0.05) between mean monthly 

rainfall. Therefore, any apparent differences in rainfall measurement at gage P5 

and Station 45 are not associated with the type of gage used. 
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FIGURE 4.5 Annual differences in rainfall measured by the gage at Station 45 
and the P5 gage in watershed WS5. 



4.2.7.2 Comparison of recording periods 

Mean annual rainfall at Station 45 for the period 1937 to 1991, inclusive was 369 

mm. This is 72 mm less than the mean annual rainfall at P5 (1976 to 1991). 

Figure 4.6 shows the surplus-deficit diagrams for gages P5 and Station 45. The 

indication is that the period 1976-1991 received greater annual rainfalls 

compared to the period 1937-1991. A comparison of mean monthly rainfall is 

given in Figure 4.7. Paired t-tests indicate a significant difference (p<0.05) in 

the mean monthly rainfall measured at gage P5 (1976-1991) than at Station 45 

(1937-1991). The conclusion from this analyses is that rainfall during the 

experimental period (1976-1991, inclusive) is higher than previously 

experienced at the research site. 

4.3 Results 

This section summarizes the results of the physical effects of vegetation and 

grazing management practices on natural resources. Time series 

measurements of storm runoff, peak rate of runoff, sediment yield and changes 

in channel volume from each of the four watersheds are compared. Next, point 

evaluation measurements of range condition and the suitability of the 

watersheds for wildlife habitat for Gambel's quail and javelina are examined. 
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(1976-1991), and (c) Station 45 (1937-1991). 
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4.3.1 Depth of runoff 

Annual runoff from each of the watersheds for the period 1976 to 1991, inclusive 

is given in Table 4.2. Mean annual runoff is highest for YL+M (30.07 mm yr"^) 

and lowest for ROT-M (1.63 mm yr'^). As a percentage of mean annual rainfall, 

the mean annual runoff from YL+M (WS8) is 6.8%, from YL-M (WS7) is 5.7%, 

from ROT+M (WS5) is 3.8%, and from ROT-M (WS6) is 0.4%. The results in 

Table 4.2 also show that annual runoff totals were extremely variable, with a 

coefficient of variation being either close to or greater than 100%. 

Comparisons between the pairs of treatments provides a means of separating 

the effects of grazing from vegetation manipulation. Grouping the watershed 

pairs on the basis of the same grazing system (yearlong or rotation) and using a 

Paired t-test revealed that annual runoff from watersheds of the same grazing 

system are significantly different (p<0.05) between watershed pairs. Similarly, 

watersheds grouped according to the same vegetation manipulation (mesquite 

retained or mesquite removed) are significantly different (p<0.05) in annual 

runoff. 

The measurements indicate that removing mesquite reduced runoff. For 

yearlong grazing, more runoff was measured from the mesquite retained 
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TABLE 4.2 Annual rainfall and runoff for grazing and vegetation managenrient 
systems. 

YEAR RAINFALL YEARLONG GRAZING ROTATION GRAZING 
P5 Mesquite Mesquite Mesquite Mesquite 

Retained Removed Retained Removed 
WS8 WS7 WS5 WS6 

(mm) (mm) fmm) (mm) (mm) 

1976 315.4 15.63 15.25 13.85 2.46 
1977 422.1 32.45 23.75 20.73 1.26 
1978 558.6 49.72 44.61 21.16 4.05 
1979 361.0 28.59 24.13 16.07 3.60 
1980 273.0 11.84 6.17 3.47 0.17 
1981 426.1 47.18 56.39 41.16 4.30 
1982 398.7 27.61 18.51 16.45 0.88 
1983 568.8 45.20 34.47 22.35 0.90 
1984 712.2 115.00 124.88 66.33 7.79 
1985 425.6 9.87 8.26 2.03 0.00 
1986 332.9 8.30 3.88 2.89 0.00 
1987 537.3 26.40 9.43 7.71 0.00 
1988 512.6 43.50 22.12 21.70 0.45 
1989 281.2 2.02 3.21 1.37 0.00 
1990 518.8 17.84 7.39 9.15 0.19 
1991 394.6 0.00 0.00 1.03 0.00 

Min. 273.0 0.00 0.00 1.03 0.00 
Max. 712.2 115.00 124.88 66.33 7.79 
Mean 439.9 30.07 25.15 16.72 1.63 

Std.dev 120.2 27.80 30.89 17.05 2.25 
CV(%) 27.3 92.44 122.82 102.02 137.95 
Runoff 6.84 5.72 3.80 0.37 

coeff.(%) 
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watershed compared to the mesquite removed watershed in 13 of the 16 years 

(Table 4.2). The mean difference in annual runoff for these 13 years is 7.6 mm. 

For the years when runoff from the mesquite removed watershed exceeded that 

from the mesquite retained watershed (1981, 1984, 1989), the mean difference 

in annual runoff is 6.5 mm. For these years, annual rainfall represented the 

second lowest (1989), approximate mean (1981) and maximum (1984) totals 

during the period of record (Table 4.2). 

For rotational grazing, the mean difference in annual runoff between mesquite 

retained and mesquite removed treatments is 15.1 mm, almost twice the 

difference in annual runoff computed for yearlong grazing. For watersheds 

grouped by grazing system, the decrease in runoff after removing mesquite is 

significantly correlated (p<0.05) with mean annual rainfall at gage P5. For 

yearlong grazing (WS8 and WS7), the value of the correlation coefficient is 

0.574 (n=13) and for rotational grazing (WS5 and WS6), the value of the 

correlation coefficient is 0.684 (n=16). 

These outcomes are consistent with the study by Carlson et al. (1990) that found 

a reduction in runoff following the removal of honey mesquite. This is primarily 

related to the lower herbaceous standing crop and LAI on the grass with 

mesquite plots than on the grass only plots (Heitschmidt and Dowhower 1991). 



On limestone soils with low water holding capacity, Richardson et al. (1979) 

reported a reduction in runoff following the control of honey mesquite by root 

plowing, however an increase in runoff was found when chemical was used to 

kill mesquite on heavier textured clay soils near Riesel, Texas. 

Vegetation, climate and soils can however greatly affect hydrologic responses 

(Hibbert 1983; Ponce and Meiman 1983). At the SRER watershed study, some 

caution is warranted when making direct and simple comparisons regarding the 

impact of mesquite removal on watershed runoff. First, the soil type at 

watershed WS6 (ROT-M) is described as a deep loamy sand, compared to the 

sandy loam soil found on the other watersheds (Table 4.1). A detailed soil 

survey of the watersheds (Mr. Don Breckenfeld, USDA NRCS 1996, unpublished 

data) shows that in the upland areas of watershed WS6, the A-horizon extends 

to a depth of 38-53 cm, varying from loamy sand to coarse sandy loam. In 

contrast, the A horizon soil on the other watersheds is a sandy loam to 13-24 cm 

overlying a clay or sandy clay. These differences in soil type and water holding 

capacity can greatly affect the measured responses in runoff volume. Direct 

comparisons of the responses from WS6 to the other experimental watersheds 

as attributable to treatment effects are cautioned. 

The grazing and vegetation treatments on the watersheds were imposed two 

years prior to the commencement of runoff measurements in 1976 (Martin and 
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Morton 1993). Therefore, it is reasonable to assume that over time the 

hydrologic responses will shift to a new equilibrium. For example, Renard et al. 

(1991) obsen/ed a decrease in the ratio between annual runoff from YL-M and 

YL+M for two small watersheds over a 13 year period. Figure 4.8(a) shows the 

ratio between annual runoff from rotation and yearlong grazing systems for the 

period 1976-1991, inclusive. While there appears to be a decline in the value of 

the ratio for both mesquite retained and mesquite removed in the first 10 years 

(1976-1985), there is no significant correlation (p>0.05) between the ratio 

(rotation:yearlong) watershed runoff and time (r=0.06 for mesquite retained and 

r=-0.15 for mesquite removed). 

The ratio of annual runoff from watersheds with mesquite retained and removed 

is shown in Figure 4.8(b). There is no significant correlation (p>0.05) between 

the ratio of annual runoffs and time where yearlong grazing is practiced. 

However, the ratio of annual runoff for mesquite removed to mesquite retained 

for rotation grazing is significantly correlated (p<0.05) with time. 



(a) Ratio of rotation to yearlong grazing for annual runoff 
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FIGURE 4.8 Time series comparison of (a) ratio of annual runoff from rotation to 
yearlong grazing and (b) ratio of annual runoff from mesquite removed to 
mesquite retained. 



105 

4.3.2 Peak rate of runoff 

Annual maximum peak rates of runoff from each watershed are given in 

Table 4.3. The highest mean annual peak rate of runoff is associated with YL+M 

(23.6 mm hr"^), while the lowest is associated with ROT-M (3.0 mm hr'^). 

However, the largest maximum peak rate of runoff during the 16 year period 

occurred on the YL-M watershed (87.3 mm hr'^), and is approximately 12% 

greater than the maximum peak runoff rate from the YL+M (78.0 mm hr'Y Mean 

annual peak rates of runoff for grazing systems with the same vegetation 

management are significantly different (p<0.05). Similarly, mean annual peak 

rates of runoff for vegetation management systems with the same grazing 

system are significantly different. 

Variation in the annual peak rate of runoff is higher for the watersheds with 

rotation grazing compared to the watersheds with yearlong grazing. However, 

with the exception of ROT+M, the coefficient of variation for peak rate of runoff 

was less than that for annual depth of runoff (Table 4.2). 

Frequency analysis diagrams for annual maximum peak rates of runoff are 

shown in Figure 4.9. The analysis indicates a similarity in the distribution of 

peak flows associated with the yearlong grazing watersheds (with and without 
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TABLE 4.3 Annual maximum peak rate of runoff from yearlong and rotation 
grazing with mesquite retained and removed. 

YEAR RAINFALL YEARLONG GRAZING ROTATION GRAZING 
EROSIVITY Mesquite Mesquite Mesquite Mesquite 

P5 Retained Removed Retained Removed 
WS8 WS7 WS5 WS6 

(MJ.mm 
(mm hr"') (mm hr"') (mm hr"') (mm hr"') ha' hr"' yr^') (mm hr"') (mm hr"') (mm hr"') (mm hr"') 

1976 707 23.21 18.11 11.15 3.21 
1977 873 29.21 21.85 15.66 2.88 
1978 1441 28.07 23.27 22.44 8.05 
1979 1057 27.15 15.63 19.82 4.24 
1980 496 13.19 7.39 8.90 0.96 
1981 2034 46.57 30.41 31.48 6.54 
1982 1324 20.51 13.66 12.99 2.32 
1983 1132 38.00 19.28 12.37 0.98 
1984 5362 78.03 87.27 78.42 13.53 
1985 680 6.45 3.14 3.44 0.10 
1986 721 6.61 4.26 5.59 0.04 
1987 1602 20.63 7.85 12.24 1.51 
1988 3426 24.75 17.73 17.91 1.81 
1989 717 3.64 4.79 2.71 0.02 
1990 1926 10.66 11.63 15.80 1.81 
1991 682 0.17 0.19 3.59 0.36 

Min. 496 0.17 0.19 2.71 0.02 
Max. 5362 78.03 87.27 78.42 13.53 
Mean 1511 23.55 17.90 17.16 3.02 

Std.dev 1266 19.30 20.30 18.04 3.63 
CV(%) 84 81.94 113.36 105.14 119.99 
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FIGURE 4.9 Frequency analysis diagrams for annual maximum peak rate of 
runoff. 
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mesquite) and the rotation grazing mesquite retained. It appears that annual 

peak flows from the ROT-M watershed are considerably less than those from the 

other grazing and vegetation treatments. 

4.3.3 Sediment yield 

Annual sediment yield for the grazing and vegetation manipulation treatments is 

provided in Table 4.4. Mean annual sediment yield is highest for ROT+M (4.21 

ha"^) and least for ROT-M (0.061 ha'^). There is no significant difference 

(p>0.05) in mean annual sediment yield between yearlong grazing and rotation 

grazing where mesquite is retained. All other comparisons between treatments 

are significantly different (p<0.05). Annual sediment yield is highly correlated 

with annual rainfall erosivity, being highest for ROT+M (r=0.93) and lowest for 

ROT-M (r=0.51). 

Figure 4.10 shows the probability distribution for the annual sediment yield. The 

higher sediment yields are associated with the mesquite retained treatments 

compared to the mesquite removed treatments. The sediment yield for ROT-M 

is approximately two orders of magnitude less than the other treatments, 

although this is not unexpected given the low responses in runoff depth (Table 

4.2), peak rate of runoff (Table 4.3) and soil characteristics (Table 4.1). 
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TABLE 4.4 Sediment yield from yearlong and rotation grazing with mesquite 
retained and removed. 

YEAR RAINFALL YEARLONG GRAZING ROTATION GRAZING 
EROSIVITY Mesquite Mesquite Mesquite Mesquite 

P5 Retained Removed Retained Removed 
WS8 WS7 WS5 WS6 

(MJ.mm 
(t ha-') (t ha') (t ha') (t ha-') ha"' hr-' vr"') (t ha-') (t ha') (t ha') (t ha-') 

1976 707 1.98 1.08 3.06 0.12 
1977 873 6.79 2.02 2.71 0.07 
1978 1441 6.28 2.33 3.81 0.15 
1979 1057 3.25 1.09 6.90 0.09 
1980 496 1.87 0.37 0.59 0.01 
1981 2034 7.34 3.52 6.41 0.16 
1982 1324 3.84 1.34 3.47 0.05 
1983 1132 6.95 1.99 4.76 0.03 
1984 5362 10.52 6.20 16.60 0.18 
1985 680 1.00 0.39 1.12 0.00 
1986 721 0.89 0.24 1.23 0.00 
1987 1602 3.00 0.86 2.74 0.02 
1988 3426 3.35 1.47 7.85 0.02 
1989 717 0.24 0.21 1.35 0.00 
1990 1926 1.49 0.64 3.89 0.03 
1991 682 0.01 0.01 0.89 0.00 

Min. 496 0.01 0.01 0.59 0.00 
Max. 5362 10.52 6.20 16.60 0.18 
Mean 1511 3.67 1.48 4.21 0.06 

Std.dev 1266 3.05 1.57 3.97 0.06 
CV(%) 84 82.94 105.59 94.25 106.61 
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The ratio between annual sediment yields for yearlong grazing with and without 

mesquite is shown in Figure 4.11. The variation in the ratio value with time is 

not significantly correlated with time (r=0.47). However, there is a significant 

negative correlation (r=-0.83, p<0.05) between the ratio of rotation grazing with 

and without mesquite with time, suggesting a decline in the annual sediment 

yield for the mesquite removed treatment. 

4.3.4 Changes in channel volume 

The main channel in each watershed is used as an indication of the physical 

effects of grazing and vegetation manipulation on channel erosion. Permanent 

cross sections were established perpendicular to the main channel in 1976, and 

resampled in 1991 and 1994. Cross sectional area is calculated by measuring 

the vertical distance from a level stake to the channel sides and bottom. 

Channel volume is calculated as the average between cross section n and n+1, 

multiplied by the distance from cross section n to n+1. Changes in cross 

sectional area and channel volume for the period 1976 to 1994 are shown in 

Table 4.5. A bulk density of 1.36131 m"^ is used to convert the channel volume 

to a mass (Osbom and Simanton 1989). 
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TABLE 4.5 Analysis of channel volume and net channel erosion, 1976-1994. 

ws Distance Cross Sectional Area Channel Seclion Volume Rate Of Change Net Channel 
From Flume 1976 1994 1976 1994 Volume Mass Erosion 

(m) (m-^) (m-^) (m=') (m-^) (m-^'vr') {t ha ' yr ') (t ha ' yr ') 

YL+M WS8 0.00 0.68 0.68 0.00 0.00 0.00 
4.88 2.31 1.96 7.28 6.43 -0.05 -0.058 
26.21 2.04 1.43 46.42 36.12 -0.57 -0.696 
61.57 3.07 3.07 90.45 79.56 -0.60 -0.735 
78.94 1.61 1.74 40.67 41.80 0.06 0.076 
93.57 1.15 1.36 20.18 22.67 0.14 0.169 

128.63 1.18 1.29 40.80 46.43 0.31 0.380 -0.864 
YL-M WS7 0.00 0.68 0.68 0.00 0.00 0.00 

13.41 3.45 3.17 27.71 25.82 -0.10 -0.135 
56.69 1.95 1.86 117.03 109.04 -0.44 -0.570 
98.45 1.82 1.80 78.77 76.59 -0.12 -0.156 
135.03 1.28 1.21 56.71 55.14 -0.09 -0.112 
186.54 1.05 1.06 60.03 58.48 -0.09 -0.111 -1.085 

ROT+M WS5 0.00 0.68 0.68 0.00 0.00 0.00 
5.18 4.04 3.28 12.22 10.25 -0.11 -0.037 
27.13 3.89 3.91 86.98 78.92 -0.45 -0.152 
75.59 2.86 2.75 163.46 161.43 -0.11 -0.038 
124.97 1.76 1.92 114.06 115.25 0.07 0.022 
169.77 1.85 2.17 80.84 91.68 0.60 0.204 -0.001 

ROT-M WS6 0.00 0.68 0.68 0.00 0.00 0.00 
12.50 3.70 3.26 27.34 24.58 -0.15 -0,068 
42.98 1.77 1.67 83.42 75.15 -0.46 -0.203 
63.09 1.68 1.66 34.72 33.50 -0.07 -0.030 
95.40 0.87 0.84 41.15 40.37 -0.04 -0.019 -0.320 

1. Volume conversion @ 1.36131 m'^ = 0.0425 ton ff^ 
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The calculations show a net deposition in channel erosion over the 18 year 

period for all watersheds. The annual rate of deposition is higher for the 

watersheds with yearlong grazing (-1.085 t ha'^ for mesquite removed, -0.8641 

ha'^ for mesquite retained) compared to the watersheds with rotational grazing 

(-0.3201 ha'^ for mesquite removed, -0.0011 ha'^ for mesquite retained). The 

relatively low rates of activity suggest that the main channel in each watershed 

has stabilized since measurements commenced in 1976. 

Although the net activity of the channels is deposition, Table 4.5 indicates that 

there is net erosion from the upper sections of the main channel in the 

watersheds where mesquite is retained (WS5 and WS8). In contrast, there is 

net deposition along the entire channel for watersheds where mesquite is 

removed (WS6 and WS7). Martin and Morton (1993) reported greater headcut 

advances and increases in gully depth in the 18 m^ surrounding the headcut for 

watersheds with mesquite retained than for watersheds with mesquite removed. 

Between 1974 and 1986, mean headcut advance in mesquite retained 

watersheds was 4.9 m compared to 1.8 m in mesquite removed watersheds 

(Martin and Morton 1993). 
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4.3.5 Range condition 

Range condition is defined by the NRCS as "the present state of vegetation of a 

range site in relation to the climax plant community for that site" (USDA SCS 

1976). The assessment is based on the concept that a climax species 

composition of a site changes because of grazing, climatic cycles, fire, insects 

and other physical stresses (National Research Council 1994). The 

determination of range condition represents a comparison of the current 

composition and annual biomass production with a previously determined 

benchmark plant composition and production. The value for range condition for 

a site is expressed as a percentage of the climax plant community species. 

Values within the range 76-100% are rated as excellent, 51-75% are rated as 

good, 26-50% are rated as fair and those with 25% or less of their climax 

vegetation are rated as poor (USDA SCS 1976). 

The range condition of the experimental watersheds was determined as part of 

the field survey by Mr. Dan Robinett, USDA-NRCS, Tucson Field Office, on 

August 9, 1995. Full details of the assessed range condition are given in 

Appendix B. Table 4.6 summarizes the assessed range condition for each of the 

management systems. 
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TABLE 4.6 Assessment of range condition for the four grazing and vegetation 
management systems. 

WATERSHED / MANAGEMENT SYSTEM RANGE CONDITION (%) 

WS 8 Yearlong grazing + mesquite 11 poor 

WS 7 Yearlong grazing - mesquite 15 poor 

WS 5 Rotation grazing + mesquite 14 poor 

WS 6 Rotation grazing - mesquite 23 poor 

All watersheds are of a poor classification for range condition. The low values of 

range condition are attributed to the presence of Lehmann lovegrass and 

mesquite trees, both of which are not considered to be part of the climax 

composition. Consequently, range condition is lower for the watersheds where 

the mesquite is retained (Table 4.6). Although the watersheds were burned by 

arson fire in June 1994, it is unlikely that this affected the assessment of range 

condition some 14 months later (Mr. Steve Barker, USDA NRCS, personal 

communication, January 1996). 

4.3.6 Aboveground net primary productivity 

The biomass productivity of each watershed is determined by direct survey of 

each watershed and by estimation using relationships between 

evapotranspiration and annual aboveground net primary productivity (ANPP). 
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The ANPP is defined as the total aboveground primary productivity of 

photosynthetic plants that remains after plant respiration and is available for 

harvest by animals and for reduction by saprobes (Whittaker et al. 1975). 

4.3.6.1 Method and validation 

Relationships between annual actual evapotranspiration (evaporation + 

transpiration) and ANPP are given by Rosenzweig (1968), Webb et al. (1978), 

Lane and Stone (1983) and others. Lane and Stone (1983) showed that, in the 

absence of detailed information, annual actual evapotranspiration can account 

for 80% of the variation in ANPP. The equation for calculating ANPP is; 

ANPP = -20.7 + 0.33 AET r = 0.80 [5] 

where: 

ANPP = aboveground net primary production (g m'^ yr'^) 

AET = actual evapotranspiration (mm yr "^) 

= annual rainfall - annual runoff (mm yr"') 

The productivity survey was conducted on August 9,1995 by Mr. Dan Robinett, 

NRCS, Tucson Field Office. The survey determined the species presence 

(grasses, forbs, shrubs and trees) and yield and is used in the assessment of 

range condition. Results of the productivity survey are provided in Appendix B. 

Fire in the experimental watersheds in June 1994, however, burned grasses. 
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shrubs and small mesqulte, although the experimental watersheds in the lower 

elevation position were not affected by the fire. 

Using the discrete form of the water balance equation, actual annual 

evapotranspiration is derived as the difference between annual rainfall and 

annual runoff, assuming negligible losses through percolation. For watersheds 

at Walnut Gulch with channels not characterized by sandy bottoms and high 

transmission losses, water loss through deep percolation represents less than 

1% of the annual water balance (Renard et al. 1993). In addition, the estimate 

of actual evapotranspiration for watersheds where mesqulte is retained 

(watersheds WS5 and WS8) was reduced by the coverage of mesqulte and 

other woody shrubs (estimated to be 15-20%) to reflect the ANPP for grass 

forage. In this respect, ANPP represents a surrogate for productivity. However, 

It does not include the costs of a ranching system and therefore does not reflect 

economic retums to the rancher. 

Primary productivity determined from the field survey and ANPP estimated using 

Equation 5 are compared in Figure 4.12. There is reasonably good agreement 

between the field estimates of productivity and the calculated ANPP on the 

unburned watersheds (watersheds WS1 to WS4). Maximum difference between 

observed and calculated primary production is 18.4 g m'^yr'^ (27%) on WS4. 



unburned watersheds burned watersheds 
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FIGURE 4.12 Comparison of net primary production determined by field survey 
and calculated using annual evapotranspiration. Watersheds WS5 to WS8 were 
burned 14 months prior to the field survey. 
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However, where fire had burned the vegetation on the upper elevation 

watersheds, the agreement between the survey and calculated ANPP is poor. 

Differences between the survey and calculated ANPP ranged from 18 g m'^yr"' 

(WS 5) to 84.7 g m'^yr^' (WS7). 

The results given in Figure 4.12 validate the use of Equation 5 to estimate 

ANPP. Further, for unbumed conditions, there is a close agreement between 

primary production determined by field survey and calculated ANPP using actual 

annual evapotranspiration. 

4.3.6.2 ANPP and management effects 

Annual ANPP is calculated as a function of actual ET (Equation 5). Using the 

difference between measured annual rainfall and runoff to estimate actual ET, 

Table 4.7 gives the annual ANPP for each of the grazing and vegetation 

manipulation systems. Mean annual ANPP is highest for YL-M (135 g m'® yr'^) 

and lowest for ROT+M (91 g m"^ yr'^). Significant differences (p<0.05) in mean 

annual ANPP are found for watersheds with the same grazing system (WS5 and 

WS6; WS8 and WS7). However, when grouped according to vegetation 

management, a significant difference in mean annual ANPP (p<0.05) is only 

found for mesquite retained watersheds (WS5 and WS8). The coefficient of 



TABLE 4.7 Actual evapotranspiration (AET=P-Q) and calculated annual aboveground net primary production. 

YEAR YEARLONG GRAZING ROTATION GRAZING 
Mesquite Retained WS8 Mesquite Removed WS7 Mesquite Retained WS5 Mesquite Removed WS6 

Rainfall ET ANPP Rainfall ET ANPP Rainfall ET ANPP Rainfall ET ANPP 
(mm) (mm) (gm-^yr') (mm) (mm) (gm'yr') (mm) (mm) (gm'^yr') (mm) (mm) (gm^yr') 

1976 308.6 296.6 56.6 308.6 296.6 76.1 315.4 301.5 58.9 303.4 300.9 78.6 
1977 457.5 426.3 91.5 457.5 435.1 122.4 422.1 401.4 85.3 423.8 422.5 118.7 
1978 637.8 599.8 134.5 637.8 603.5 175.0 558.6 537.4 121.2 580.2 576.2 169.4 
1979 387.4 363.5 74.0 387.4 367.1 99.2 361.0 344.9 70.4 371.5 367.9 100.7 
1980 298.0 287.8 54.8 298.0 293.2 75.6 273.0 269.5 50.5 297.0 296.8 77.3 
1981 483.7 436.5 94.5 483.7 427.8 120.3 426.1 384.9 80.9 464.6 460.3 131.2 
1982 465.0 440.4 94.8 465.0 448.1 126.6 398.7 382.2 80.2 450.0 449.1 127.5 
1983 651.3 606.8 139.3 651.3 616.8 182.8 568.8 546.4 123.6 593.5 592.6 174.9 
1984 813.3 698.1 163.6 813.3 688.5 206.5 712.2 645.9 149.8 759.9 752.1 227.5 
1985 505.9 497.3 110.2 505.9 498.2 143.5 425.6 423.6 91.1 437.8 437.8 123.8 
1986 384.7 377.3 78.7 384.7 381.1 105.0 332.9 330.0 66.4 340.1 340.1 91.5 
1987 581.8 555.4 125.9 581.8 572.2 168.2 537.3 529.6 119.1 507.9 507.9 146.9 
1988 587.9 544.3 123.0 587.9 565.6 166.0 512.6 490.9 108.9 534.1 533.7 155.4 
1989 335.1 333.1 67.2 335.1 331.9 88.8 281.2 279.8 53.2 279.3 279.3 71.5 
1990 590.4 573.3 130.5 590.4 583.4 171.7 518.8 509.6 113.8 545.6 545.4 159.3 
1991 447.7 447.6 97.5 447.7 447.6 127.0 394.6 393.6 83.2 394.5 394.5 109.5 

Min. 298.0 287.8 54.8 298.0 293.2 75,6 273.0 269.5 50.5 279.3 279.3 71.5 
Max. 813.3 698.1 163.6 813.3 688.5 206.5 712.2 645.9 149.8 759.9 752.1 227.5 
Mean 496.0 467.8 102.3 496.0 472.3 134.7 439.9 423.2 91.0 455.2 453.6 129.0 

Std.dev 141.2 120.6 31.8 141.2 122.0 40.2 120.1 109.4 28.9 128.9 127.7 42.1 
CV (%) 28.5 25.8 31.1 28.5 25.8 29.9 27.3 25.8 31.7 28.3 28.1 32.7 
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variation (CV) for annual ANPP is approximately 30% for all watersheds. This is 

comparable with annual rainfall (Table 4.7), but is considerably less than the 

coefficient of variation calculated for runoff, peak rate of runoff and sediment 

yield. 

4.3.7 Wildlife habitat 

The experimental watersheds were assessed for their appropriateness as a 

habitat for Gambel's quail and javelina using the NRCS Wildlife Habitat 

Evaluation Guide. The evaluation is performed by rating important factors for 

the habitat, multiplying the rating by a weight and then dividing the summed 

to ta ls  by  10  to  reduce  the  f ina l  index  va lue  to  a  score  w i th in  the  range  o f  0  - 1 .  

Full details of the habitat evaluation are given in Appendix C. Primary 

considerations (and their rating weights) when evaluating the habitat for quail 

are the extent of cover (2), cover type (2), and proximity to food (3) and water 

(2). For javelina, the primary factors for habitat are plant type (2), coverage of 

prickly pear (2), proximity to food (2) and water (1), percentage shrub crown 

cover (2), and shrub height (1). The results of the evaluation are given in 

Table 4.8. The results show that watershed treatments that retained mesquite 

are more favorable to quail and javelina habitats than watersheds where 

mesquite is removed. 
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TABLE 4.8 Evaluation of wildlife habitat for the four grazing and vegetation 
management systems. 

WATERSHED and WILDLIFE HABITAT EVALUATION INDEX 

MANAGEMENT SYSTEM Gambel's Quail Javelina 

WS 8 Yearlong grazing 
+ mesquite 0.59 0.76 

WS 7 Yearlong grazing 
- mesquite 0.21 0.32 

WS 5 Rotation grazing 
+ mesquite 0.59 0.76 

WS 6 Rotation grazing 
- mesquite 0.21 0.32 

4.4 Chapter Summary 

Time series and point value measurements from the experimental watersheds on 

the Santa Rita Experimental Range are used to quantify the physical effects of 

four grazing management systems on the soil, water, plant and animal habitat 

resources. For these semidesert grasslands, removing the mesquite reduces 

annual runoff, annual maximum peak rate of runoff and sediment yield, improves 

range condition and ANPP, but degrades wildlife habitat for quail and javelina. 

For time series measurements, the coefficient of variation is greater for annual 

runoff (range 92-137%) compared to annual peak rate of runoff (81-119%), 
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sediment yield (83-107%) and ANPP (30-33%). All alternative management 

systems are significantly different (p<0.05) than YL+M for mean annual values of 

runoff, maximum peak rate of runoff and ANPP. Mesquite removed treatments 

(YL-M and ROT-M) are also significantly different (p<0.05) than YL+M for mean 

annual sediment yield. 

Although the paired watershed study has been operated with experimental 

integrity, differences in watershed characteristics prevent a direct association of 

the responses to treatment effects. Comparison of the treatment effects for 

ROT-M on watershed WS6 is particularly cautionary as the watershed has a 

greater composition of sand and deeper surface soil, a longer watershed length 

and a gentler slope than the other watersheds. Such characteristics need to be 

taken into consideration when using the data to quantify the decision variables 

and assess the outcomes from the P-DSS. 

The analysis of the measured data establish the physical effects of grazing and 

vegetation management systems on the decision variables. These values are 

compared to the use of expert opinion and simulation modeling to quantify the 

same decision variables in Chapter 5 and Chapter 6, respectively. 



CHAPTER 5 

USING EXPERT OPINION TO 

PARAMETERIZE THE P-DSS 

5.1 Introduction 

In the absence of measured data, the development of natural resource 

management systems may rely heavily on the use of expert opinion or 

professional judgment. The role of the expert may be to enlighten the planning 

process, provide knowledge directly, problem solving, group interaction, or for 

tactical or political reasons (Lawrence 1982). For the purposes of knowledge 

development, a group of experts may be required, comprising both discipline-

specific and "generalist" experts. The most common method to obtain 

information is through a survey. 

This Chapter details the use of the expert opinion to parameterize the decision 

variables and develop the importance orders in the P-DSS. The use of expert 
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opinion as an information source represents the second vertex of the Information 

Triangle (Figure 3.3) and a data-free position in Figure 3.1. 

5.1.1 Aim of the survey 

There are three aims to the survey. First, to obtain information that would 

quantify the eight decision variables in the P-DSS. Second, to use the 

responses to independently establish an importance order for the decision 

variables. Finally, the survey was used to define the preferred ranking of the 

four range management systems which would then be compared to the outcome 

from the P-DSS. The survey was sent to 12 experts with a background in 

watershed management and resource management conservation, of which nine 

responded. 

5.1.2 Assumptions 

The assumptions of the survey were: 

(i) that the experts were sufficiently familiar with the experimental site; 

(ii) that the sample size of nine was adequate and representative of a larger 

base of professional judgment; and 

(iii) that the experts understood the survey. 
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5.2 Description of the Survey 

The survey had four sections. Part 1 provided a description of the physical 

setting for the resource management plan. The problems and resource 

considerations (i.e. decision variables) and the four resource management 

systems were also described in this section. 

In Part 2, the experts were requested to rank each of three alternative 

management systems against the current system of yearlong grazing with 

mesquite retained with regard to the eight chosen decision variables and to 

indicate the desirable trend of the decision variable. The experts were then 

requested to supply annual values (minimum, maximum and mean) for each 

decision variable as it related to the current system of YL+M. 

In Part 3, experts were requested to rate their level of knowledge and 

professional understanding of each decision variable, and to rank its importance 

in developing a natural resource management system. It was permissible to 

assign equal importance to two or more of the decision variables. The experts 

were also requested to rank the four management systems in order of 

preference. 
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In Part 4, the experts were given the opportunity to supply any addition 

connments regarding their responses and the approach to using decision support 

systems in natural resource management. 

A complete copy of the survey and a list of respondents is given in Appendix D. 

The experts were selected mostly from the USDA Agricultural Research Service 

and Natural Resource Conservation Service, and the University of Arizona, 

School of Renewable Natural Resources. The names of the experts are also 

listed in Appendix D. Only one of the experts (Philip Heilman) had previously 

used the P-DSS. It will become evident from the discussion later in the 

dissertation (Chapter 7), that the survey was purposely structured for direct 

incorporation of the responses into the P-DSS. 

5.3 Results and Discussion 

A total of nine responses were returned from the 12 surveys. All nine 

respondents attempted the questions, although three respondents indicated they 

were unable to quantify all eight decision variables in Part 2. The results are 

given in the same order as the questions were presented in the survey. 
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5.3.1 Relative assessment of management systems 

A summary of the experts' opinion of the impact of the three alternative 

management systems on the eight decision variables is given in Table 5.1. An 

average value greater than 0.5 (given for the current management system of 

YL+M) indicates a detrimental impact when the score function is 'more is worse', 

but a beneficial impact when the desirable trend is 'more is better". The range 

indicates the minimum and maximum values supplied by the experts. 

The experts considered ROT-M would have the greatest benefit by reducing 

sediment yield, channel erosion, runoff and peak rate of runoff but increasing 

ANPP (Table 5.1). There are less desirable impacts associated with ROT+M, 

and the relative benefits of YL-M on sediment yield, channel erosion and runoff 

are considered negligible. The three management systems are also considered 

to have a relatively minor effect on the habitat for quail and javelina. The results 

show that there would be a slight decline in range condition under ROT+M, but 

improve with mesquite removed (Table 5.1). Ths assessment of the 

management systems for wildlife habitat display the largest variation in expert 

opinion. 



TABLE 5.1 Assessment of alternative management systems by discipline experts. The assessment is relative to 
yearlong grazing with mesquite retained which has an average value of 0.5 for all decision variables. 

DECISION YEARLONG GRAZING ROTATION GRAZING 

VARIABLE Mesquite 
Retained 

Mesquite Removed Mesquite Retained Mesquite Removed 

Average Average Range Average Range Average Range 

Sediment Yield 0.5 0.50 0.4 - 0.7 0.45 0.3 - 0.6 0.38 0.2 - 0.5 

Channel Erosion 0.5 0.50 0.4 - 0.7 0.40 0.4 0.33 0.2 - 0.5 

Runoff 0.5 0.53 0.4 - 0.7 0.50 0.4 - 0.6 0.40 0.3 - 0.5 

Peak Runoff 0.5 0.53 0.4 - 0.7 0.50 0.4 - 0.6 0.43 0.4 - 0.5 

Range Condition 0.5 0.60 0.4 - 0.8 0.48 0.3 - 0.6 0.66 0.4 - 0.9 

ANPP 0.5 0.58 0.4 - 0.9 0.50 0.4 - 0.7 0.58 0.3 - 0.9 

Gambel's quail 0.5 0.53 0.3 - 0.7 0.50 0.5 0.57 0.3 - 0.7 

Javelina 0.5 0.47 0.2 - 0.8 0.50 0.5 0.50 0.2 - 0.8 
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5.3.2 Quantifying decision variables 

The experts were asked to provide minimum, maximum and mean annual values 

for the eight decision variables under a management system of YL+M. Table 5.2 

supplies the average and standard deviation of these values. In Part 3 of the 

survey, the experts were asked to rate their knowledge of each decision 

variable. Table 5.2 also gives the average and standard deviation of the values 

to quantify the decision variables for those experts with a self-assessed rating of 

7 or higher (possible range 1-10). The experts with a knowledge rating of 7 or 

higher were defined as "discipline" experts for the decision variable. This 

definition of a discipline expert on the basis of the self-assessed rating was 

arbitrary. 

The results in Table 5.2 reflect the variation in opinion that exists between the 

collective wisdom in a group of experts and those regarded as discipline experts. 

For the three decision variables with a 'more is worse' score function type 

(sediment yield, channel erosion and maximum peak runoff), two of the average 

values supplied by the discipline experts are higher than the values supplied by 

all nine experts. There is also greater variation in the average values from the 

discipline experts compared to all the experts. 
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TABLE 5.2 Mean and standard deviation of values for decision variables based 
on all experts and discipline experts\ 

DECISION ALL EXPERTS DISCIPLINE EXPERTS 

VARIABLE Min. Max. Avg. n Min. Max. Avg. n 

Sediment 
(t ha"' yf s.d.^" 

0.9 
2.1 

10.3 
8.2 

2.9 
3.9 

7 1.4 
2.8 

9.2 
9.4 

3.1 
5.3 

4 

Gully Erosion 
(t ha'^ yf^) 

X 

s.d. 

0.8 
2.1 

13.0 
9.6 

3.0 
4.0 

6 1.9 
3.2 

14.7 
11.0 

4.5 
5.7 

3 

Runoff 
(mm yr^) 

X 

s.d. 

8.7 
18.6 

80.0 
59.2 

33.6 
31.1 

7 0.0 
0.0 

36.7 
15.3 

16.7 
10.4 

3 

Peak Runoff 
(mm hr'^ yr'^) 

X 

s.d. 

2.9 
5.7 

44.3 
32.9 

14.3 
9.7 

7 0.0 
0.0 

27.0 
24.6 

10.1 
13.1 

3 

ANPP 
(g m'^  y r ' )  

X 

s.d. 

41.6 
13.9 

169.7 
51.2 

96.0 
26.1 

7 43.0 
10.9 

172.8 
44.4 

102.0 
19.6 

5 

Range Condition x 

(%) s.d. 

21.9 
14.4 

58.1 
20.5 

39.4 
17.6 

8 20.0 
18.4 

52.0 
24.1 

33.0 
20.2 

5 

Gambel's quail x 

(# km'^ transect) s.d. 

0.2 
0.4 

17.6 
12.3 

5.3 
5.2 

6 0.3 
0.6 

16.7 
11.6 

7.0 
7.2 

3 

Javelina x 

(# km'^ transect) s.d. 

0.0 
0.1 

4.7 
4.6 

1.0 
0.8 

6 0.0 
0.0 

2.5 
3.0 

0.8 
1.0 

3 

1. Discipline expert defined by self-assess knowledge level > 7 

2. Mean annual value 

3. Standard deviation of annual value 
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For the group of nine experts and the subset of discipline experts, the standard 

deviation of the maximum values is greater than the standard deviation of the 

minimum and mean values. This suggests that an expert's perception of 

extreme events are highly variable. 

Mean values for the decision variables using measured data and expert opinion 

are compared in Figure 5.1. Measured values for javelina and quail are not 

presented as the measured data used the NRCS wildlife evaluation guide and 

the survey values are based on the numbers of animals in a kilometer transect. 

There appears to be good agreement between measured and expert opinion for 

mean annual values of ANPP and sediment yield (Figure 5.1a). The discipline 

experts' estimate of runoff depth and peak rate of runoff appear to underestimate 

the time series measurements of these hydrological properties. However, when 

information from all the experts is used, there is closer agreement with measured 

data for runoff and peak runoff. The expert opinion of the value for range 

condition is approximately three times the magnitude of the field measurement. 

ANPP represents the closest agreement with measured values and the least 

variable among the experts. Figure 5.1 (b) shows that there is greater variation 

among the discipline experts than among all experts for peak runoff, sediment 

yield, range condition and wildlife habitat. Sediment yield displays the largest 
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(a) Quantifying decision variables 
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FIGURE 5.1 Comparison of measured and expert opinion for (a) quantifying the 
decision variables and (b) variation within the decision variable. 



variation for both all experts (134%) and the discipline experts (171%) 

(Figure 5.1b). 
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5.3.3 Importance orders 

A distinguishing feature of the P-DSS is the use of an importance order to 

partially overcome the difficulty of assigning individual weights to the decision 

variables. One of the aims of the survey is to establish an importance order 

based on expert opinion. 

In addition to the default importance order (I0#1) and the equal weighting vector 

importance order (I0#2), three importance orders were established from the 

survey. Importance order #3 is defined as the aggregate of the rankings of the 

decision variables as provided from the survey. The fourth importance order 

(I0#4) is defined as the aggregate of the ranked decision variables weighted by 

the self-assessed knowledge level of each expert. Finally, the fifth importance 

order (I0#5) is defined as the aggregate of the ranked decision variables for 

experts with a self-assessed knowledge level for the decision variable of 7 or 

greater. The results of the expert survey to define importance orders I0#3 -

I0#5 are given in Table 5.3 
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Table 5.3 Importance orders for the decision variables used in 
the P-DSS. 

RANKING IMPORTANCE ORDER 

Aggregate of 
All Responses 

Aggregate by 
Knowledge 
Weighting 

Aggregate of 
Discipline 
Experts 

I0#3 I0#4 I0#5 

1 SedYield SedYield SedYield 

2 RangeCon Channel Channel 

3 Channel, 
ANPP' 

RangeCon ANPP 

4 ANPP RangeCon 

5 Runoff QPeak QPeak 

6 QPeak Runoff Javelina 

7 Quail Quail Quail 

8 Javelina Javelina Runoff 

1. Channel erosion and ANPP given equal importance. 

There is some consistency among the experts to identify important criteria to 

evaluate resource management systems. Table 5.3 shows that sediment yield is 

the single most important criteria. The experts placed greater importance to this 

decision variable even though the aggregated knowledge level of the experts 

was greater for range condition (58) and ANPP (57) than for sediment yield (51). 

This suggests that the determination of the importance order was not biased by 

the knowledge level of the experts. After sediment yield, the experts place 
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greater importance on channel erosion, ANPP and range condition than on 

runoff, peak rate of runoff and wildlife habitat. 

The results in Table 5.3 show that there is closer alignment of the importance 

order between I0#4 and I0#5. If it is assumed that the importance order I0#5 

represents a true indication of importance, then the results suggest that it is 

better to weight the aggregate of the response by the knowledge level of the 

expert when using survey information to establish an importance order of 

decision variables. 

5.3.4 Preferred resource management system 

The final section to Part 3 of the survey requested the experts to directly rank 

the four resource management systems from society's viewpoint. The responses 

were analyzed by: (i) aggregating the rank order of each management system 

for all the experts; (ii) aggregating the rank order for each management system 

for those experts with a total self-assessed knowledge level of 40 or greater (i.e. 

average knowledge level of 5 or greater per decision variable): and (iii) using the 

opinion of the expert with the highest self-assessed knowledge level. This 

expert had a self-assessed knowledge level of 57 (Appendix D, Table D2). The 
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results of the analysis to identify the preferred resource management system are 

given in Table 5.4. 

Table 5.4 Rank order of the preferred resource management systems obtained 
by direct questioning of experts. 

RANK AGGREGATE SCORE EXPERT WITH 

ALL EXPERTS KL' > 40 HIGHEST KL 

1 ROT-M ROT-M ROT-M 

2 ROT+M ROT + M YL-M 

3 YL-M YL-M ROT + M 

4 YL+M YL + M YL + M 

1. Self-assessed knowledge level by expert (scale 1 -10 for each decision 
variable). 

The results in Table 5.4 indicate that the experts favor the use of rotation 

grazing systems over yearlong grazing system. There is no difference in the 

rank order of the management systems between the collective wisdom of all the 

experts and the subset of discipline experts. The expert with the highest 

knowledge level, however, placed greater preference on the control of mesquite 

than the grazing system. Assuming the highest rank order represents the "best" 

management system. Table 5.4 indicates the expert survey identified ROT-M as 

the preferred resource management system. 
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5.4 Chapter Summary 

An expert survey represents an efficient and cost effective method to obtain 

information. A total of nine experts responded to a survey designed to evaluate 

four management systems in an identical setting to the experimental watersheds 

on the Santa Rita Experimental Range. Information from the survey quantified 

the decision variables, established importance orders for the decision variables 

and provided an independent rank order of the management systems that can 

be compared to the outcome from the P-DSS. 

The responses distinguished between all experts and discipline experts. 

Opinions varied between experts regarding the average annual values for the 

decision variables, with a greater variation among discipline experts than among 

all experts. The opinion of discipline experts agreed well with measured values 

for ANPP and sediment yield, while the values for runoff and peak rate of runoff 

are within the 95% confidence level for the measured values. 

The survey established sediment yield as the most important criteria to evaluate 

resource management systems. Following sediment yield, the experts regarded 

channel erosion, range condition and ANPP as important. Less emphasis is 
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placed on runoff characteristics of depth and maximum peak rate, and wildlife 

habitat as evaluation criteria. 

The experts regarded rotation grazing with mesquite removed (ROT-M) as the 

preferred resource management system. 
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CHAPTER 6 

USING SIMPLE AND COMPLEX SIMULATION MODELS 

TO QUANTIFY DECISION VARIABLES 

6.1 Introduction 

By definition, modeling is a simplification of physical processes designed to 

mirror watershed reality and which, if used properly, can be helpful for resource 

management. An advantage to using simulation models compared to alternative 

information sources is that the results are reproducible and scientifically 

defensible. In addition, simulation models are less expensive and less time 

consuming than field experimentation to examine land management scenarios. 

However, the information and resources available and the experience of the user 

may limit the choice of models. 

An objective of this research is to compare the use of simulation models with 

other sources of information to quantify the decision variables in the P-DSS. 
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Within this objective, there is a need to examine the issue of model complexity, 

its role in the quantification of the decision variables, and the trade-off between 

the time to achieve an acceptable degree of accuracy and the effect this has on 

identifying a preferred management system when using the P-DSS. 

The work utilizes a simple and complex model approach. The simple model 

approach is represented by a combination of the NRCS Curve Number (CN) and 

the NRCS method of peak runoff estimation. Overland sediment detachment is 

estimated using the RUSLE (Renard et al. 1996) and sediment yield is estimated 

using the MUSLE (Williams 1975). The complex modeling approach uses the 

CREAMS (Knisel 1980) hydrology model (Smith and Williams 1980) and erosion 

model (Foster et al. 1980). 

Model complexity can be defined in a number of ways, however all definitions 

center on the number of model parameters and the degree of difficulty to operate 

and calibrate the model. Lane and Nichols (1996) propose a model complexity 

number as a method to quantify model complexity. Their work defined a model 

complexity number (MCN) as: 

MCN = nm + 1 [6] 
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where n = number of model parameters and Input variables and 

m = number of simulation runs required to establish noninteractive model 

sensitivity. 

Apart from model complexity, the simple and complex modeling approaches 

used in this study differ in the method of model calibration. There is no 

calibration or validation of the simple models. This presupposed that measured 

data are not available, with the exception of daily rainfall, for the site where the 

resource management systems are to be evaluated. In contrast, the CREAMS 

submodels for surface water hydrology and sediment movement are calibrated 

using 16 years of measured data. 

6.2 Simple Modeling Approach 

Following is a description of the approach used to determine annual runoff, peak 

rate of runoff, ANPP, sediment yield and channel erosion. 
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6.2.1 Runoff 

Runoff is estimated using the CN method derived from the soil-vegetation-cover 

density association diagram (Figure 6.1). This diagram was developed from 

information in Chapter 9 in NEH-4 specifically for hydrologic conditions 

experienced in the Southwest (Simanton et al. 1973). Consequently, there is no 

variation in CN for antecedent moisture condition (AMC). 

To use Figure 6.1, the vegetation at the experimental watersheds is best 

categorized as herbaceous. Cover percentage and soil type for each watershed 

is estimated from a field survey. To reflect the conditions of the watershed prior 

to the bum, the percent coverage was increased by 30% based on photographs 

of the watersheds and visual inspection of aerial photographs in 1976 and 1994. 

From Figure 6.1, the CN for herbaceous vegetation with Hydrologic Soil Groups 

B and C is calculated as: 

CNb = 84.17 - 0.255 * cover (%) 

CNc= 90.0 - 0.177 * cover (%) 

where 

[7] 

[8] 
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FIGURE 6.1 Vegetation-soil-cover density associations for determining NRCS 
Cun/e Number. (Source: SOS 1971) 
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CNj = runoff curve number for Hydrologic Soils B or C 

cover = percentage cover density 

The determination of spatially weighted CN for each watershed is given in 

Table 6.1. The spatial weightings reflect the cover density of vegetation in the 

upland area above the channel, and the lateral inflow areas to the channel. The 

watershed CNs were then used to calculate direct daily runoff using daily rainfall 

and Equations 9 and 10. 

TABLE 6.1 Curve Number runoff determination for simple model. 

ws SUB-
AREA 
(ha) 

SOIL 
GROUP 

COVER 
TYPE 

SPATIAL 
COVERAGE 

{%) 

CN A'CN WEIGHTED 
CN 

5 2.35 C herbaceous 75 76.73 180.38 
0.82 0 herbaceous 61 79.20 64.95 77.8 
0.85 0 herbaceous 61 79.20 67.16 

6 0.68 B herbaceous 80 63.77 43.30 
0.65 B herbaceous 84 62.75 41.10 63.0 
1.75 B herbaceous 84 62.75 109.56 

7 0.32 0 herbaceous 63 78.85 25.15 
0.51 C herbaceous 74 76.90 39.22 77.5 
0.23 C herbaceous 74 76.90 17.76 

8 0.15 0 herbaceous 59 79.56 11.69 
0.38 C herbaceous 62 79.03 30.27 79.1 
0.59 0 herbaceous 62 79.03 46.54 
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S.i^-254 
CN 

[9] 

<2 = 

0 

( P - o .2sy 
(P + 0.8S) 

P < 0.2S 

P > 0.2S 
[10] 

where 

Q = daily runoff (mm) 

S = potential retention (mm) 

P = daily rainfall (mm) 

Daily runoff is summed for each year and average annual runoff for each 

watershed is given in Table 6.2. Using the CN to calculate runoff, mean annual 

runoff was highest for YL+M (28.2 mm) and lowest for ROT-M (3.2 mm). The 

mean calculated annual runoff is not significantly different (p>0.05) to mean 

measured annual runoff. Comparisons of measured and CN calculated annual 

runoff are given in Figure 6.2. Values for the coefficient of determination (r^) 

between observed and calculated annual runoff ranged from 0.417 (WS6) to 

0.765 (WS8). 



TABLE 6.2 Calculated annual runoff using fixed CN for four 
management systems. 

YEAR YEARLONG ROTATION 
Mesquite Mesquite Mesquite Mesquite 
Retained Removed Retained Removed 

WS8 WS7 WS5 WS6 
(mm) (mm) (mm) (mm) 

1976 9.24 7.10 6.68 0.18 
1977 16.86 13.38 9.44 0.24 
1978 33.16 26.88 20.40 1.27 
1979 22.13 18.95 17.23 2.34 
1980 2.42 1.27 1.15 0.00 
1981 25.33 19.79 13.84 0.79 
1982 17.20 13.19 8.79 0.43 
1983 43.23 37.26 26.15 8.43 
1984 94.35 84.00 76.59 23.48 
1985 17.91 13.82 7.85 0.21 
1986 7.35 5.61 3.92 0.01 
1987 28.52 22.78 18.87 0.91 
1988 59.34 51.39 38.72 8.37 
1989 22.29 18.22 10.14 0.52 
1990 42.08 35.15 25.35 3.56 
1991 10.04 7.81 5.30 0.10 

Min. 2.42 1.27 1.15 0.00 
Max. 94.35 84.00 76.59 23.48 
Mean 28.22 23.54 18.15 3.18 

Std.dev 23.11 20.77 18.44 6.07 
CV (%) 81.91 88.23 101.60 191.03 
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FIGURE 6.2 Comparison of observed and calculated annual runoff using the 
Curve Number method. 
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6.2.2 Peak rate of runoff 

Peak rate of runoff is calculated using the SCS graphical method (SCS 1986) for 

determining a unit peak discharge relationship (in English units): 

Qp = quAQ [11] 

where 

Qp = peak discharge (ft^ sec'^) 

qu = unit peak discharge (ft^ sec"\ in*'. mf^) 

A = drainage area (mi^) 

Q = runoff (in) 

Values of qu are obtained from a nomograph of unit peak discharge versus time 

of concentration (tc) for various U/P ratios using a SCS design storm Type II. Tc 

is calculated using Manning's n, flow length, land slope, and P is the 2-yr, 24-hr 

rainfall. Initial abstraction (la) is computed as 0.2*S, where S is the retention 

parameter in the Curve Number method. Further details of the SCS method are 

given by Stone et al. (1996). Calculated values for qu are: WS5=340; WS6=180: 

WS7=500: and WS8=580 ft^ sec'V in"'. mf^ Using Equation 11 in conjunction 

with CN calculated daily runoff provided estimates of the peak rate of runoff for 

storm events. Table 6.3 gives the annual maximum peak rate of runoff for each 

management system. 



TABLE 6.3 Calculated annual maximum peak rate of runoff for four 
management systems. 

YEAR YEARLONG ROTATION 
Mesqulte Mesqulte Mesqulte Mesqulte 
Retained Removed Retained Removed 

WS8 WS7 WS5 WS6 
(mm hr'^) (mm hr'^) (mm hr'^) (mm hr'^) 

1976 5.24 3.78 2.39 0.05 
1977 6.28 4.60 2.09 0.06 
1978 9.06 6.80 3.78 0.21 
1979 14.22 10.95 7.53 0.64 
1980 0.58 0.30 0.21 0.00 
1981 6.07 4.43 2.09 0.14 
1982 7.40 5.48 3.11 0.12 
1983 26.93 21.37 10.59 2.33 
1984 43.70 35.31 24.10 4.95 
1985 7.86 5.85 2.66 0.06 
1986 5.13 3.70 1.79 0.00 
1987 10.06 7.60 4.42 0.25 
1988 19.08 14.91 8.33 1.26 
1989 8.10 6.04 2.66 0.14 
1990 13.10 10.05 5.65 0.89 
1991 5.03 3.63 2.04 0.03 

Min. 0.58 0.30 0.21 0.00 
Max. 43.70 35.31 24.10 4.95 
Mean 11.74 9.05 5.21 0.70 

Std.dev 10.61 8.65 5.75 1.30 
CV (%) 90.38 95.59 110.20 185.75 
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Mean annual maximum peak runoff ranged from 0.7 mm hr"^ (WS6) to 11.7 mm 

hr'^ (WS8). For all watersheds, the mean annual maximum calculated peak 

runoff is significantly lower (p<0.05) than the measured mean maximum peak 

runoff. Comparisons between measured and calculated values are given in 

Figure 6.3. The coefficient of determination (r^) between observed and 

calculated annual maximum runoff rates ranged from 0.424 (WS6) to 0.717 

(WS5), however slopes of the regression ranged from 0.23 (WS6) to 0.42 

(WS8). 

6.2.3 Aboveground net primary production 

Annual aboveground net primary production (ANPP) is estimated using Equation 

5 in conjunction with the estimated annual ET. Assuming drainage is negligible, 

annual ET is calculated as the difference between annual rainfall and the CN 

calculated runoff. Table 6.4 provides the calculated ANPP for each watershed. 

Mean annual ANPP varied from 91 g m'^ yr'^ (WS5) to 135 g m*^ yr"^ (WS7). 

Mean ANPP is not significantly different (p>0.05) to the calculation of annual 

ANPP using measured rainfall and runoff. The Coefficient of Variation (CV) for 

the calculated ANPP is approximately 30%, and is within the same range as that 

found using measured values (Table 4.7). 
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FIGURE 6.3 Comparison of observed and calculated annual maximum peak rate 
of runoff. 



TABLE 6.4 Calculated annual aboveground net primary production. 

YEAR YEARLONG ROTATION 
Mesquite Mesquite Mesquite Mesquite 
Retained Removed Retained Removed 

WS8 WS7 WS5 WS6 
(Q m"^ vr"') (q vr-^) (g m'^ yf') (q m"^ vr*') 

1976 58.33 78.79 60.80 79.36 
1977 95.63 125.86 88.24 119.07 
1978 138.92 180.90 121.38 170.35 
1979 75.73 100.89 70.05 101.12 
1980 57.33 77.22 51.07 77.31 
1981 100.31 132.39 88.14 132.36 
1982 97.52 128.40 82.24 127.66 
1983 139.83 181.93 122.56 172.37 
1984 169.10 219.97 147.10 222.32 
1985 108.13 141.69 89.59 123.70 
1986 78.92 104.40 66.15 91.53 
1987 125.37 163.78 116.16 146.61 
1988 118.84 156.35 104.40 152.79 
1989 61.88 83.87 50.86 71.30 
1990 124.06 162.53 109.57 158.17 
1991 94.84 124.46 82.07 109.45 

Min. 57.33 77.22 50.86 71.30 
Max. 169.10 219.97 147.10 222.32 
Avg. 102.80 135.21 90.65 128.47 

Std.dev 32.14 40.88 27.77 40.98 
CV(%) 31.3 30.2 30.6 31.9 
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6.2.4 Sediment yield 

Sediment yield from each watershed is calculated using the Modified Universal 

Soil Loss Equation (MUSLE, Williams 1975). The MUSLE was developed from 

small watersheds (1 -1773 ha) in Riesel, Texas and Hastings, Nebraska 

(Williams 1982) and replaces the rainfall energy factor with a runoff energy 

factor. The MUSLE is: 

Y= 11.8 (Q qpf ̂ ^K LS CP [12] 

where 

Y = sediment yield for individual event (Mg) 

Q = runoff volume (m^) 

qp = peak rate of runoff (m^ sec'^) 

K = soil erodibility factor 

LS = slope length and steepness factor 

C = crop management factor 

P = erosion control practice factor 



Event runoff and peak rate of runoff are calculated using CN and the SCS unit 

discharge method, respectively. Soil erodibility (K) is obtained for Continental 

and Comoro soils (SCS 1976), LS is derived from representative slope profiles 

within each watershed, while C and P are obtained for rangelands (SCS 1976). 

Table 6.5 summarizes the values used to calculate the sediment yield of 

watershed subareas using the MUSLE. The results from using the MUSLE to 

calculate sediment yield are given in Table 6.6. 

The calculated sediment yield using MUSLE is significantly different (p<0.05) to 

the measured sediment yield. Mean computed annual sediment yield ranged 

from 01 ha'^ (WS6) to 0.531 ha'^ (WS8). Figure 6.4 shows the degree of 

underestimation by the MUSLE to estimate watershed sediment yield. While 

values for the coefficient of determination (r^) ranged from 0.42 (WS8) to 0.87 

(WS5), the slope of the regression varied from 0.06 (WS8) to 0.21 (WS7). As 

CN calculated runoff is not significantly different to measured runoff (Table 6.2), 

and the K factor and LS factor are derived from published literature, the poor 

agreement may be attributed to the calculation of peak runoff and the C factor 

values. The mean maximum peak runoff is significantly lower than measured 

peak runoff (Table 6.3), and the cover survey conducted after the fire may have 

underestimated the actual percentage ground cover in the watersheds during the 

period from 1976-1991. 
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TABLE 6.5 Values used in the MUSLE to calculate sediment yield. 

ws SUB AREA 
(ha) 

Q' K LS C P 

5 2.35 75 480 0.24 0.444 0.04 1.0 

0.82 61 500 0.24 0.560 0.09 1.0 

0.85 61 500 0.24 0.468 0.09 1.0 

6 0.68 80 225 0.20 0.408 0.013 1.0 

0.66 84 340 0.20 0.526 0.042 1.0 

1.75 84 360 0.20 0.492 0.042 1.0 

7 0.32 63 675 0.24 0.391 0.042 1.0 

0.51 74 650 0.24 0.584 0.10 1.0 

0.23 74 650 0.24 0.435 0.10 1.0 

8 0.15 59 725 0.24 0.447 0.04 1.0 

0.38 62 730 0.24 0.483 0.09 1.0 

0.59 62 750 0.24 0.468 0.09 1.0 

1. Sub-area Curve Number from Table 6.1 

2. Sub-area unit peak discharge value (ft^ sec'V in'^. mf^) 



Table 6.6 Calculated annual sediment yield using the MUSLE. 

YEAR YEARLONG ROTATION 
Mesquite Mesquite Mesquite Mesquite 
Retained Removed Retained Removed 

WS8 WS7 WS5 WS6 
ft ha-^) ( t  ha')  (t  ha')  (t ha-') 

1976 0.15 0.11 0.08 0.00 
1977 0.29 0.21 0.11 0.00 
1978 0.59 0.45 0.26 0.00 
1979 0.43 0.35 0.24 0.00 
1980 0.03 0.01 0.01 0.00 
1981 0.43 0.31 0.17 0.00 
1982 0.29 0.21 0.11 0.00 
1983 0.88 0.73 0.37 0.00 
1984 2.02 1.74 1.15 0.00 
1985 0.30 0.22 0.10 0.00 
1986 0.12 0.09 0.05 0.00 
1987 0.50 0.37 0.24 0.00 
1988 1.17 0.97 0.53 0.00 
1989 0.40 0.30 0.12 0.00 
1990 0.78 0.61 0.33 0.00 
1991 0.17 0.12 0.07 0.00 

Min. 0.03 0.01 0.01 0.00 
Max. 2.02 1.74 1.15 0.00 
Mean 0.53 0.43 0.25 0.00 

Std.dev 0.50 0.43 0.28 0.00 
CV(%) 92.92 101.29 112.57 nc' 

1. Coefficient of variation not calculated 
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FIGURE 6.4 Comparison of observed and calculated annual sediment yield 
using the Modified Universal Soil Loss Equation. 
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This evaluation of simple models is conducted under the scenario that measured 

data are not available at the site by which to calibrate or guide the use of the CN 

and MUSLE models. Any inaccuracies In the calculation of runoff and peak 

runoff are transferred to the prediction of sediment yield using MUSLE. 

Consequently, it is difficult to distinguish the performance of the model from the 

error-induced inaccuracies when a direct comparison is made between observed 

and simulated sediment yield. 

To assess the perfomnance of the MUSLE model, an analysis was undertaken to 

calculate sediment yield using observed event runoff depths and peak rates of 

runoff. The results of the analysis showed that mean annual sediment yield 

remained significantly different (p<0.05) than observed sediment yield. Values 

of the coefficient of determination (r^) for annual sediment yield ranged from 0.80 

(WS5) to 0.98 (WS7), and values of the regression slope ranged from 0.15 

(WS5) to 0.81 (WS7). Full details of the analysis are provided in Appendix E. 

6.2.5 Channel erosion 

An estimate of channel erosion was determined by subtracting the calculated 

overland erosion using the RUSLE model from the calculated sediment yield 
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using the MUSLE model. The net erosion (or deposition) within the channel is 

defined as: 

CE„e, = SEDout - SEDin + lateral contribution + flow detachment or 

deposition [13] 

where 

CEnei = net channel erosion (t ha"') 

SEDout = sediment yield at channel outlet (t ha"^) 

SEDin = sediment yield at channel inlet (t ha"^) 

A similar approach was used by Osborn and Simanton (1989) to estimate gully 

erosion on Walnut Gulch utilizing measured sediment yield and channel cross-

sections and the USLE. The approach assumes that the RUSLE and the 

MUSLE models provide accurate estimates of the overland erosion and 

sediment yield, respectively, as all errors from the inputs are inherited by the 

calculation of channel erosion. The approach also assumes there is a single 

main channel and no contributions from tributary channels. 
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Input values to the RUSLE model are given in Table 6.7. The watershed is 

divided into three sub-areas of overland erosion, with representative slope 

profiles taken from the 1976 aerial topographic map. Details of soil descriptions 

are obtained from the soil survey for the site. Inputs of annual production used 

the estimates of ANPP derived from ET (Table 6.4). The difference between 

MUSLE and RUSLE, as an estimate of channel erosion, is given in Table 6.8. 

The calculation of channel activity shows that there is net deposition of the 

channel in the rotation grazing watersheds (WS5 and WS6), but net erosion 

from the yearlong grazing watersheds. These values for rotation grazing are 

consistent with the trend from the measured values determined by channel 

cross-sectional volume (Table 4.5). Overall, the outcomes support the results 

from the measure data that the main channel has stabilized over the duration of 

the experimental period. 



Table 6.7 Parameter values used In RUSLE to estimate overland flow erosion. 

FACTOR 

and 

Subfactor 

YEARLONG GRAZING ROTATION GRAZING FACTOR 

and 

Subfactor 

Mesquite Retained 

WS8 

Mesquite Removed 

WS7 

Mesquite Retained 

WS5 

Mesquite Removed 

WS6 

FACTOR 

and 

Subfactor 

U' LI'' L2 U LI L2 U LI L2 U LI L2 

R FACTOR 88.8 88.8 88.8 88.8 

K FACTOR .13 .13 13 .13 .13 .13 .17 .17 .17 .07 .17 .17 

City Code 3004 (Tombstone) 3004 3004 3004 

silt+v.f.sand 16 16 16 16 16 16 17 17 17 10 16 16 

7o clay 7 7 7 7 7 7 8 a 8 4 6 6 

%OM 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

structure 3 3 3 3 3 3 4 4 4 3 4 4 

permeability 3 3 3 3 3 3 3 3 3 2 3 3 

fragment 1 1 1 1 1 1 1 1 1 1 1 1 

rock cover 20 20 20 20 20 20 20 20 20 20 20 20 

consolidation 7 7 7 7 7 7 7 7 7 7 7 7 

hydrologic soil 3 3 3 3 3 3 3 3 3 2 2 2 

1. Upland sub-area of watershed above main channel 
2. Lateral sub-area of watershed either side of the mail channel 



Table 6.7 Parameter values used in RUSLE to estimate overland flow erosion (continued). 

FACTOR 

and 

Subfactor 

YEARLONG GRAZING ROTATION GRAZING FACTOR 

and 

Subfactor 

Mesqulte Retained 

WS8 

Mesquite Removed 

WS7 

Mesquite Retained 

WS5 

Mesquite Removed 

WS6 

FACTOR 

and 

Subfactor 

U LI L2 U L1 L2 U LI L2 U LI L2 

LS FACTOR .515 .577 .565 .443 .631 .530 .503 .635 .550 .451 .601 .568 

slope (%) 3.29 3.88 3.90 3.47 4.31 3.74 3.15 3.76 3.58 2.83 3.66 3.56 

length (ft) 317 232 205 114 209 187 366 425 279 389 383 337 

C FACTOR .009 .015 .015 .006 .010 .010 .011 .019 .019 .007 .007 .007 

plant code 5 5 5 5 5 5 5 5 5 5 5 5 

production 917 917 917 1206 1206 1206 809 809 809 1146 1146 1146 

canopy cover 20 20 20 0 0 0 20 20 20 0 0 0 

av. fall helgtit 5 5 5 1 1 1 5 5 5 1 1 1 

roughness 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

residue cover 60 40 40 60 40 40 60 40 40 60 60 60 

P value 2 2 2 2 2 2 2 2 2 2 2 2 

P FACTOR 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

EROSION 

t ac'^ 0.06 0.10 0.10 0.03 0.07 0.06 0.09 0.18 0.16 0.04 0.06 0.06 

t  ac '  0.095 0.057 0.124 0.056 

t ha"' 0.212 0.128 0.278 0.126 
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Table 6.8 Estimated channel erosion calculated as the difference between the 
MUSLE and the RUSLE models. 

WATERSHED MUSLE 

(t ha'^ yr'^) 

RUSLE 

(t ha"^ yr') 

CHANNEL 
EROSION 

(t ha"' yr"') 

YL+M WS8 0.534 0.212 0.322 

YL-M WS7 0.426 0.128 0.298 

ROT+M WS5 0.246 0.278 -0.032 

ROT-M WS6 0.0 0.126 -0.126 

6.3 Complex Modeling Approach 

The CREAMS model (Knisel 1980) was developed to simulate non-point source 

pollution for the edge of field scale watersheds. It represents an increased 

degree of complexity compared to the simpler model approach due to: 

(i) the continuous simulation of soil-water-plant-environment interactions; 

(ii) the use of more physically-based algorithms to describe abiotic and biotic 

responses within the watershed, particularly in the estimation of erosion 

processes; and 

(iii) the increased number of model parameters and input information required to 

operate the model. 
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Following is a brief description of the major components of the CREAMS 

hydrology and erosion models, the methods used to calibrate and validate the 

models, and the values provided by the models to parameterize the decision 

variables in the P-DSS. 

6.3.1 CREAMS hydrology model 

The CREAMS hydrology model maintains a continuous accounting of moisture 

by calculating runoff, water redistribution in the soil profile, evapotranspiration 

and drainage below the root zone on a daily interval. Input to the model 

includes daily rainfall, monthly temperature and solar radiation. The soil profile 

is divided into seven fixed layers, with information on hydraulic conductivity, 

porosity, field capacity and plant available water capacity defined for each layer. 

Computations for runoff and peak rate of runoff are given below. A description 

of the soil water accounting, bare soil evaporation, plant transpiration and deep 

drainage is given in detail by Smith and Williams (1980) and a summary is 

provided by Knisel and Williams (1995). 

6.3.1.1 Simulating runoff and peak rate of runoff 

For the daily rainfall-runoff model (Option 1), runoff is calculated using the 

NRCS Curve Number method and adjusted on a daily basis as a function of soil 

moisture (Williams and LaSeur 1976). The Curve Number runoff equation is: 



0 

• (P-0.2Sf 

(P + 0.8S) 

P<0.2S 

P>0.2S 
[14] 

where 

Q = daily runoff (mm) 

P = rainfall (mm) 

S = retention parameter (mm) on the day that rainfall occurs 

The retention parameter S is related to soil water content as: 

^ = 5 JUL-SM) 

(ULi 

where 

SM = soil moisture storage in root zone (cm) 

UL = upper limit of plant available moisture storage (cm) 

Smx = maximum moisture storage (cm) and estimated for antecedent 

moisture condition I (CNi) as: 

S = 25.4 * 
^mx [16] 

CN, 

Instantaneous peak rate of runoff is estimated by (Knisel and Williams 1995) 
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q^=160(AfUSLfM-^\ (LWR)-^"' [17] 

where 

Qp = peak rate of runoff (cm hr'^) 

A = drainage area (ha) 

SL = average field slope (m m'^) 

Q = CREAMS calculated runoff (cm) 

LWR = length width ratio 

^ (FPL)-

~ 1{)00*A 

FPL = length of flow path between the highest point on the edge of the 

field and the field outlet (m) 

Noticeably, Equation 17 collapses to a function of runoff depth (Q) of the form 

qp = aQ". 
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6.3.1.2 Model calibration 

The purpose of model calibration is to identify values for parameters such that 

the difference between observed and simulated output is minimized. Parameter 

values can be specified directly or estimated using manual or automatic 

optimization techniques (Soorooshian and Gupta 1995). Typically, a period of 

observed data is used to calibrate the model and then the model is validated 

using an independent data set. This approach establishes that the model is an 

appropriate tool for the application. 

The following approach was undertaken to calibrate the hydrology model of 

CREAMS in order to quantify the decision variables for each of the four 

management systems. First, the appropriateness of the CREAMS hydrology 

model is assessed using observed data from watershed WS8 (YL+M). This is 

the conventional rangeland management system and provides the baseline for 

assessing the alternative management systems in the P-DSS. A period of 7 

years (1976-1982) was selected for calibration before validating the calibrated 

model using the remaining 9 years (1983-1991) of observations. Parameters for 

runoff Curve Number (CN) and bare soil evaporation rate (CONA) were manually 

adjusted to minimize the error between observed and simulated runoff events. 

The Nash-Sutcliffe (1970) coefficient of model efficiency and the ratio of total 

simulated runoff to total observed runoff are used as objective functions to guide 
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the manual calibration. The coefficient of model efficiency (Equation 18) 

provides a direct measure of the departures from the line of equality for 

observed (OBS) and simulated (SIM) runoff events: 

The ratio of total simulated runoff to total observed runoff is similar to the 

discrepancy ratio (DR) used in sediment transport studies and described by 

Alonso (1980). Deviations from DR=1 maybe attributed to deficiencies in the 

model. Once validated, the CREAMS model is recalibrated for total annual 

runoff from all four watersheds using the full record of observed data (1976-

1991). 

The results of the model calibration and validation using storm event and total 

annual runoff data from WS 8 are given in Appendix F. The method to define 

parameter optimality utilizes a two factor relationship. These factors are: (i) the 

ratio of the total annual simulated runoff to the total annual observed runoff, and 

(ii) the value of model efficiency. Full details of the approach are given in 

Appendix G. 

/ [18] 
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Calibration of each watershed using the full record (1976-1991) is achieved by 

manual adjustment of CN and CONA to match the observed annual runoff. The 

results of the calibration are presented in Table 6.9. 

The calibrated CREAMS model provides reasonably close agreement between 

the measured and simulated mean annual runoff from the watersheds. The 

agreement between measured and calculated maximum annual runoff is also 

reasonable, with the model underestimating maximum runoff on the yearlong 

watersheds and overestimating the maximum annual runoff on the rotation 

watersheds (Table 6.9). Values for the model efficiency and coefficient of 

determination indicate the difficulty to continuously simulate runoff from the 

ROT-M watershed (WS6). 

Table 6.10 indicates relatively similar values for CREAMS optimized CNs for 

YL+M, YL-M and ROT+M. CN values range from 87-89 and represent the CN 

value at average antecedent conditions (CNn) at the commencement of model 



TABLE 6.9 Results of calibrating CREAMS for the simulation of annual runoff from four rangeland management 
systems, 1976-1991. 

WATERSHED MEAN MINIMUM MAXIMUM MODEL 

MANAGEMENT (mm yr^) (mm yr') (mm yr"') EFFIC^ MSE^ REGRESSION 

SYSTEM' OBS SIM OBS SIM OBS SIM SLOPE B^ 

YL+M WS8 30.1 30.2 0.0 1.2 115.0 104.7 0.715 0.726 209.11 0.819*® 5.433 

YL-M WS7 25.2 24.4 0.0 0.0 125.0 86.7 0.583 0.585 225.46 0.557* 10.401 

ROT+M WS5 16.7 17.1 1.0 0.0 66.3 77.0 0.509 0.634 150.58 0.915* 1.715 

ROT-M WS6 1.6 1.5 0.0 0.0 7.8 11.4 -0.458 0.312 7.65 0.801* 0.204 

1. YL+M = yearlong grazing with mesquite retained ROT+M = rotation grazing with mesquite retained 

YL-M = yearlong grazing with mesquite removed ROT-M = rotation grazing with mesquite removed 

2. Value for coefficient of model efficiency 

3. Value of mean squared error 

4. Intercept of the regression equation 

5. * Significantly different (p<0.05) to 0.0 
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TABLE 6.10 Optimized values for CN and CONA. 

WATERSHED and OPTIMIZED VALUE 

MANAGEMENT SYSTEM CREAMS CN CONA 

YL+M WS8 89 3.4 

YL-M WS7 88 3.1 

ROT+M WS5 87 3.5 

ROT-M WS6 74 3.9 

operation (t=0). The CREAMS optimized CN for ROT-M is 74. The value for 

CONA increases with soil evaporation. Table 6.10 shows higher soil 

evaporation from mesquite retained watersheds (WS5 and WS8) than the 

mesquite removed watersheds (WS6 and WS7). 

A comparison of observed and simulated annual runoff is shown in Figure 6.5. 

Figure 6.6 presents plots of the identification of optimal parameter values based 

on the ratio of total simulated and observed runoff and the value for model 

efficiency. 
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(a) Yearlong mesquite retained WS8 

15 

(b) Yearlong mesquite removed WS7 

5 10 15 

OBSERVED SEDIMENT YIELD Q hr^yr )̂ 

> 

9 ill 

UJ 
1 0 
UJ 
09 
a 

1 3 
1 00 

1 — (uz^oflrsTF^Uues 1 1:1/ 

-

o 
\
 

\
 

O 
O 

/ 
y 

y y 

O o .'i/ 
9^ o 0 

0 2 4 6 8 

OBSERVED SEDIMENT YIELD (t ha-V^) 

(c) Rotation mesquite retained WS5 (d) Rotation mesquite removed WS6 

111 0.2 

0 ftcxi 'H '-B—— 
0 0.1 0.2 0.3 0.4 03 0.6 

OBSERVED SEDMENT YIELD (t ha-lyr^) 

O 15 

OBSERVED SEDIMENT YIELD (t ha'V )̂ 

FIGURE 6.5 Comparison of observed and simulated annual runoff using the 
CREAMS model. 
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(a) Yearlong mesquite retained WS8 (b) Yearlong mesquite removed WS7 
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6.3.2 CREAMS erosion model 

Sediment yield and channel erosion for the watershed are estimated using the 

CREAMS erosion model. The erosion model contains components for overland 

and channel erosion. By subtracting the overland soil loss from the sediment 

yield, it is possible to distinguish the activity of the channel. This section 

provides a brief description of the major components of the erosion model, the 

approach taken to calibrate the model to measured data, and the comparison 

between the simulated and observed sediment movement. 

6.3.2.1 Simulating detachment and sediment yield 

The process of particle detachment is different to the process of sediment 

transport. Therefore, these processes can not be lumped together into one 

equation like the USLE or the MUSLE to give the best results for the changing 

conditions that occur within a storm, over a watershed and through time (Foster 

et al. 1980). In the CREAMS model, these processes are considered separately 

and a brief description of the processes follow. 

The continuity equation is the basic relationship for erosion processes. 

Assuming negligible storage of sediment with time, the sediment continuity 

equation is (in English units): 
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^=D, + D, [19] 
ax 

where 

•^= change in sediment flow rate along the slope (lb ft'^ sec"') 
dx 

Dr = rill detachment or deposition by flow ((lb ft'^ sec'^) 

Dj = lateral sediment delivered to rill from interrill areas (lb ft"^ sec'^) 

The sediment load is assumed to be limited by either the amount of sediment 

made available by detachment or by transport capacity (Foster et al. 1980). A 

potential sediment load is computed as the sum of the upslope sediment load 

and the lateral sediment inflow within the segment. If the potential load is less 

than transport capacity, then detachment occurs. Particles are added to the 

sediment load and a new equilibrium is determined for the segment. Rill 

detachment or deposition is proportional to the difference between transport 

capacity (Tc) and sediment load (qs). Deposition occurs when Tc < qs and 

detachment occurs when Tc > qs. Units (English) for Tc and qs are lb ft"^ sec'V 

For overland flow elements, detachment on interrill and rill areas are calculated 

using a modified USLE as (in English units): 
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DL,= 0.210* EI *(s + 0.014) * KCP * [20] 

and 

DF^ = 37983 *m*Q^ [21] 

where 

DL, = interrlll detachment rate (lb ft'^ sec'^) 

DFr = rill detachment capacity rate (lb ft'^ sec"') 

El = Wischmeier's rainfall erosivity (100 ft-tons ac'^) (in hr'^) 

= 8.0 * (daily rainfall option) 

X = distance downslope (ft) 

s = sine of slope angle 

m = slope length exponent 

K = USLE soil erodibility factor 

C = USLE crop cover factor 

P = USLE contour practice factor 

Qv = runoff volume (ft) 

Qp = peak runoff rate (ft sec-^) 
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Sediment transport capacity by overland flow is calculated using the Yalin (1963) 

sediment transport equation. Shear stress acting on the soil is calculated as (in 

English units): 

=g*y*s* 

f 

V 

[22] 

where 

Tsoii = shear stress on soil (lb ft'^) 

T = density of water (lb ft*^) 

y = flow depth for bare smooth soil (ft) 

s = sine of slope angle 

nbov = Manning's n for bare soil (assumed to be 0.01) 

ncov = Manning's n for rough or vegetated soil surface 

For the channel element, discharge along the channel varies directly with 

upstream drainage area. Detachment flow capacity is calculated as (in English 

units): 
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D = K^,*(1.35t,^-tJ°' [23] 

where 

D = detachment capacity of concentrated flow (lb ft"^ sec'^) 

Kch = erodibility factor (sec'^) 

Tav = average shear of flow in the channel (lb ft*^) 

Tcr = critical shear below which erosion is negligible (lb ft"^) 

Erosion in the channel is assumed to be vertical until the channel reaches a 

nonerodible layer, at which point, the erosion rate decreases and the channel 

widens to a nonerodible layer on the side of the channel. In addition, flow within 

the channel is spatially varied and accounts for four cases of interaction 

between detachment and deposition. These cases are: (i) deposition over the 

entire channel; (ii) detachment by flow over the upper end and deposition in the 

lower end; (iii) deposition on the upper end and detachment by flow over the 

lower end, and, (iv) detachment over the entire channel. 

Spatially varied flow equations for calculating these cases are given by Foster et 

al. (1980). The equations were normalized and solved for a range of typical 

parameter values to produce nonuniform flow cun/es. The curves were 

approximated using regression analyses to fit polynomial curves to the solutions. 
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For this study, an equation was developed for a rating relationship at the 

measuring section of the supercritical flume. To comply with the form of the 

rating table outlet control in the CREAMS model, the form of this equation is (in 

English units): 

Q = 10.0525h/"''' [24] 

where 

Q = runoff discharge (ft^ sec"') 

he = stage height at critical depth (ft) 

6.3.2.2 Model calibration 

A two step approach is used to calibrate the erosion model. First, for the 

overland component, an estimate was made of the overland erosion using the 

USLE. Parameter values for the C factor (CFACT) and Manning's n for overland 

flow (ncov) were adjusted until the total quantity of overland eroded sediment in 

the runoff matched that USLE estimate. At this point, the optimized values for 

CFACT and new were fixed. 

Next, the sediment yield for the watershed was obtained by manually adjusting 

the values for Manning's n channel flow (nch), critical shear stress (Xcr), depth to 
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nonerodible layer in the middle of the channel (dne) and the nonerodible layer at 

the channel sides (dstde). Measurements of channel cross sections were used as 

a guide for determining reasonable limits for dne and dside. Parameter values 

continued to be adjusted until the value of model efficiency was maximized and 

the total simulated sediment yield was within ± 10% of the total observed 

sediment yield. Results of the calibration for overland flow erosion are given in 

Table 6.11. 

Table 6.11 Calibration of the CREAMS model for overland erosion and optimized 
values for CFACT and new parameters. 

WS USLE 
EROSION 

CREAMS 
EROSION 

OPTIMIZED 
PARAMETER VALUES 

(t ha-^) (t ha-^) CFACT ncov 

YL+M was 13.68 13.63 0.11 0.024 

YL-M WS7 12.56 12.82 0.10 0.015 

ROT+M WS5 19.48 9.12 0.09 0.015 

ROT-M WS6 0.47 0.45 0.10 0.027 

Table 6.11 shows that the CREAMS model provided good agreement with the 

overland erosion determined by the USLE, although the model underestimated 

the erosion on watershed WS5. There is little variation in the value for CFACT 

between the watersheds, however the optimized values are approximately an 
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order of magnitude greater than the C-Factor values obtained from the RUSLE 

model (Table 6.7). Table 6.12 provides the optimized parameter values and the 

total sediment yield (1976-1991) observed and simulated by the model. 

Selection of the optimal parameter configuration is given in Figure 6.7. 

Table 6.12 Observed and simulated sediment yield and optimized parameter 
values. 

ws SEDIMENT YIELD OPTIMIZED PARAMETER 
VALUES 

Observed Simulated rich Tcr dne dside 

(t ha-^) (t ha') (lb ff^) (m) (m) 

YL+M WS8 58.79 52.91 0.030 0.11 0.60 0.60 

YL-M WS7 23.77 23.34 0.035 0.10 0.06 0.06 

ROT+M WS5 67.37 59.61 0.030 0.05 0.49 0.46 

ROT-M WS6 0.94 0.90 0.030 0.25 0.05 0.05 

Figure 6.8 shows a comparison between observed and simulated annual 

sediment yield for each of the watersheds. Goodness of fit statistics are given in 

Table 6.13. The overall agreement between observed and simulated mean 

annual sediment yield is reasonably good, particularly for watershed WS5, WS7 

and WS8. However, the goodness of fit statistics (model efficiency, coefficient of 

determination, slope of the regression) in Table 6.13 and Table 6.7 suggest the 

agreement between the observed and simulated sediment yield for individual 
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TABLE 6.13 Results of calibrating CREAMS for simulation of annual sediment yield for four rangeland 
management systems. 

WATERSHED MEAN MINIMUM MAXIMUM MODEL 

MANAGEMENT (t ha ' yr') (t ha ' yr"') (t ha ' yr') EFFIC^ r^ MSE^ REGRESSION 

SYSTEM' OBS SIM OBS SIM OBS SIM SLOPE B" 

WS8 YL+M 3.67 3.31 0.0 0.02 10.51 13.23 0.252 0.622 7.203 1.092*® -0.704 

WS7 YL-M 1.48 1.46 0.0 0.0 6.21 4.86 0.494 0.525 1.012 0,652' 0.490 

WS5 ROT+M 4.21 3.73 0.58 0.0 16.59 14.17 0.151 0.428 13.091 0.762- 0.518 

WS6 ROT-M 0.06 0.06 0.0 0.0 0.18 0.40 -2.935 0.060 0.016 0.484 0.028 

1. YL+M = yearlong grazing with mesquite retained ROT+M = rotation grazing with mesqulte retained 

YL-M = yearlong grazing with mesquite removed ROT-M = rotation grazing with mesquite removed 

2. Value for model efficiency 

3. Value of mean squared error 

4. intercept of the regression equation 

5. * Significantly different {p<0.05) to 0.0 
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years is not quite as good. For watershed WS6 (ROT-M) the coefficient of 

model efficiency is negative, implying a poor model simulation. 

6.4 Results and Discussion 

6.4.1 Quantifying decision variables 

The calibrated CREAMS model is used to quantify annual values for the 

decision variables of runoff, peak rate of runoff, ANPP, sediment yield and 

channel erosion. 

6.4.1.1 Runoff and peak rate of runoff 

The calibrated CREAMS model is used to determine the estimated annual 

runoff and maximum peak rate of runoff for each of the management systems 

(Table 6.14). Average annual runoff calculated by CREAMS is not significantly 

different (p>0.05) from the observed average annual runoff. The largest 

absolute difference between observed and simulated runoff is less than 1 mm, 

which occurred for YL-M (WS7). Average maximum peak rate of runoff 

calculated by CREAMS is significantly different (p<0.05) than the average 

maximum observed peak runoff for YL+M (WS8) and YL-M (WS7) (Table 6.14). 
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Table 6.14 CREAMS calculated annual runoff and maximum peak rate of runoff. 

YEARLONG ROTATION 
YEAR Mesquite Mesquite Mesquite Mesquite 

Retained Removed Retained Removed 
WS8 WS7 WS5 WS6 

RUNOFF QPEAK RUNOFF QPEAK RUNOFF QPEAK RUNOFF QPEAK 

(mm) (mm hr"1
) (mm) (mm hr"1

) (mm) (mm hr"1
) (mm) (mm hr"1l 

1976 9.63 20.54 6.07 14.89 5.64 10.08 0.00 0.00 
1977 17.78 23.49 12.95 17.06 7.98 9.54 0.00 0.00 
1978 34.95 37.38 30.38 33.01 17.48 17.26 0.28 0.83 
1979 22.50 43.30 19.13 36.74 14.28 23.96 0.41 1.50 
1980 1.22 2.65 0.00 0.00 0.00 0.00 0.00 0.00 
1981 28.14 25.66 19.13 19.88 13.21 8.99 0.00 0.00 
1982 17.587 22.76 15.16 18.48 6.25 8.99 0.00 0.00 
1983 50.72 91.07 45.26 80.69 31.29 44.62 6.88 13.74 
1984 104.70 119.46 86.69 101.31 76.96 75.04 11.40 18.38 
1985 17.30 28.50 13.16 22.61 5.13 8.99 0.00 0.00 
1986 5.16 15.94 3.61 12.66 1.80 4.97 0.00 0.00 
1987 27.23 30.59 19.48 26.60 14.07 13.24 0.00 0.00 
1988 65.79 66.83 52.96 56.15 40.11 34.77 3.20 6.39 
1989 20.40 30.59 18.19 25.95 6.60 11.15 0.00 0.00 
1990 51.00 50.32 42.14 42.79 29.18 24.88 1.70 4.35 
1991 8.36 15.94 6.60 12.66 3.18 6.16 0.00 0.00 

Min. 1.22 2.65 0.00 0.00 0.00 0.00 0.00 0.00 
Max. 104.70 119.46 86.69 101.31 76.96 75.04 11.40 18.38 
Mean 30.15 39.07 24.43 32.59 17.07 18.91 1.49 2.82 

Std.dev 26.73 30.30 22.54 26.66 19.66 18.96 3.22 5.55 
CV(o/o) 88.6 77.6 92.3 81.8 115.2 100.3 215.6 196.5 
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Given the statistical agreement between observed and simulated annual runoff, 

the reasons for this difference on watersheds WS7 and WS8 are not clear. 

6.4.1.2 Aboveground net primary productivity 

The calculated annual evapotranspiration is used to estimate annual ANPP 

using Equation 5. Table 6.15 gives the calculation of annual ANPP for the four 

management systems based on the simulation of annual ET using CREAMS. 

The mean annual ANPP derived from the simulation of ET is not significantly 

different (p>0.05) than the calculation of ANPP (Table 4.6). The CREAMS 

model simulates all components of the hydrologic water cycle. Model estimates 

of annual drainage below the root zone ranged from 0.7% of average annual 

rainfall (WS5) to 2.9% (WS7). These low values for drainage are characteristic 

of the semiarid environment (Renard et al. 1993) and support the earlier 

assumption (Section 4.3.6.1) of negligible drainage when calculating ANPP. 

6.4.1.3 Sediment yield and channel erosion 

The net erosion in the main channel is defined by subtracting the overland 

erosion from the calculated sediment yield. Table 6.16 gives the CREAMS 

calculated overland erosion and sediment yield, and the channel erosion 

obtained by difference for each of the management systems. 



Table 6.15 Estimates of annual ANPP using CREAMS to calculate ET. 

YEAR YEARLONG ROTATION 
Mesquite Mesquite Mesquite Mesquite 
Retained Removed Retained Removed 

WS8 WS7 WS5 WS6 
(g m'^ yr-') (g yr-') (g yf') (g yr') 

1976 73.5 97.0 73.8 101.6 
1977 90.4 114.0 86.6 107.8 
1978 130.4 154.2 112.9 150.4 
1979 99.4 119.3 97.4 127.9 
1980 61.8 77.7 55.6 77.4 
1981 91.1 131.7 81.1 125.3 
1982 93.7 91.0 83.1 121.2 
1983 139.3 167.5 118.2 150.4 
1984 144.4 200.8 139.7 224.4 
1985 124.1 155.6 112.4 148.7 
1986 89.5 108.9 72.9 87.1 
1987 112.1 150.9 107.6 137.3 
1988 116.5 161.6 105.9 144.4 
1989 78.2 91.2 70.4 91.5 
1990 108.3 137.5 98.7 146.8 
1991 114.6 135.5 99.6 113.2 

Min. 61.8 77.7 55.6 77.4 
Max. 144.4 200.8 139.7 224.4 
Mean 104.2 130.9 94.7 128.5 

Std.dev 23.7 33.5 21.6 35.0 
CV(%) 22.7 25.6 22.8 27.2 



TABLE 6.16 Summary of overland erosion, channel erosion and sediment yield calculated by the CREAMS model. 

YEAR YEARLONG YEARLONG ROTATION ROTATION 
Mesquite Retained WS8 Mesquite Removed WS7 Mesquite Retained WS5 Mesquite Retained WS6 

Overland Channel Sediment Overland Channel Sediment Overland Channel Sediment Overland Channel Sediment 
Erosion Erosion Yield Erosion Erosion Yield Erosion Erosion Yield Erosion Erosion Yield 
(t ha ') (t ha ') (t ha-') (tha-') (tha-'l (t ha ') (tha')  (tha')  (tha')  (t  ha')  (t ha ') (t ha ') 

1976 0.36 1.68 2.04 0.18 2.94 3.12 0.20 5.65 5.85 0.00 0.00 0.00 
1977 0.72 3.99 4.71 0.47 1.41 1.88 0.27 7.82 8.09 0.00 0.00 0.00 
1978 1.43 6.01 7.44 0.92 1.50 2.42 0.58 10.27 10.85 0.00 0.02 0.02 
1979 0.99 3.56 4.55 0.72 0.72 1.43 0.52 5.27 5.78 0.00 0.04 0.04 
1980 0.04 0.00 0.04 0.00 0.00 0.00 0.00 0.00 O.OD 0.00 0.00 0.00 
1981 1.08 -0.09 0.99 0.63 0.04 0.67 0.40 0.76 1.17 0.00 0.00 0.00 
1982 0.61 -0.02 0.58 0.43 0.02 0.45 0.22 0.20 0.43 0.00 0.00 0.00 
1983 2.09 10.29 12.38 1.46 2.06 3.52 1.01 8.07 9.08 0.11 0.29 0.40 
1984 4.51 8.72 13.23 3.00 1.88 4.89 2.74 11.41 14.15 0.25 0.11 0.36 
1985 0.70 -0.13 0.56 0.43 0.00 0.43 0.18 0.00 0.18 0.00 0.00 0.00 
1986 0.27 -0.02 0.25 0.09 0.00 0.09 0.04 0.00 0.04 0.00 0.00 0.00 
1987 1.12 -0.09 1.03 0.58 0.00 0.58 0.45 0.00 0.45 0.00 0.00 0.00 
1988 2.82 -0.31 2.51 1.84 0.02 1.86 1.37 0.67 2.04 0.07 0.00 0.07 
1989 0.92 -0.07 0.85 0.61 0.00 0.61 0.25 0.00 0.25 0.00 0.00 0.00 
1990 2.04 -0.56 1.48 1.32 0.00 1.32 0.90 0.25 1.14 0,04 0.00 0.04 
1991 0.40 -0.11 0.29 0.16 0.00 0.16 0.09 0.00 0.09 0.00 0.00 0.00 

Min. 0.04 -0.56 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Max. 4.51 10.29 13.23 3.00 2.94 4.89 2.74 11.41 14.15 0.25 0.29 0.40 
Mean 1.26 2.05 3.31 0.80 0.66 1.46 0.58 3.15 3.72 0.03 0.03 0.06 

Std.dev 1.14 3.49 4.22 0.78 0.97 1.41 0.69 4.20 4.61 0.07 0.08 0.13 
CV(%) 91.04 169.95 127.65 97.23 146.63 96.48 119.49 133.30 123.80 225.54 257.58 217.23 



The average annual sediment yield estimated by CREAMS is not significantly 

different (p>0.05) to the observed sediment yield. Maximum difference between 

observed and simulated sediment yield is 0.491 ha"^ yr'^ on watershed WS5. 

The channel activity, determined as the residual between sediment yield and 

overland erosion indicates net erosion within the main channel of all watersheds 

(Table 6.16). This outcome is not consistent with the trend obtained from 

measurements of cross sectional volumes (Table 4.5). It is difficult to determine 

the reasons for this, given the CREAMS calculated sediment yield is not 

significantly different than the measured sediment yield, and there is close 

agreement between the CREAMS calculated overland erosion and the erosion 

estimated using the USLE (Table 6.11). 

The greatest difference between measured and modeled estimates of channel 

erosion occurred on watershed WS5 (Table 6.16). On this watershed, the 

calculated overland erosion was 9.121 ha"^ compared to the USLE estimate of 

19.481 ha"^ for the period 1976-1991 (Table 6.11). As a consequence of the 

underestimation of overland erosion, calibration of the CREAMS model to match 

sediment yield may have resulted in an overestimation of the channel erosion. It 

is also possible that the USLE estimates of overland erosion used to calibrate 

CREAMS may generally underestimate erosion on rangelands, as suggested by 
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others (Osborn et al. 1976; Simanton et al. 1980; Simanton and Osborn 1983; 

Osborn and Simanton 1989). In addition, CREAMS calculates the erosion for a 

single main channel. The degree of channelization is considerably more 

developed in watershed WS5, and to a lesser extent in watershed WS8, 

compared to the other watersheds. 

The calculations of annual channel erosion highlight the skewness of erosion 

events. For example. Table 6.16 shows that the channel erosion in watersheds 

WS8 and WS5, which displayed the highest average annual values, exceeds 0.5 

t ha'^ on only six and eight occasions, respectively, during the 16 years of model 

simulation. For the remainder of the time, erosion is either less than 0.5 t ha'^ or 

there is net deposition within the channel. The ratio of annual overland to 

channel erosion ranged from 0.18 (WS5) to 1.21 (WS7). 

6.5 Chapter Summary 

A simple and complex simulation modeling approach is used to quantify the 

decision variables for runoff, peak rate of runoff, ANPP, sediment yield and 

channel erosion. The simple modeling approach uses the NRCS techniques to 

define runoff Curve Number and unit peak runoff, and the RUSLE and the 
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MUSLE models. The complex modeling approach uses the CREAMS hydrology 

and erosion models to quantify the decision variables. The simple models were 

not calibrated to examine their performance in data limited situations. In 

contrast, the CREAMS models were calibrated and validated using 16 years of 

measurements from the experimental watersheds on the Santa Rita 

Experimental Range. Optimized parameters were determined from a plot of the 

ratio between total simulated and total observed values (x-axis) versus the 

coefficient of model efficiency (y-axis). 

CN mean annual runoff and calculated annual ANPP are not significantly 

different to measured values of runoff and ANPP, however estimates of annual 

maximum peak rate of runoff and sediment yield are significantly different than 

measured values. When measured storm event peak runoff is used, the 

calculated sediment yield using MUSLE remained significantly different than 

measured sediment yield. Estimates of channel erosion are similar to the 

measured values obtained by changes in channel volume, however this may be 

attributed to the relatively small differences between MUSLE and RUSLE. 

Following calibration, CREAMS model estimates of annual runoff, annual 

maximum peak rate of runoff (except for YL+M and YL-M), annual sediment yield 

and annual ANPP are not significantly different than measured values. Net 
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channel erosion is not consistent with the trends observed from measurements 

of cross-sectional volumes. This maybe due in part to the estimates of overland 

erosion using the USLE and the assumption that a single main channel is 

responsible for the activity. A comparison of average annual values for each 

decision variable estimated using the simple and complex modeling approaches 

is given in Table 6.17. The simple models are considerably easier to operate 

than the complex models, although no record was kept of the time spent in 

defining the average annual values for each decision variable. 

TABLE 6.17 Summary of simple and complex estimates of average annual 
values for the decision variables. 

DECISION SIMPLE MODEL COMPLEX MODEL 

VARIABLE YL+M YL-M ROT+M ROT-M YL+M YL-M ROT+M ROT-M 

WS8 WS7 WS5 WS6 WS8 WS7 WS5 WS6 

Sediment 
Yield (t ha"') 

0.53" 0.43* 0.25* 0.0* 3.31 1.46 3.72 0.06 

Cliannel 
Erosion(t ha"') 

0.32 0.30 -0.03 -0.13 2.05 0.66 3.15 0.03 

Runoff 
(mm) 

28.21 23.54 18.15 3.18 30.15 24.43 17.07 1.49 

Peak Runoff 
(mm hr') 

11.74* 9.05* 5.21* 0.70* 39.06* 32.59* 18.91 2.82 

ANPP 
(g m"^) 

102.8 135.2 90.6 128.5 104.2 130.9 94.7 128.5 

1. Significantly different (p<0.05) than measured value. 
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CHAPTER 7 

EVALUATING RESOURCE MANAGEMENT SYSTEMS 

USING THE P-DSS 

7.1 Introduction 

This Chapter presents the results of the P-DSS analysis when the decision 

variables are parameterized with information from measured data, expert opinion 

and simulation models. The preferred altemative system is identified using three 

ranking methods and compared to the preferred resource management system 

obtained through direct ranking of experts. 

7.2 Score Values and Importance Orders 

This section provides a brief summary of the raw data values for each of the 

decision variables parameterized by the information sources. 
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7.2.1 Comparison of average annual values 

Figure 7.1 compares the average annual values for six decision variables for 

each resource management system. As it is not possible to simulate range 

condition or wildlife habitat index values for javellna or quail, the measured data 

information source is used to parameterize the decision variables for the simple 

and complex model information sources. For this reason, the values for range 

condition given by simple and complex models are blank in Figure 7.1. 

Figure 7.1 displays the similarity in trends and values for the decision variables 

parameterized from measured and complex model information, with the 

exception of the channel erosion. The simple model parameterization is also 

similar in trend to the measured values. The simple model parameterization 

underestimates sediment yield and peak runoff, although the value for channel 

erosion is a closer estimate of the measured value compared to expert opinion 

and complex model sources. Expert opinion appears to underestimate the 

values for sediment yield, runoff and peak rate of runoff, but overestimate 

channel erosion and range condition. The parameterization of ANPP is 

remarkably similar for all information sources (Figure 7.1). 
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SEDIMENT YIELD (t/ha) CHANNEL EROSION (tAia) 

MEASURED EXPERT SIMPLE COMPLEX 

^YL+M ^YL-M QROT+M ^ROT-M 
MEASURED EXPERT SIMPLE COMPLEX 

^YL+M ^YL-M QROT+M ["JROT-M 

DEPTH OF RUNOFF (mm) 

MEASURED EXPERT SIMPLE COMPLEX 
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10 • 

PEAK RUNOFF RATE (mm/hr) 

olMk-J 
MEASURED EXPERT SIMPLE COMPLEX 

|yl+M ^YL-M QROT+M [^ROT-M 

40 
RANGE CONDITION (%) 

MEASURED EXPERT SIMPLE COMPLEX 

^YL+M ^YL-M QROT+M ^ROT-M 

ANPP (g/m*2) 

MEASURED EXPERT SIMPLE COMPLEX 

|YL+M ^YL-M QROT+M ^ROT-M 

FIGURE 7.1 Average annual values for management systems using information 
from measured data, expert opinion, simple and complex models. 
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7.2.2 Annual values, score shapes and parameters 

Tables 7.1 to 7.4 list the average annual, minimum and maximum values for 

each decision variable for the conventional management system (yearlong 

grazing with mesquite retained) for measured data, expert opinion, simple and 

complex simulated models, respectively. Details of the score shapes and 

threshold parameters used are also given. 

For consistency, the same score shapes are used for like decision variables. 

For example, the same score shape for sediment yield is used for measured 

data, expert opinion, simple and complex models. However, two score shapes 

are used for the wildlife decision variables. For measured data, simple and 

complex models, the wildlife habitat evaluation guide is an Index with a score 

shape of 'more is better', whereas the responses obtained from the expert 

survey for quail and javellna are given In terms of the number of animals per 

kilometer transect, and uses a 'desirable range' score shape. Runoff also uses 

a 'desirable range' score shape. 

7.2.3 Calibration of P-DSS for expert values 

The survey of experts provided average annual values for the yearlong grazing 
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TABLE 7.1 Results of measured values and score shapes for yearlong grazing 
with mesquite (conventional). 

DECISION MEASURED VALUES SCORE THRESHOLD 

VARIABLE Average Minimum Maximum SHAPE SETTING 

Sediment 
Yield(t ha"') 

3.67 0.01 10.52 MIW' no upper 

lower 

Channel 
Volume (t ha'^) 

-0.86 1 o
 

5.0 MIW no upper 

lower 

Runoff 
(mm) 

30.1 0.0 115.0 DR^ 

lower 

Peak Runoff 
Rate (mm hr'^) 

23.6 0.2 78.0 MIW no upper 

lower 

Range 
Condition (%) 

11 0 100 MIB^ no upper 

lower 

ANPP 
(g m'yO 

102.3 54.8 163.6 MIB no upper 

lower 

W.H.E.G* 
Gambels quail 

0.59 0.0 1.0 MIB no upper 

lower 

W.H.E.G. 
javelina 

0.76 0.0 1.0 MIB no upper 

lower 

1. More is Worse score function shape 2. Desirable Range score function shape 

3. More is Better score function shape 4. NRCS Wildlife Habitat Evaluation Guide 
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Table 7.2 Results of discipline expert opinion (knowledge level > 7) for decision 
variable values and score shapes for yearlong grazing with mesquite 
(conventional). 

DECISION DISCIPLINE EXPERT OPINION SCORE THRESHOLD 

VARIABLE Average Minimum Maximum SHAPE SETTING 

Sediment 
Yield (t ha"') 

3.1 1.4 9.2 MlW no upper 

lower 

Channel 
Volume (t ha'^) 

4.5 1.9 14.7 MIW no upper 

lower 

Runoff 
(mm) 

16.7 0.0 36.7 DR^ 

lower 

Peak Runoff 
Rate (mmhr"') 

10.1 0.0 27.0 MIW no upper 

lower 

Range 
Condition (%) 

33 20 52 MIB^ no upper 

lower 

ANPP 
(g m-^ yr') 

102.0 43.0 173.0 MIB no upper 

lower 

Gambels quail 
(#/km 

transect) 

7.0 0.3 16.7 DR 

lower 

Javelina 
(#/km 

transect) 

0.8 0.0 2.5 DR 

lower 

1. More is Worse score function shape 2. Desirable Range score function shape 

3. More is Better score function shape 
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TABLE 7.3 Results of simple model values and score shapes for yearlong 
grazing with mesquite (conventional). 

DECISION SIMPLE MODEL VALUES SCORE THRESHOLD 

VARIABLE Average Minimum Maximum SHAPE SETTING 

Sediment 
Yield(t ha"^) 

0.53 0.03 2.02 MIW' no upper 

lower 

Channel 
Volume (t ha'^) 

-0.32 -0.04 1.25 MiW no upper 

lower 

Runoff 
(mm) 

28.2 2.4 94.4 DR^ 

lower 

Peak Runoff 
Rate (mm hf^) 

11.7 0.6 43.7 MIW no upper 

lower 

Range 
Condition (%) 

11 0 100 MIB^ no upper 

lower 

ANPP 
(g m-^ yr') 

102.8 57.3 169.1 MIB no upper 

lower 

W.H.E.G'' 
Gambels quail 

0.59 0.0 1.0 MIB no upper 

lower 

W.H.E.G. 
javelina 

0.76 0.0 1.0 MIB no upper 

lower 

1. More is Worse score function shape 2. Desirable Range score function shape 

3. More is Better score function shape 4. NRCS Wildlife Habitat Evaluation Guide 
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TABLE 7.4 Results of complex model values and score shapes for yearlong 
grazing with mesqulte (conventional). 

DECISION COMPLEX MODEL VALUES SCORE THRESHOLD 

VARIABLE Average Minimum Maximum SHAPE SETTING 

Sediment 
Yie ld ( t  ha ' )  

3.31 0.04 13.23 MIW' no upper 

lower 

Channel 
Volume (t ha"') 

2.05 -0.56 10.29 MIW no upper 

lower 

Runoff 
(mm) 

30.1 1.2 104.7 DR^ 

lower 

Peak Runoff 
Rate  (mm hr ' )  

39.1 2.6 119.5 MIW no upper 

lower 

Range 
Condition (%) 

11 0 100 MIB^ no upper 

lower 

ANPP 
(g m'^yr'") 

104.2 61.8 144.4 MIB no upper 

lower 

W.H.E.G'' 
Gambels quail 

0.59 0.0 1.0 MIB no upper 

lower ' 

W.H.E.G. 
javelina 

0.76 0.0 1.0 MIB no upper 

lower 

1. More is Worse score function shape 

3. More is Better score function shape 

2. Desirable Range score function shape 

4. NRCS Wildlife Habitat Evaluation Guide 
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with mesquite retained land management system and qualitative evaluations of 

the alternative management systems relative to the conventional system. 

Therefore, it was necessary to derive average annual values for the three 

altemative management systems based on the relative assessments obtained 

through the survey. This was done by using the relative assessments as the 

score matrix and then iteratively adjusting the average annual value until the 

score matrix produced by the P-DSS matched the score matrix from the survey. 

The importance order for informed experts (I0#5) was used during the 

calibration of the P-DSS. The results of the calibration for the score matrix and 

the corresponding average annual values for each decision variable are given in 

Table 7.5. 

The manual calibration of the P-DSS provided close agreement between the 

relative assessment of the decision variables and the score matrix. Table 7.5 

shows the calibrated score values match the relative assessment to at least the 

second decimal place. Absolute values for the decision variables derived by 

calibration are used as the expert opinion values for YL-M, ROT+M and ROT-M 

in Figure 7.1. 



TABLE 7.5 Score matrix and average annual values for decision variables for alternative management systems 
following calibration of the P-DSS. 

DECISION ALTERNATIVE 1 ALTERNATIVE 2 ALTERNATIVE 3 

VARIABLE Yearlong - mesquite Rotation + mesquite Rotation - mesquite 

Survey P-DSS Annual Survey P-DSS Annual Survey P-DSS Annual 

Sediment Yield 0.500 0.500 3.10 0.450 0.450 3.19 0.375 0.380 3.31 

Channel 
Erosion 

0.500 0.500 4.50 0.400 0.401 4.91 0.330 0.331 5.22 

Runoff 0.530 0.530 16.20 0.500 0.500 16.70 0.400 0.399 18.40 

Peak Runoff 0.530 0.530 9.80 0.500 0.500 10.10 0.430 0.430 10.80 

Range 
Condition 

0.600 0.607 34.4 0.480 0.484 32.80 0.660 0.661 35.15 

ANPP 0.580 0.581 106.8 0.500 0.500 102.0 0.580 0.581 106.8 

Gambels quail 0.530 0.532 7.21 0.500 0.500 7.00 0.570 0.572 7.48 

Javelina 0.470 0.474 0.76 0.500 0.500 0.78 0.500 0.500 0.78 



206 

7.2.4 Importance orders 

In operation, the ranking of management systems from the P-DSS depends on 

an importance order of the decision variables. For this study, five importance 

orders are identified. 

(i) Importance Order #1 is the default importance order based on the normalized 

slope of the score function at the point of the average annual value for the 

current management system. 

(if) Importance Order #2 considers all decision variables to be of equal 

importance, and therefore with a vector of equal weights. 

(iii) Importance Order #3 is defined by the aggregate of the rankings of the 

decision variables based on the expert survey. 

(iv) Importance Order #4 is defined as the aggregate of the ranked decision 

variables weighted by the self-assessed knowledge level of each expert. 

(v) Importance Order #5 is defined as the aggregate of the ranked decision 

variables for experts with a self-assessed knowledge level of 7 or greater 

for the decision variable. 

While the source of information provided different ranking of the decision 

variables for importance order I0#1 (default), importance orders I0#3 to I0#5 as 
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defined by the expert survey, reflect professional judgnnent of the ordinal ranking 

of the decision criteria that are considered to be the most important in 

developing a resource management system. The results of ranking the decision 

variables for importance orders I0#1 (default), I0#3,10#4 and I0#5 are given in 

Table 7.6. Importance order I0#2 gives equal importance to all decision 

variables and is not included in Table 7.6. 

The default ranking of decision variables gives greater weighting to sensitive 

variables based on the normalized slope of the score function. The results 

indicate runoff is a sensitive decision variable for information sources of 

measured data, simple and complex simulation modeling (Table 7.6). However, 

from the expert survey, sediment yield, channel erosion and ANPP are more 

important and receive higher rank orders. In the opinion of the experts 

surveyed, runoff and wildlife habitat receive lower rankings of importance. 

7.3 Identifying Preferred Resource Management Systems 

The P-DSS is used to identify the preferred resource management system given: 

(i) four current and alternative resource management systems 



Table 7.6 Importance orders for the decision variables used in the P-DSS. 

RANK I0#1 (DEFAULT) IMPORTANCE ORDER IMPORTANCE ORDER 

Measured Expert Simple Complex I0#3 I0#4 I0#5 

1 RangeCon Runoff RangeCon RangeCon SedYield SedYield SedYield 

2 Channel Quail Runoff Runoff RangeCon Channel Channel 

3 Runoff Channel SedYield Channel Channel, 

ANPP' 

RangeCon ANPP 

4 QPeak SedYield QPeak SedYield ANPP RangeCon 

5 SedYield Javelina Channel QPeak Runoff QPeak QPeak 

6 ANPP QPeak ANPP ANPP QPeak Runoff Javelina 

7 Quail RangeCon Quail Quail Quail Quail Quail 

8 Javelina ANPP Javelina Javelina Javelina Javelina Runoff 

1. Channel erosion and ANPP given equal importance. 
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(ii) information derived from four information sources 

(iii) five importance orders 

(iv) three methods to rank preferred alternatives. 

The results of best and worst composite scores and ranking of preferred systems 

for management systems using the average of best and worst composite scores, 

the Euclidean distance and the LAP method for the measured data information 

source are given in Table 7.7. The results of the P-DSS analysis for the expert 

opinion, simple and complex simulation modeling information sources are given 

in Tables 7.8 to 7.10, respectively. Outcomes from the P-DSS are discussed 

according to dominance and identification of the "best'" resource management 

system. 

7.3.1 Complete dominance of resource management systems 

When the worst score for an alternative is greater than the best score of another 

alternative, the first alternative dominates the second alternative for the given 

importance order. This is because the weights on the decision variables can not 

be adjusted to give a higher score for the second alternative than the first 



Table 7.7 Best and worst composite scores and rankings for management systems using measured data. 

MANAGEMENT COMPOSITE SCORES AND DERIVATIONS RANK ORDER OF SYSTEMS 
IMPORTANCE 

ORDER SYSTEM best worst average r theta region of rank av.(b+w) r LAP 
dominance 

IO#1 YL-M 0.815 0.571 0.693 0.467 21.67 0.163 1 YL-M YL-M YL-M 
default ROT-M 0.990 0.373 0.682 0.627 44.09 0.070 2 ROT-M ROT-M YL+M 

ROT+M 0.752 0.307 0.530 0.736 25.31 0.047 3 ROT+M YL+M ROT-M 
YL+M 0.500 0.500 0.500 0.707 0.00 0.125 4 YL+M ROT+M ROT+M 

10 #2 YL-M 0.571 0.571 0.571 0.607 0.00 0.163 1 YL-M YL-M YL-M 
equal ROT-M 0.518 0.518 0.518 0.682 0.00 0.134 2 ROT-M ROT-M ROT-M 

importance YL+M 0.500 0.500 0.500 0.707 0.00 0.125 3 YL+M YL+M YL+M 
ROT+M 0.412 0.412 0.412 0.832 0.00 0.085 4 ROT+M ROT+M ROT+M 

lO #3 ROT-M 1.000 0.518 0.759 0.482 45.00 0.134 1 ROT-M YL-M YL-M 
aggregate YL-M 0.929 0.571 0.750 0.435 35.60 0.163 2 YL-M ROT-M ROT-M 
of ranking YL+M 0.500 0.500 0.500 0.707 0.00 0.125 3 YL+M YL+M YL+M 

ROT+M 0.553 0.308 0.431 0.824 12.14 0.047 4 ROT+M ROT+M ROT+M 

lO #4 ROT-M 1.000 0.518 0.759 0.482 45.00 0.134 1 ROT-M YL-M YL-M 
w1. knowledge YL-M 0.929 0.571 0.750 0.435 35.60 0.163 2 YL-M ROT-M ROT-M 
of aggregate YL+M 0.500 0.500 0.500 0.707 0.00 0.125 3 YL+M YL+M YL+M 

ROT+M 0.434 0.199 0.317 0.981 9.75 0.020 4 ROT+M ROT+M ROT+M 

10 #5 ROT-M 1.000 0.518 0.759 0.482 45.00 0.134 1 ROT-M YL-M YL-M 
discipline YL-M 0.929 0.571 0.750 0.435 35.60 0.163 2 YL-M ROT-M ROT-M 
experts YL+M 0.500 0.500 0.500 0.707 0.00 0.125 3 YL+M YL+M YL+M 

ROT+M 0.453 0.199 0.326 0.970 10.67 0.020 4 ROT+M ROT+M ROT+M 



Table 7.8 Best and worst composite scores and rankings for management systems using expert opinion. 

IMPORTANCE MANAGEMENT COMPOSITE SCORES AND DERIVATIONS RANK ORDER OF SYSTEMS 
ORDER SYSTEM best worst average r theta region of rank av.(b+w) r LAP 

dominance 

IO#1 ROT-M 0.982 0.538 0.760 0.462 42.77 0.145 1 ROT-M ROT-M ROT-M 
default YL+M 0.500 0.500 0.500 0.707 0.00 0.125 2 YL+M YL+M YL+M 

ROT+M 0.500 0.449 0.475 0.744 2.78 0.101 3 ROT+M ROT+M ROT+M 
YL-M 0.513 0.338 0.426 0.822 8.66 0.057 4 YL-M YL-M YL-M 

IO#2 YL-M 0.532 0.532 0.532 0.662 0.00 0.142 1 YL-M YL-M YL-M 
equal YL+M 0.500 0.500 0.500 0.707 0.00 0.125 2 YL+M YL+M YL+M 

importance ROT-M 0.482 0.482 0.482 0.733 0.00 0.116 3 ROT-M ROT-M ROT-M 
ROT+M 0.479 0.479 0.479 0.737 0.00 0.115 4 ROT+M ROT+M ROT+M 

lO #3 YL-M 0.554 0.500 0.527 0.670 3.27 0.125 1 YL-M YL-M YL+M 
aggregate YL+M 0.500 0.500 0.500 0.707 0.00 0.125 2 YL+M YL+M YL-M 
of ranking ROT-M 0.570 0.380 0.475 0.755 10.26 0.072 3 ROT-M ROT-M ROT+M 

ROT+M 0.472 0.445 0.459 0.766 1.43 0.099 4 ROT+M ROT+M ROT-M 

10 #4 YL-M 0.547 0.500 0.524 0.675 2.82 0.125 1 YL-M YL-M YL+M 
wt. knowledge YL+M 0.500 0.500 0.500 0.707 0.00 0.125 2 YL+M YL+M YL-M 
of aggregate ROT-M 0.567 0.313 0.440 0.812 12.78 0.049 3 ROT-M ROT+M ROT+M 

ROT+M 0.472 0.398 0.435 0.801 3.75 0.079 4 ROT+M ROT-M ROT-M 

IO#5 YL-M 0.547 0.500 0.524 0.675 2.82 0.125 1 YL-M YL-M YL+M 
discipline YL+M 0.500 0.500 0.500 0.707 0.00 0.125 2 YL+M YL+M YL-M 
experts ROT-M 0.559 0.313 0.436 0.816 12.30 0.049 3 ROT-M ROT+M ROT+M 

ROT+M 0.472 0.398 0.435 0.801 3.75 0.079 4 ROT+M ROT-M ROT-M 



Table 7.9 Best and worst composite scores and rankings for management systems using simple models. 

IMPORTANCE MANAGEMENT COMPOSITE SCORES AND DERIVATIONS RANKING SYSTEMS 
ORDER SYSTEM best worst average r theta region of rank av.(b+w) r LAP 

dominance 

IO#1 ROT-M 0.990 0.495 0.743 0.505 43.87 0.123 1 ROT-M ROT-M YL-M 
default YL-M 0.815 0.524 0.670 0.511 23.76 0.137 2 YL-M YL-M YL+M 

ROT+M 0.752 0.446 0.599 0.607 20.88 0.099 3 ROT+M ROT+M ROT-M 
YL+M 0.500 0.500 0.500 0.707 0.00 0.125 4 YL+M YL+M ROT+M 

10 #2 ROT-M 0.629 0.629 0.629 0.525 0.00 0.198 1 ROT-M ROT-M ROT-M 
equal ROT+M 0.623 0.623 0.623 0.533 0.00 0.194 2 ROT+M ROT+M ROT+M 

importance YL-M 0.524 0.524 0.524 0.673 0.00 0.137 3 YL-M YL-M YL-M 
YL+M 0.500 0.500 0.500 0.707 0.00 0.125 4 YL+M YL+M YL+M 

lO #3 ROT-M 1.000 0.629 0.815 0.371 45.00 0.198 1 ROT-M ROT-M ROT-M 
aggregate ROT+M 0.916 0.612 0.764 0.397 32.78 0.187 2 ROT+M ROT+M ROT+M 
of ranking YL-M 0.757 0.524 0.641 0.534 17.96 0.137 3 YL-M YL-M YL-M 

YL+M 0.500 0.500 0.500 0.707 0.00 0.125 4 YL+M YL+M YL+M 

10 #4 ROT-M 1.000 0.629 0.815 0.371 45.00 0.198 1 ROT-M ROT-M ROT-M 
wt. knowledge ROT+M 0.958 0.623 0.791 0.379 38.64 0.194 2 ROT+M ROT+M ROT+M 
of aggregate YL-M 0.757 0.524 0.641 0.534 17.96 0.137 3 YL-M YL-M YL-M 

YL+M 0.500 0.500 0.500 0.707 0.00 0.125 4 YL+M YL+M YL+M 

lO #5 ROT-M 1.000 0.629 0.815 0.371 45.00 0.198 1 ROT-M ROT-M ROT-M 
discipline ROT+M 0.958 0.623 0.791 0.379 38.64 0.194 2 ROT+M ROT+M ROT+M 
experts YL-M 0.757 0.524 0.641 0.534 17.96 0.137 3 YL-M YL-M YL-M 

YL+M 0.500 0.500 0.500 0.707 0.00 0.125 4 YL+M YL+M YL+M 



Table 7.10 Best and worst composite scores and rankings for management systems using complex models. 

IMPORTANCE MANAGEMENT COMPOSITE SCORES AND DERIVATIONS RANKING SYSTEMS 
ORDER SYSTEM best worst average r theta region of rank av.(b+w) r LAP 

dominance 

IO#1 ROT-M 0.990 0.495 0.743 0.505 43.87 0.123 1 ROT-M YL-M YL-M 
default YL-M 0.815 0.550 0.683 0.487 22.65 0.151 2 YL-M ROT-M YL+M 

ROT+M 0.752 0.336 0.544 0.709 24.52 0.056 3 ROT+M YL+M ROT-M 
YL+M 0.500 0.500 0.500 0.707 0.00 0.125 4 YL+M ROT+M ROT+M 

10 #2 ROT-M 0.626 0.626 0.626 0.529 0.00 0.196 1 ROT-M ROT-M ROT-M 
equal YL-M 0.582 0.582 0.582 0.591 0.00 0.169 2 YL-M YL-M YL-M 

importance YL+M 0.500 0.500 0.500 0.707 0.00 0.125 3 YL+M YL+M YL+M 
ROT+M 0.448 0.448 0.448 0.781 0.00 0.100 4 ROT+M ROT+M ROT+M 

IO#3 ROT-M 1.000 0.626 0.813 0.374 45.00 0.196 1 ROT-M ROT-M ROT-M 
aggregate YL-M 0.918 0.582 0.750 0.426 33.90 0.169 2 YL-M YL-M YL-M 
of ranking YL+M 0.500 0.500 0.500 0.707 0.00 0.125 3 YL+M YL+M YL+M 

ROT+M 0.564 0.334 0.449 0.796 11.79 0.056 4 ROT+M ROT+M ROT+M 

IO#4 ROT-M 1.000 0.626 0.813 0.374 45.00 0.196 1 ROT-M ROT-M ROT-M 
wt. knowledge YL-M 0.918 0.582 0.750 0.426 33.90 0.169 2 YL-M YL-M YL-M 
of aggregate YL+M 0.500 0.500 0.500 0.707 0.00 0.125 3 YL+M YL+M YL+M 

ROT+M 0.496 0.264 0.380 0.892 10.60 0.035 4 ROT+M ROT+M ROT+M 

10 #5 ROT-M 1.000 0.626 0.813 0.374 45.00 0.196 1 ROT-M ROT-M ROT-M 
discipline YL-M 0.918 0.582 0.750 0.426 33.90 0.169 2 YL-M YL-M YL-M 
experts YL+M 0.500 0.500 0.500 0.707 0.00 0.125 3 YL+M YL+M YL+M 

ROT+M 0.497 0.264 0.381 0.891 10.65 0.035 4 ROT+M ROT+M ROT+M 
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alternative (Yakowitz et al. 1993). When dominance occurs, there is no need to 

use a ranking method. As a step towards identifying the preferred management 

system, Table 7.11 lists the management systems that dominate the current 

system of yearlong grazing with mesquite retained. 

TABLE 7.11 Resource management systems that dominate the conventional 
management system. 

IMPORTANCE 

ORDER 

INFORMATION SOURCE 

Measured Expert Simple Complex 
Data Opinion Model Model 

#1 

YL-M ROT-M YL-M YL-M 

#2 

YL-M YL-M ROT-M ROT-M 
ROT -  M ROT +  M YL-M 

YL -M 

#3 

YL-M -  ROT-M ROT-M 
ROT -  M ROT +  M YL-M 

YL-M 

#4 

YL-M -  ROT-M ROT-M 
ROT -  M ROT +  M YL-M 

YL -M 

#5 

YL-M -  ROT-M ROT-M 
ROT -  M ROT +  M YL-M 

YL -M 

With the exception of the expert opinion information source, and the default 

importance order, there are at least two management systems that dominate the 
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current management system. When measured data and complex models are 

used to quantify the decision variables, YL-M and ROT-M dominate the current 

management system of YL+M (Table 7.11). For the resource manager, this 

outcome suggests that either system is preferred to the current system, although 

no attempt is made to distinguish between these two preferred alternatives. The 

simple model information source identified all the management systems as 

dominating the current management system, giving the planner further options 

for choice. Where the decision variables are of equal importance (I0#2), the 

yearlong grazing with mesquite removed (YL-M) dominates the current 

management system regardless of the information source. 

On the basis of dominance over the current system, the results in Table 7.11 

indicate that measured and complex modeling information sources provide the 

same outcomes when using the P-DSS. When information from simple modeling 

is used, the outcome from the P-DSS yields all three alternatives as dominating 

the current system. For the default importance order, YL-M is identified as the 

only dominating management system by the measured data, simple and complex 

information sources. 

Absolute dominance occurs when the worst composite score is greater than the 

best score of all the other feasible alternatives. The results of the P-DSS 



216 

analysis in Tables 7.7 to 7.10 show that absolute dominance only occurs for 

importance order I0#2. For this importance order, YL-M absolutely dominates 

the other alternatives for the measured data and expert opinion information 

sources, while ROT-M absolutely dominates the other alternatives for the simple 

and complex information sources. The ROT-M treatment absolutely dominates 

the other alternatives for the default importance order, but only for the expert 

opinion information source. 

7.3.2 Identifying the "best" management system 

As no single management system is consistently dominant, there is a need to 

employ the ranking methods to differentiate between the alternatives and 

provide some assistance to the decision maker. Table 7.12 lists the highest 

ranked or "best" system for each of the three ranking methods according to the 

five importance orders. 

Table 7.12 provides an insight to the interactions between information source, 

ranking method and importance order when identifying a preferred management 

system. First, with the exception of the default importance order (I0#1) ranked 
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TABLE 7.12 Highest ranked management systems for each ranking method. 

RANKING IMPORT. INFORMATION SOURCE 

METHOD ORDER' Measured Expert Simple Complex Frequency^ 

Average 1 YL-M ROT-M ROT-M ROT-M ROT-M 

Score 2 YL-M YL-M ROT-M ROT-M P 

3 ROT-M YL-M ROT-M ROT-M ROT-M 

4 ROT-M YL-M ROT-M ROT-M ROT-M 

5 ROT-M YL-M ROT-M ROT-M ROT-M 

Euclidean 1 YL-M ROT-M ROT-M YL-M / 

Distance 2 YL-M YL-M ROT-M ROT-M / 

3 YL-M YL-M ROT-M ROT-M / 

4 YL-M YL-M ROT-M ROT-M / 

5 YL-M YL-M ROT-M ROT-M / 

LAP 1 YL-M ROT-M YL-M YL-M YL-M 

Method 2 YL-M YL-M ROT-M ROT-M / 

3 YL-M YL+M ROT-M ROT-M ROT-M 

4 YL-M YL+M ROT-M ROT-M ROT-M 

5 YL-M YL+M ROT-M ROT-M ROT-M 

1. Importance order. 

2. Management system with highest frequency across the information sources. 

3. Indicates equal frequency count between YL-M and ROT-M. 
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by the Euclidean distance, the results from the simple and complex simulation 

model information sources are identical in nominating ROT-M as the preferred 

management system. This outcome is consistent across importance orders I0#2 

to I0#5. 

Second, with regard to the importance orders derived from expert opinion (I0#3 

to I0#5), the average of the best and worst composite scores yields ROT-M as 

the best system for measured data, simple and complex modeling infonnation 

sources. However, when the Euclidean distance method is used to rank 

alternatives, YL-M is consistently identified for measured data and expert 

opinion information sources, but ROT-M is identified for simple and complex 

modeling infonnation sources. There is some similarity in the outcomes between 

the Euclidean distance method and the LAP method, at least for measured data, 

simple and complex modeling information sources. Table 7.12 shows that ROT-

M is the most frequently identified preferred management system across all 

information sources, ranking methods and importance orders. 

7.3.3 Aggregating importance orders and ranking methods 

To obtain a clearer indication of the role of the information source on the P-DSS 

analysis, outcomes of ranked management systems are aggregated across 
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importance orders and ranking methods. This is done using a frequency of rank 

method (Imam 1994). This method of aggregation determines the frequency 

with which Alternative joccupies the rank rfor each importance order and 

ranking method. Hence, the method assumes equality among the importance 

orders and ranking methods. The results of the frequency counts are supplied in 

Appendix H and a summary is given in Table 7.13. 

The aggregation analysis shows that YL-M is the preferred management system 

based on measured data and expert opinion, however ROT-M is the preferred 

management system based on simple and complex simulation modeling 

(Table 7.13). The ROT-M system is ranked second for measured data but is the 

least preferred management system based on the analysis of the expert opinion. 

On the basis of this analysis, the results indicate no difference in the most 

frequently ranked preferred system using measured data and expert opinion. 

Similarly, there is no difference in the most frequently ranked preferred system 

when simple and complex models are used to quantify decision variables, 

although the outcome is different to that when measured data or expert opinion 

are used. 
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TABLE 7.13 Summary of frequency counts for ranked preference. 

(a) MEASURED DATA 

RANK YL+M YL-M ROT+M ROT-M RANK OF SYSTEM 

1 - 12 - 3 YL-M 

2 1 3 - 11 ROT-M 

3 13 - 1 1 YL+M 

4 1 - 14 - ROT + M 

(b) EXPERT OPINION 

RANK YL+M YL-M ROT+M ROT-M RANK OF SYSTEM 

1 3 9 - 3 YL-M 

2 12 3 - - YL+M 

3 - - 8 7 ROT + M 

4 - 3 7 5 ROT-M 

(c) SIMPLE MODEL 

RANK YL+M YL-M ROT+M ROT-M RANK OF SYSTEM 

1 0 1 - 14 ROT - M 

2 1 2 12 - ROT+M 

3 0 12 2 1 YL-M 

4 14 - 1 - YL + M 

(d) COMPLEX MODEL 

RANK YL+M YL-M ROT+M ROT-M RANK OF SYSTEM 

1 - 2 - 13 ROT - M 

2 1 13 - 1 YL-M 

3 13 - 1 1 YL + M 

4 1 - 14 - ROT + M 
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7.3.4 Comparison with expert survey 

Table 7.14 compares the preferred management systems obtained by 

aggregation of the information sources to the results of direct ranking of 

management systems obtained from the survey of experts. The opinion of 

experts is given in three forms, namely the opinion of all experts surveyed, the 

opinion of discipline experts, and the opinion of the expert with the highest 

knowledge level of the decision variables. 

The comparison of information sources shows that ROT-M is the preferred 

management system among all direct forms of expert opinion and the simple and 

complex modeling information sources. Table 7.14 also shows that the 

preference ranking of management systems for the experts (all of the survey and 

the subset of discipline experts) and the outcomes from the P-DSS using simple 

simulation methods are identical. Further, the 'most' knowledgeable expert 

recommends ROT-M and YL-M as the two preferred systems, and this is 

ident i f i ed  by  the  P -DSS us ing  the  complex  s imula t ion  mode l .  Tab le  7 .14  

indicates that the measured data source also identified these management 

systems, although in a different order to that given by the knowledgeable expert 

and the complex model information source. 



TABLE 7.14 Comparison of preferred resource management systems obtained from the expert survey and for 
measured data, expert opinion, simple and complex modeling information sources. 

RANK OF RESULTS FROM EXPERT SURVEY INFORMATION SOURCE 

MANAGEMENT All Discipline Highest KL Measured Expert Simple Complex 
SYSTEM Experts Experts Expert Data Opinion Model Model 

1 R O T - M  R O T - M  R O T - M  Y L - M  Y L - M  R O T - M  R O T - M  

2 ROT + M ROT + M Y L - M  R O T - M  YL + M ROT + M Y L - M  

3 Y L  - M  Y L  - M  ROT + M YL + M ROT + M Y L - M  YL + M 

4 YL + M YL + M YL + M ROT + M R O T - M  YL + M ROT + M 
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7.4 Chapter Summary 

The P-DSS is used to select the preferred management system from four 

feasible grazing and vegetation manipulation systems. The evaluation 

incorporated eight decision variables, each quantified using information from 

measured data, expert opinion, simple and complex simulation models, five 

importance orders and three methods of ranking. The importance orders are 

based on the default importance order, equal weighting of importance, and the 

opinion of experts. 

The selection of alternative management systems that dominate the current 

management system of yearlong grazing with mesquite retained differ among the 

information sources. YL-M and ROT-M dominate the current system of YL+M 

when the decision variables are quantified using measured data and complex 

models, however all three alternative management systems (YL-M, ROT+M and 

ROT-M) dominate YL+M when simple models quantify the decision variables. 

Management systems that dominate YL+M are not influenced by the importance 

order of the decision variables, with the exception of the default importance 

order. 
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The results from the P-DSS were aggregated across the importance orders and 

ranking methods, and a frequency of rank was used to identify the preferred 

management system. These results indicate that YL-M is the most frequently 

ranked preferred system using measured data and expert opinion, however 

ROT-M is the most frequently ranked preferred using simple and complex 

models. If the definition of the selection is broadened to include the two highest 

ranked systems, there is greater similarity between the measured data and the 

complex modeling information sources than among the simple modeling and 

expert opinion information sources. 

Ranking of the management systems using simple models matched the ranking 

provided by direct opinion of the experts (all of the experts and the subset of 

discipline experts), while the ranking of the most preferred management systems 

using complex models matched the ranking of the management systems given 

by the expert with the highest self-assessed level of knowledge of the decision 

variables. There is agreement between measured data, complex models and 

the most knowledgeable expert for the identification of the two most preferred 

management systems. 
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CHAPTER 8 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

8.1 Summary 

The objectives of this research were: 

(i) to develop a conceptual framework to link the broad-based, qualitative 

resource management evaluation system of the CPPE matrix to the 

quantitative, reproducible P-DSS with embedded decision theory. 

(ii) to test the new methodology by evaluating alternative resource management 

systems for a site representative of semi-arid rangelands in southern 

Arizona. 

(iii) to evaluate the sensitivity of the P-DSS to information sources (measured 

data, expert opinion, simulation models), and 
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(iv) to evaluate the effect of model complexity on simulating watershed 

responses and quantifying the decision variables in the P-DSS . 

A brief discussion and summary follows that addresses each of these objectives. 

8.1.1 Conceptual linkage of the CPPE with the P-DSS 

The first two objectives were achieved by employing eight broad category 

decision variables to evaluate four range management practices. The concept 

of the CPPE planning process is to formulate and evaluate management 

alternatives that give equal attention to soil, water, air, plants and animal 

resources, although air was not considered important for the particular 

application on the Santa Rita experimental watersheds. The eight decision 

variables and four management systems used in this study are by no means 

exhaustive of resource management systems or measurable criteria applicable 

to rangelands. However, the results indicate the potential for combining biotic 

and abiotic resources in an objective and quantitative manner to rank 

management systems. 

The methodology of the P-DSS should be readily acceptable to decision makers 

and interests groups because it contains many of the concepts currently being 

promoted as indicators of sustainability. The Society for Range Management, 
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for example, Is subscribing to a site conservation threshold concept (Society for 

Range Management 1995) which resembles the score function types described 

in Chapter 3 as a component of the P-DSS. Further, the Committee on 

Rangeland Classification (National Research Council 1994) and the Committee 

on Long-Range Soil and Water Conservation (National Research Council 1993) 

recommend the use of multiple indicators to assess and judge the current quality 

of the physical resources. The benefit of the P-DSS is that it provides not only 

the framework to achieve these goals but also the methodology to compute and 

objectively identify a preferred management system from among alternatives. 

Despite the ability of the P-DSS to accommodate many decision variables, the 

indication from the expert survey suggests that, in the minds of this group of 

experts, the evaluation of management systems may rest with a few important 

decision variables. The determination of the importance orders (Table 5.3) 

shows that sediment yield was the single most important criteria, followed by 

channel erosion, range condition and ANPP. Depth of runoff, peak rate of runoff 

and wildlife habitat are of less importance. Consequently, the addition of further 

decision variables and the effort to quantify these variables for the P-DSS may 

be unwarranted, at least for this site. It is possible that the experts may have 

chosen other decision variables to the eight selected for this research, although 

this was not reflected in any of the comments returned with the survey. 
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Although the decision variables relating to wildlife habitat were ranked low in the 

importance orders (Table 5.3), the results of this research demonstrate the 

possibility of incorporating wildlife factors and socio-economic factors (for 

example, aesthetics, bird watching, recreational hunting) into the decision 

making process without the need to define these factors in economic terms. 

Provided an ordinal criteria scheme or an index like the NRCS Wildlife Habitat 

Evaluation Guide can be developed, such factors can be included as decision 

variables. 

8.1.2 Role of information sources 

Data sources play an important role in the determination of a preferred resource 

management system. Table 7.13 shows that the use of measured data and 

expert opinion provided the same outcome in identifying YL-M as the most 

frequently ranked preferred management system, whereas the most frequently 

ranked preference using simple and complex simulation models as information 

sources identified ROT-M. This outcome is based on the aggregation of 

importance orders and ranking methods. However, if the assessment is 

broadened to include the two highest ranked systems, a slightly different picture 

emerges regarding the agreement between information sources and the 

preferred management system. Now, there is a similarity of the outcomes from 

measured data and complex model, which identified YL-M and ROT-M and 
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emphasizing the control of mesquite trees over the type of grazing system used 

(Table 7.13). On the basis of dominance alone (Table 7.11), there is agreement 

between the measured data and complex model outcomes. On the other hand, 

using simple models as the information source identifies ROT-M and ROT+M, 

suggesting a preference for the rotation grazing system over mesquite control. 

Finally, the expert opinion for YL-M and YL+M indicates a preference for 

yearlong grazing rather than rotation grazing. 

The issue therefore is to ascertain real differences between alternatives. 

Although the alternatives may have proved to be better than the current system 

of YL+M (Table 7.11), absolute dominance by a single management system was 

not found (Tables 7.7-7.10). This may also be difficult to do in practice. 

Rangelands are complex systems where the interaction of the many biotic and 

abiotic components can disguise the effects of vegetation changes and warrants 

a cautionary interpretation of the literature (Branson 1985). 

When the outcomes are compared to the direct ranking of the management 

systems by the experts. Table 7.14 shows that ranking using simple models 

matched the ranking suggested by all experts and the discipline experts. 

However, the ranking of management systems using complex models as the 

information source agrees with the ranking of the four management systems by 



the expert with the highest knowledge level. The two highest ranked systems 

using the measured data source (YL-M and ROT-M) agrees with the expert with 

the highest knowledge level. 

Consideration of these outcomes yields two important conclusions. First, that 

there is general agreement between the ranking of management systems by 

direct expert opinion and the use of time series information (measured data, 

simulation modeling as information sources) to quantify the decision variables. 

This outcome validates the P-DSS as an aid to the decision maker. 

The second conclusion is that the information obtained from experts to quantify 

the decision variables in the P-DSS did not match their direct ranking of the four 

management systems. The survey was designed to extract information and 

judgments by experts for direct inclusion in the P-DSS. However, the fact that 

the outcomes did not match the direct ranking of the management systems 

represents a concern for future users of the technology. This may be 

attributable to one or more of the following reasons: 
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(i) misinterpretation of the sun/ey questions. It is possible that parts of the 

survey were not understood or that the expert was confused by the questions. 

This is not easy to detect, unless there is follow-up to confirm the responses. 

(ii) the sequence of questions in the survey may have contributed to possible 

misinterpretation. Perhaps it would have been better to focus on ranges of 

absolute values (maximum, minimum and average) of the current management 

system before questioning the relative assessment of the decision variables for 

each altemative management system. In addition, it may have been possible 

that some experts misunderstood the linkage between the relative assessment 

and the score function type in Part 2 of the survey. 

(iii) all the experts may not be familiar with the site conditions at the experimental 

watersheds. Although every effort was made to describe the physical setting of 

the experimental site (Appendix D), some decision variables are more site 

specific than others. For example, there are large differences between the 

expert judgment and measured values for channel erosion and for range 

condition (Table 5.2, Figure 5.1) whereas estimates of ANPP by the experts 

exhibit close agreement with measured and simulated average annual values 

( F i g u r e  7 . 1 ) .  
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Returning to Holling's (1978) diagrammatic relationship between understanding 

and data (Figure 3.1), it is possible to offer the following comments. First, an 

expert opinion being free of measured or simulated data can impart a high 

degree of understanding to the decision making process. Provided the expert is 

familiar with the site conditions and knowledgeable about the decision criteria, 

the understanding (in this case, the ability to rank preferred management 

systems) can be useful to the development of resource conservation systems. In 

the situation where a widespread conservation planning is required but no direct 

observed data are available, the use of expert opinion would be recommended. 

Second, for the five decision variables that were quantified using simulation 

models, it may be inferred that either simple or complex models advanced the 

level of understanding towards that of measured data, in accordance with the 

concept of Hollings. 

8.1.3 Simple versus complex modeling 

The final objective of this research was to examine the effect of model 

complexity in using the P-DSS. The results show that when importance orders 

and ranking methods are aggregated, information from simple and complex 

simulation models produce the same preferred management system. This is an 

interesting result given that the simple models are not calibrated and two of the 

decision variables (sediment yield and peak rate of runoff) are significantly 
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different than measured values (Table 6.17). In contrast, the complex models 

are calibrated using 16 years of measured data with peak rate of runoff for only 

two alternatives (YL+M, YL-M) being significantly different to the measured 

values. In this broad sense, model complexity improved model accuracy 

however there is a limited effect on the outcome from the P-DSS. 

However, it should not be concluded that simple models will always be 

equivalent to complex models and an element of caution is warranted before this 

outcome is extrapolated for future applications. Although average annual runoff 

is not significantly different than the runoff measured or calculated using 

CREAMS, other decision variables such as sediment yield and peak rate of 

runoff are significantly different from the measured values and the values 

simulated by the CREAMS model. For example, if sediment yield and annual 

peak runoff are given the two highest importance orders, then a different 

outcome from the P-DSS may occur as a consequence of model complexity to 

quantify the decision variables. In these circumstances, it would be advisable to 

use the complex model rather than the simple model to maintain data accuracy 

and reduce uncertainty in the decision. 

In addition, the evaluation of the feasible alternatives is relative to the baseline 

management system of YL+M, and for a given information source. However, if 
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there were a blending of infornnation sources (for example, if the decision 

variables were quantified using all information sources as depicted in 

Figure 3.3), or the relative assessment was replaced with an absolute 

assessment using a criteria or government standards for soil, water, plant or 

animal quality, then perhaps a different outcome would occur. 

Consideration should also be given to the possibility of further decision variables 

being incorporated into the decision process at a later stage. These additional 

decision variables may already be available within the complex model but not 

available from a simple modeling source. For example, if the list of decision 

variables is expanded to include deep drainage, crop growth, the composition of 

transported sediments, and chemical and nutrient transport, then simple model 

equivalents would need to be found. Other factors and constraints that need to 

be considered in the choice of a simple or complex modeling approach include: 

the ability of the model to represent the reality of the watershed at the site, data 

availability and representativeness for the decision variables (particularly for 

variables given a high ranking in the importance order), time and resources, and 

user experience with the model. 



8.1.4 The utility of a multi-objective DSS 

The value of a multi-objective decision support system is that the ranking of 

altemative management systems accommodates a broad range of criteria, and 

that the evaluation is objective, reproducible and scientifically defensible. 

Nonetheless, the question may arise as to whether the same outcome would be 

achieved had the alternatives been ranked according to a single decision 

variable. Table 8.1 shows the results of the "best" management system for each 

individual decision variable according to the score function type. The results 

indicate that ROT-M is the most frequently preferred management system for all 

information sources, although it is not the preferred management system for all 

decision variables. For example, ROT-M would not be the preferred 

management system if the decision is based on a single criteria using 

measurements of channel erosion or ANPP or wildlife habitat. In addition, when 

the single-objective analysis is extended to consider the rank ordering of the 

alternative management systems (and not just the "best"), there is further 

departure from the results obtained from the multi-objective analysis. 
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TABLE 8.1 Preferred management system associated for a single decision 
variable and score function type. 

DECISION SCORE INFORMATION SOURCE 

VARIABLE TYPE Measured Expert Simple Complex 
Data Opinion Model Model 

Sediment Yield MlW ROT-M ROT-M ROT-M ROT-M 

Channel Volume MIW YL-M ROT-M ROT-M ROT-M 

Runoff MIW ROT-M ROT-M ROT-M ROT-M 

Peak Runoff Rate MIW ROT-M ROT-M ROT-M ROT-M 

ANPP MIB^ YL-M ROT-M YL-M YL-M 

Range Condition MIB ROT-M ROT-M 

Gambels quail MIB YL+M ROT-M 

Javelina MIB ROT+M YL+M 

1. More is Worse score function shape 2. More is Better score function shape 

8.2 Conclusions 

The main conclusions that may be drawn from the research are: 

(i) the P-DSS provides a useful tool for evaluating alternative management 

systems that consider the physical resources of soil, water, plants and animals. 

The results show that the P-DSS can be linked to the broad-based planning 

matrix of the CPPE, and that the outcomes from the P-DSS are in agreement 
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with the opinion of experts. In this context, the P-DSS captures the expertise 

and performs in the way it was designed for a real problem. 

(ii) the three primary information sources of measured data, expert opinion and 

simulation models have a major effect on the identification of the preferred 

management system, and also on the rank order of the management systems. 

However, it is difficult to determine if the differences in rank order are real or just 

ordinal. Future applications of the P-DSS need to consider the source of 

information when interpreting the outcomes. While the outcomes from the P-

DSS are dependent on the source of information, the results from this research 

suggest that blending of information from measured data and complex simulation 

models provides the least degree of variation in the outcomes. 

(iii) on semi-arid rangelands with site and stocking conditions similar to the 

experimental watersheds at SRER, rotation grazing with mesquite removed is 

the preferred management system for conservation of physical resources. 

Yearlong grazing with mesquite removed may also be considered a preferred 

option to the current system of yearlong grazing with mesquite retained. 
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(iv) the calibration of simulation models with the intent to quantify decision 

variables using average annual values may be improved by considering the 

approach to identify the parameter optimality by plotting the result of the ratio of 

simulated to measured values (x-axis) against the coefficient of model efficiency 

(y-axis). 

(v) the LAP method provides a quantitative means of separating alternatives with 

the same average value but different sensitivities to the weighting vector. 

8.3 Recommendations 

Recommendations from this research focus on (i) the use of expert opinion; (ii) 

improving the quantification of P-DSS decision variables; (iii) the statistical 

separation of ranked alternatives; and (iv) future experimentation at the Santa 

Rita Experimentation Range. 

8.3.1 Use of expert information 

It is recommended that expert opinion be considered in the pre-analysis and 

post-analysis phases of the P-DSS. Expert opinion is an extremely valuable 
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source of information, and can be used to check the values of individual decision 

variables and the outcomes of the P-DSS. However, it is suggested that the 

opinions of experts not be used directly to quantify decision variables in the P-

DSS unless there is follow-up to minimize any misinterpretation of the P-DSS 

terminology. Alternatively, it may be possible for the experts to operate the P-

DSS directly, however this too would require close instruction while the user 

develops familiarity with the technology. 

8.3.2 Improving the quantification of decision variables 

Drawing on a broad range of professional backgrounds, the expert survey 

highlighted sediment yield, ANPP, channel erosion and range condition as 

decision variables that are important when evaluating natural resource 

management systems. Consequently, there is a need to ensure that methods 

used to quantify these variables are accurate and available to land use planners. 

Of these, sediment yield and channel erosion pose the greatest variation in the 

estimation of average annual values between the information sources 

(Figure 7.1), and therefore should attract the most attention for future research. 

The determination of range condition requires considerable field experience, 

particularly in regard to the assessment of the climax plant community as an 
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indication of the current quality of the rangeland site. It was not possible to 

model range condition, and so measured values were substituted in the P-DSS 

for simple and complex models as an information source. Consequently, field 

projects that attempt to introduce and monitor more quantitative measures of 

rangeland quality or rangeland health should be encouraged and supported with 

tandem research efforts to model the field-based indicators. 

Results from this research show that there is close agreement between the field 

determination of ANPP and the use of Equation 5 to calculate ANPP as a 

function of actual evapotranspiration. Future use of ANPP as a decision 

variable should be encouraged. 

8.3.3 A statistical basis for ranking alternatives 

There is a need to identify real differences among alternatives. This research 

indicate that significant differences in the values of decision variables as a 

function of their information source did not necessarily lead to a different 

outcome in the identification of the preferred resource management system. For 

example, the simple model estimates of peak rate of runoff and sediment yield 

are significantly different than the estimates for these decision variables using 

CREAMS without impacting on the selection of ROT-M as the preferred 



management system. This suggests that differences in the values of decision 

variables are dampened by the P-DSS analysis, and statistical differences in raw 

score values may not directly translate to statistical differences in rank ordered 

alternatives. 

As a research goal, it is recommended that a method be developed to calculate 

an index akin to the least significant difference (LSD) that would allow statistical 

separation of the composite score values for each altemative. Of the methods 

used in this study, the LAP method provides the most synthesis of information 

into a quantifiable value and therefore offers the greatest potential for further 

research on this topic. 

8.3.4 Field experimentation at SRER 

Long term watershed experiments are a key component to the success of multi-

objective decision support systems. Experimental field sites provide the primary 

information of the interactions between the basic physical resources and 

management systems. In addition, they are a location where the preferred 

management system identified by the P-DSS analysis can be implemented (if not 

already) and monitored. 
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It is recommended that the experimental watersheds at the SRER be used as a 

site to validate P-DSS outcomes for rangelands and to activate and link issues 

of rangeland health. Further, there is some possibility that the outcomes from 

the P-DSS analysis are influenced by site characteristics of the watersheds. A 

brief discussion of these two aspects follow. 

8.3.4.1 Suggested changes to the experimental design of the SRER watersheds 

The experimental watersheds at the SRER have now gathered 20 years (1976-

1996) of watershed responses to grazing and vegetation manipulation on 

rangelands. Responses of each watershed can now be quantified either by 

calibration with another watershed (Appendix A) or the use of a simulation model 

such as CREAMS. Hence, the experimental design can be altered with the 

confidence to quantify the watershed responses that would have occurred prior 

to the modifications. 

The research goal would be to isolate the practice and physical effects of the 

ROT-M treatment from watershed characteristics and to monitor rangeland 

treatments not currently evaluated. The following experimental design is 

suggested for a long-term framework for research on natural resource 
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conservation. Only the four watersheds used in this research (watersheds WS5-

WS8) are considered. 

(i) watershed WS5 be treated to remove mesquite, and thus become a validation 

site for the preferred management system of ROT-M. 

(ii) future experiments on watershed WS6 be developed to identify why the 

hydrologic responses differ from those on watersheds WS5, WS7 and 

WS8. This may include rainfall simulation experiments and 

characterization of the physical and hydraulic properties of the soil. 

(iii) watershed WS7 be fenced, reseeded to improve range condition and remain 

ungrazed for a period of at least 10-15 years before returning to a 

yearlong grazing system. 

(iv) watershed WS8 remained unchanged as a control watershed and be used 

as a basis to calculate pre-treatment responses on watersheds WS5 and 

WS7. 

Given the relatively small size of the experimental watersheds (1-4 ha), it would 

be advisable to instrument at least two larger watersheds, preferably with 

uniform grazing and vegetation control. Measurements from the nested 

arrangement of watersheds would contribute to the understanding of scale 
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effects of watersheds on physical responses and their impact on the outcomes 

from the P-DSS. 

In addition, there is a need for future research to determine and quantify the 

physical processes that contribute to the changes in runoff and sediment 

movement following the removal of mesquite. The reduction in runoff and peak 

rate of runoff may result from increases in leaf area and evapotranspiration. The 

decrease in sediment yield from the mesquite removed watersheds maybe 

associated with an increase in ground cover in both the upland areas and in the 

channel bottoms. These issues can be addressed using rainfall simulation and 

point infiltration measurements. The hydrologic considerations should be made 

in conjunction with vegetation (for example, vegetation type and form, coverage 

and spatial variability, biomass production) and ground cover (for example, type 

and form, litter, basal coverage, rock coverage) surveys as well as identifying 

the indirect effects of the mesquite canopy on surface soil characteristics. The 

research needs to consider the temporal variations in the watersheds as the 

indication from Tables 4.2 and 4.3 is that the mesquite removed watersheds 

(WS6 and WS7) did not always yield less runoff and have lower annual peak 

runoff rates compared to the mesquite retained watersheds. Notably, the 

maximum annual peak rate of runoff during the period of record (1976-1991) is 

associated with the YL-M (WS7) treatment (Table 4.3). 
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8.3.4.2 Multiple indicators of sustainability and interagency collaboration 

The experimental watersheds offer a unique opportunity in southern Arizona to 

implement the recommendations of the National Research Council Committee 

on Rangeland Classification (National Research Council 1994). They 

recommend that the meaningful determination of rangeland health be based on 

the evaluation of three criteria: (i) the degree of soil stability and watershed 

function; (ii) the integrity of nutrient cycling and energy flow, and (iii) the 

presence of functioning recovery mechanisms such as plant demographics, plant 

vigor and seed germination and establishment. Multiple indicators which need 

to be measured include: plant distribution, litter, rooting depth, photosynthetic 

rates, and spatial and temporal distributions of nutrient cycles (Table 2.1). 

The watersheds should also become a focus site for evaluating a common inter

agency site classification inventory, monitoring and assessment method. In 

particular, agencies have the opportunity to test and evaluate their assessment 

methods against measured data at an experimental site. 

8.3.5 Issues of scale 

The issue of scale is not addressed in this research. As natural resource 

management decision making expands to larger watersheds, there will be a 
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need to extrapolate existing field-scale models to a watershed scale or to wait for 

watershed scale models to be developed. In the interim, there is a need to 

validate the use of field scale or hillslope models at the larger scale and examine 

the issue of spatial and temporal variability of the decision variables on the 

outcomes from a decision support system. 
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APPENDIX A: 

ESTIMATION OF RUNOFF AND SEDIMENT YIELD 

A.I Introduction 

Missing values of runoff, peak rate of runoff and sedinnent yield from watersheds 

WS5, WS6, WS7 and WS8 are estimated using regression analysis. The 

approach and extent of missing values from the data set are described in this 

appendix. 

A.2 Estimating Depth of Runoff for Storm Events 

Runoff depth (mm) for individual events is estimated using three regression 

equations depending on the available data and conditions that provided the 

highest coefficient of determination (r^). The analyses for estimating runoff are 

based on non-estimated runoff events. Non-estimated events are defined by 

excluding those runoff events from the ARS Southwest Watershed Research 

Center database that contained estimates in: (i) starting time; (ii) timing errors or 

estimates of runoff flow height; (iii) rainfall event definition (where one runoff 
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event yielded two or more runoff events); and (iv) runoff event definition (where 

two rainfall events separated by more than two (2) hours are associated with a 

single runoff event). Approaches to defining the regression equations are: (i) 

watershed method; (ii) use of the USLE rainfall factor (R); (iii) rainfall variables: 

and (iv) peak flow during the event. 

A.2.1 Watershed method 

The four watersheds comprise two pairs of watersheds. The pairing can be 

made according to the manipulation of vegetation (with or without mesquite) or 

the grazing system (yearlong or rotation). Using the non-estimated data set, 

runoff events from each watershed are aligned for both vegetation manipulation 

and grazing system pairings. The results of the regression analysis for 

e s t i m a t i n g  t h e  d e p t h  o f  r u n o f f  a r e  g i v e n  i n  T a b l e  A 1 .  

A.2.2 Rainfall factor 

The second method to estimate runoff depth for events uses the USLE Rainfall 

Factor R. The Rainfall Factor is defined as the product of the total storm kinetic 

energy and the maximum 30-min. rainfall intensity (Wischmeier and Smith 1978). 

The units for R are converted from US customary units of hundreds ft.tonf.in 
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TABLE A1 Results of regression analysis for estimating depth of runoff (mm) 
using the watershed method. 

PAIRING 
TYPE 

WATERSHED 
PAIR 

r^ 

MEAN 
SQUARED 

ERROR 

REGRESSION 
EQUATION 

n 

Vegetation 

WS 5 and WS 8 
(with mesquite) 

0.9520 2.1494 WS8=1.8305*WS5 
+ 0.0749 

99 

WS 6 and WS 7 
(without mesquite) 

0.9502 0.0329 WS6=0.096rWS7 
-0.0731 

82 

Grazing 

WS 5 and WS 6 
(rotation systenn) 

0.8563 0.1204 WS6=0.1928*WS5 
-0.1946 

63 

WS 7 and WS 8 
(yearlong system) 

0.9603 1.8570 WS7=1.0956*WS8 
-0.6805 

122 

ac'Vhr"' to SI units of MJ.mm ha"\hr"' using the multiplier coefficient of 17.02 

(Renard et al. 1996). The results of the regression analysis using only the R 

factor as a predictor of runoff depth are given in Table A2. 

TABLE A2 Regression equations for estimating the depth of runoff (mm) using 
the rainfall factor as the independent variable. 

WS REGRESSION EQUATION MEAN SAMPLE 
SQUARED SIZE 

Coefficient Constant ERROR (n) 
WS5 0.0097 0.0756 0.8132 1.9913 136 
WS6 0.0024 -0.1253 0.6643 0.1620 1 1 6  
WS7 0.0181 -0.6422 0.7365 8.7711 174 
WS8 0.0176 -0.2211 0.8346 5.0050 156 
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A.2.3 Rainfall parameters 

Regression analysis is also performed using nine rainfall parameters which 

include the USLE Rainfall Factor (Table A3). The parameters are related to 

maximum rainfall intensity and the depth of storm rainfall. Two transformations 

are also included on the basis of earlier analyses that indicated reasonable 

predictors of event runoff, namely the square of maximum rainfall depth in 60 

minutes (Simanton and Osbom 1983) and the square of storm rainfall (Hawkins 

et al. 1995). 

TABLE A3 List of rainfall variables used in stepwise regression analysis. 

RAINFALL VARIABLE RAINFALL VARIABLE 
maximum depth in 5 mins (mm) 
maximum depth in 10 mins (mm) 
maximum depth in 15 mins (mm) 
maximum depth in 30 mins (mm) 
maximum depth in 60 mins (mm) 

depth of storm rainfall (mm) 
(depth of storm rainfall)^ (mm)^ 
(maximum depth in 60 mins)^ (mm)^ 
calculated rainfall factor R 

(MJ.mm ha"\hr"^) 

The predictive linear equations are developed using a stepwise regression 

analysis. Variables were accepted or rejected using an F-ratio test. Variables 

were then tested for significance using a 5% probability. The results of the 

analysis are given in Table A4. 
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TABLE A4 Regression equations for estimating the depth of runoff (mm) using 
nine rainfall variables. 

ws REGRESSION EQUATION r^ MEAN SAMPLE 
SQUARED SIZE 

Variable Coefficient ERROR (n) 
WS5 Constant 

RFactor 
0.3736 
-0.0278 

RAIN -0.1099 0.8758 1.3645 136 
(Rain)^ 

no 
0.0040 
0.1177 

(160)^ 0.0138 
WS6 Constant 

RFactor 
115 

0.1632 
-0.0119 
0.0504 

130 0.0839 0.8436 0.0789 116 
160 -0.1448 

(Rain)^ 
(160)^ 

0.0008 
0.0063 

WS7 Constant 2.5072 
RFactor 0.0068 0.8064 6.5211 174 

160 -0.3417 
(160)^ 0.0101 

WS8 Constant 1.6175 
RFactor 0.0246 0.8677 4.0548 156 

115 0.3730 
130 -0.5283 

A 2.4 Rainfall variables and peak flow 

Freimund (1992) lists several potential malfunctions in mechanical stage height 

water level recorders, including clock stoppage. In these situations, the pen 

trace on the chart will represent a peak height of flow rather than a storm 

hydrograph. The peak flow height can be used to calculate the peak rate of 

runoff using the stage-discharge relationship for the flume, and maybe useful in 
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the estimation of storm runoff. Therefore, regression equations are calculated 

using the nine rainfall variables given in Table A3 and the measured peak rate of 

runoff to estimate the depth of runoff. The results of the stepwise regression 

analysis are given in Table A5. 

TABLE A5 Regression equations for estimating the depth of runoff (mm) using 
nine rainfall variables and peak rate of runoff. 

WS REGRESSION r^ MEAN SAMPLE 
EQUATION SQUARED SIZE 

Variable Coefficient ERROR (n) 
Constant -0.4922 

WS5 RFactor -0.0019 
(RAIN)^ 0.0018 0.9301 0.7562 136 

Qp 0.3092 
Constant 0.1372 

WS6 RFactor 0.0020 
130 -0.0347 0.9074 0.0455 116 
Qp 0.2599 

Constant 1.6246 
RFactor 0.0116 

WS7 no -0.1945 0.9491 1.7255 174 
130 -0.2101 
Qp 0.5655 

Constant 1.8647 
WS8 RFactor 0.0197 0.9358 1.9693 156 

130 -0.3495 
Qp 0.2442 
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A.3 Estimation of Peak Rate of Runoff 

Peak rate of runoff (mm hr"^) for individual events is estimated using regression 

equations in an approach similar to that used to estimate runoff depth. The 

analyses for estimating peak rate of runoff are based on non-estimated runoff 

events. 

A.3.1 Watershed method 

The four watersheds are grouped according to the manipulation of vegetation 

(with or without mesquite) or the grazing system (yearlong or rotation). Using 

the non-estimated data set, runoff events from each watershed are aligned for 

both vegetation manipulation and grazing system pairings. The results of the 

regression analysis for estimating the peak rate of runoff are given in Table A6. 

A 3.2 Rainfall factor 

The USLE Rainfall Factor is used to estimate peak rate of runoff. The results of 

the regression analysis using only the R factor as a predictor of peak runoff are 

given in Table A7. 
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TABLE A6 Results of regression analysis for estimating peak rate of runoff 
(mm hr'^) using the watershed method. 

PAIRING 
TYPE 

WATERSHED 
PAIR 

r^ 

MEAN 
SQUARED 

ERROR 

REGRESSION 
EQUATION 

n 

Vegetation 

WS5 and WS8 
(with mesquite) 

0.8075 0.0315 WS8=1.0730-WS5 
+0.0952 

99 

WS6 and WS7 
(without mesquite) 

0.9126 0.0004 WS6=0.148rWS7 
-0.0107 

82 

Grazing 

WS5 and WS6 
(rotation system) 

0.9219 0.0004 WS6=0.1598*WS5 
-0.0173 

63 

WS7 and WS8 
(yearlong system) 

0.8400 0.0208 WS7=0.8118*WS8 
-0.0587 

122 

TABLE A7 Regression equations for estimating the peak rate of runoff (mm hr"') 
using the rainfall factor as the independent variable. 

WS REGRESSION r^ MEAN SAMPLE 
EQUATION SQUARED SIZE 

Coefficient Constant ERROR (n) 
WS5 0.0228 1.1468 0.8145 10.9532 136 
WS6 0.0048 0.0254 0.5076 1.2784 116 
WS7 0.0240 0.6853 0.7077 17.9268 174 
WS8 0.0251 3.1538 0.5310 45.4276 156 

A.3.3 Rainfall parameters 

A stepwise regression analysis to develop equations for estimating peak rate of 

runoff is performed using the nine rainfall parameters and the USLE Rainfall 

Factor given in Table A3. Variables are accepted or rejected using an F-ratio 
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test. Variables are then tested for significance using a 5% probability. The 

results of the analysis are given in Table A8. 

TABLE AS Regression equations for estimating the peak rate of runoff (mm hr"') 
using nine rainfall variables. 

ws REGRESSION r^ MEAN SAMPLE 
EQUATION SQUARED SIZE 

Variable Coefficient ERROR (n) 
Constant -0.0257 

5 RFactor -0.0245 
15 0.9937 0.8673 8.0194 136 

130 -0.3129 CM o
 

C
O

 

0-0230 
Constant 0.4976 

6 15 -0.3634 
110 0.3546 0.5736 1.1368 116 
160 -0.1224 

(160)^ 0.0034 
Constant 1.2267 

7 RFactor 0.0331 
(Rain)^ -0.0017 0.7430 16.0415 174 

no 0.6660 
130 -0.4879 

Constant -2.0747 
8 RFactor -0.0314 0.6553 33.8274 156 

no 0.9611 CM o
 

C
O

 

0.0213 
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A.4 Estimating Sediment Yield 

Regression equations are developed for estimating the sediment yield from the 

watershed for storm events when a malfunction in the equipment prevented the 

collection of sediment samples. Events where samples are available were 

screened to check the integrity of the samples. The screening process 

considered: (i) the distribution of samples throughout the hydrograph; (ii) the 

number of samples collected should be greater than four; (iii) the number of 

samples prior to the peak runoff; (iv) the number of samples after the peak 

runoff; (v) the weight of the sample as an indication of the fullness of the sample 

bottle; (vi) the duration of the sampling time relative to the duration of the runoff 

event; and (vii) the runoff discharge at the time of the last sample. This 

screening process eliminated many events where samples had been collected. 

A.4.1 Watershed method 

The elimination of sediment yield events prevented the option to use the 

Watershed Method as a means of estimating sediment yield. From the available 

data set, there were three events with corresponding sediment yield 

measurements from watersheds WS5 and WS6; two events with corresponding 

sediment yield measurements from watersheds WS5 and WS7; and nine 
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corresponding events with sediment yield measurements from watersheds WS5 

and WS8. There were no events from which sediment yield measurements are 

available from all four watersheds. 

A.4.2 Rainfall factor 

Regression equations for estimating missing sediment yield data are developed 

using the LISLE rainfall factor R. The results of the analysis are given in 

Table A9. 

TABLE A9 Regression equations for estimating the sediment yield (g ha"^) using 
the rainfall factor as the independent variable. 

ws REGRESSION EQUATION r^ MEAN SAMPLE 
SQUARED SIZE 

Coefficient Constant ERROR (n) 
WS5 29.16*10'' -2.601*10® 0.9250 3.479*10" 22 
WS6 1.870*10® 0.07517*10® 0.9597 1.170*10® 7 
WS7 8.240*10® -.20745*10® 0.8911 7.922*10® 7 
WS8 6.017*10® 2.535*10® 0.7732 1.714*10" 25 

A.4.3 Rainfall and runoff variables 

Regression equations to estimate sediment yield are also developed using 

rainfall and runoff variables. Variables considered in the regression are: (i) storm 

rainfall; (ii) USLE rainfall factor; (iii) depth of runoff; (iv) peak rate of runoff; 
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and (v) duration of the runoff event. The results of the stepwise regression 

analysis are given in Table A10. 

TABLE A10 Regression equations for estimating sediment yield (g ha"^) for 
runoff events using rainfall and runoff variables. 

ws REGRESSION 
EQUATION 

Variable Coefficient 

r^ MEAN 
SQUARED 

ERROR 

SAMPLE 
SIZE 
(n) 

5 
Constant 
QDepth 
RFactor 

-1.235*10® 
8.130*10® 
2279.87 

0.9597 1.970*10^' 22 

6 
Constant 
QDepth 
QPeak 

-4487.04 
21549.1 
96329.2 

0.9808 6.957*10^ 7 

7 
Constant 
QDepth 

-20744.9 
8.240*10® 0.8911 7.922*10® 7 

8 
Constant 
QDepth 
QPeak 

-1.485*10® 
1.779*10® 
3.761*10® 

0.8554 1.143*10" 25 

Mr. J. R. Simanton (USDA-ARS, personal communication, October 1995) found 

that the estimation of sediment yield from watersheds at Walnut Gulch is 

improved by forcing the regression model through the origin. Table A11 

provides the results of the stepwise regression analysis for estimating sediment 

yield at the Santa Rita watersheds when the regression model is forced through 

the origin. 
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TABLE A11 Regression equations for estimating sediment yield (g ha"^) using 
rainfall and runoff variables. Regression model forced through the origin. 

ws REGRESSION 
EQUATION 

Variable Coefficient 

r^ MEAN 
SQUARED 

ERROR 

SAMPLE 
SIZE 
(n) 

WS5 
QDepth 
RFactor 

5.723*10^ 
2466.29 0.9627 2.085*10" 22 

WS6 
QDepth 
QPeak 

62908.8 
70837.3 0.9864 7.201*10^ 7 

WS7 
QDepth 7.874*10® 0.9598 7.882*10^ 7 

WS8 
QDepth 
QPeak 
RFactor 

6.260*10® 
2.915*10® 
-750.49 

0.9218 9.870*10'° 25 

A.5 Procedure for Estimating Storm Runoff and Sediment Yield 

The regression models developed above pennit missing storm runoff and 

sediment yield data to be estimated. The regression model chosen depends on 

the type of measured data available for the event. Tables A12 to A14 give a 

dichotomous key for the selection of the regression model used to estimate 

depth of runoff, peak rate of runoff and sediment yield, respectively 
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TABLE A12 Dichotomous key for the selection of the linear regression model to 
estimate the depth of runoff for storm events. 

DEPTH OF 
RUNOFF 

KNOWN INFORMATION ON 
STORM EVENT 

RECOMMENDED METHOD 
OF ESTIMATION 

measured runoff from another 
watershed 

WATERSHED METHOD 
(Table A1) 

rainfall depth and intensity 
variables and peak flow 
height 

RAINFALL VARIABLE + 
OPEAK METHOD 

(Table A5) 

rainfall depth and intensity 
variables 

RAINFALL VARIABLE 
METHOD 
(Table A4) 

rainfall factor RAINFALL FACTOR 
METHOD 
(Table A2) 
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TABLE A13 Dichotomous key for the selection of the linear regression model to 
estimate peak rate of runoff for storm events. 

PEAK RATE 
OF RUNOFF 

KNOWN INFORMATION ON 
STORM EVENT 

RECOMMENDED METHOD 
OF ESTIMATION 

measured runoff from another 
watershed ? 

WATERSHED METHOD 
(Table A6) 

rainfall depth and intensity 
variables known? 

RAINFALL VARIABLE 
METHOD 
(Table A8) 

rainfall factor known? RAINFALL FACTOR 
METHOD 
(Table A7) 

TABLE A14 Dichotomous key for the selection of the linear regression model to 
estimate sediment yield for storm events. 

SEDIMENT KNOWN INFORMATION ON RECOMMENDED METHOD 
YIELD STORM EVENT OF ESTIMATION 

rainfall and runoff from RAINFALL AND RUNOFF rainfall and runoff from RAINFALL AND RUNOFF 
storm event METHOD 

(Table All) 

RAINFALL FACTOR 

rainfall factor 
METHOD 

rainfall factor (Table A9) 
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APPENDIX B: 

FIELD SURVEY OF PRODUCTIVITY AND RANGE CONDITION 

Field survey sheets of aboveground productivity and composition, and an 

assessment of the Natural Resources Conservation Service range condition for 

the Santa Rita experimental watersheds are given in this appendix. The survey 

was conducted by Mr. Dan Robinett, Range Conservationist, NRCS Tucson 

Field Office on August 9,1995. The value for range condition is recorded in 

Column 2, Line 9 of the field sheet. 
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WATERSHED 5 Rotation Grazing With Mesquite Retained 
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OwiwoedGNWR Hooe)Dut TILA2 Hairy bowfesU BGIN3 

Desert Lup  ̂LUSP2 Indianwheal FI.iN3 lxaibav(«edCTDCon CROOII 

Desert nun goM BAMU PatouMONU LipsUdcplant PLAR 

FtascricaTfodoa CUDI PunUoc PORTU PcppcnMod LELA 

Limbsqujxtas CHENO Soorptoa v«od FKACE Piefc-cne  ̂CRYPT 

Looovmrf ASTRA Spt'dcriine BOEHR RsOlexnakecarrDC DAFU3 

PqipcnmalLEVIM SpurteEUPHO Slender haplopappm KAGR 

Rockocs ARABl Summer peppy KACR Spiny haplopappus HASP2 

Scnccio SENEC Talmum TAAU Ttnsymusurd DEPI 
ThoUe CtNE WoolydaoyERlOP TraHinsrouro'elodc ALiN 

TwifileaTsenru CABA6 Wricht wbeu VEWR Wildbeui PHASE 
Wire Icllucc STPA4 YcrtM l̂c<wuda POGR5 TOa 

Slinibs and Trees 10-15% 

Fabe tnoqurle CAER Shfubby budmtol ERWR 5-10% 

Blue paloymle PAFL5 Coulter̂  bneU^Msh BR002 Meneuipalovecde PAAC3 1-3% •S" 
Bunovwjed HATE T Desot xtnna Z{PU Shortleafbaflchartf BABR 
CreytbemZIOB Fluop budcwheat ERFA SlenderJafMxsta JAGR 
Lonclcaf mormon u* EPTR Foufwing nhbmh ATCA2 Snakeweed GUSA2 
MesquaePRJU 2  ̂V« Soaptree yueei YUEL Snakeweed GUSA3 
Rjnge rauny KRPA Spreading niiay KRIA Vefw:(pod fnimaca MID Y 
Wah*t«bA auxnoa MIBD Taibush FLCE Wbitestem paperflower PSC02 

Whitdhacn teuu A0C02 Texu zinnU ZICR WoUbory LYQU 
Yert»^e-pasmo BATT 

Cor>phanuOORYP Chnflnus cboIU OPLE FtshhoolcbanclciausECWI i-yA 37« 
-=  ̂ • 

EhclenunPricUypcvOPEN f ^9 Hedgehog cteCus ECHIN3 PcncacboUa OPAR2 
ooocnioFOsn jumf̂ cholUOPFU | Socol DAWH2 
SOfihoRicboUa OPVE 

-
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WATERSHED 6 Rotation Grazing With Mesquite Removed 

D41-3 Sandyioatn Upland, 12-16" Pnxipitation Zone Average Annual Productioa 

RjuiCe Condition Ratins Wortshcct | Favorable Year 200aitas/ac 

Coodittoo Po  ̂ 26-30 Faff Sl>72Good 76<100 Exoellcnt Normal Year | nOOIbt̂ ac 

UnAvorsble Year 700llB/ac 

Datt Auc- "i-r" NRCO Ran«** î XTA 

Sic Number OOA Pasture Lejal Description 

SoU Slope TcchnieUn tjpri* T" 

EICVSCIOA Field Oflice Nfethod Used 

Actoail Prodactioo Conditioa ScoreC 23') 

Ccncnl Description tî eTlVTX iX ROFL.R'C'S' JTJJC moArftuirr'f ^^cS 1 56 •ft. 
(tvCSQ jcrt c,<-£Ma.^ aT) 'SPft-SJTSORI i _ 2-"5' HT6U 

Grasses and Grasslike 75-90% Potential EsCstinc Seorc 

Arizona oooontop D1CA8 | Cancbeanl̂ vs B0BA3 Sfdeoais gnnu BOCU 30-40% -T* 

BoQJefarush squtrrchatl SIHY PUra iovepvs ERIK 10-IS% 

BUci: grvTU B0ER4 Bush muhiy MUTOl Santa Riu threeavm ARGL6 10-20% 

Fallvntdtens LECO Slender grama BOFI Rechrodc gnna B0R02 5-10% 

SanddrapscoiSrCR 

Glue cnmx Q0CR2 Spnieelep granu BOCH Ifatrypvna BOHI2 10-13% 
WoUUn LYPH 

pubis brisllepia SEMA5 Green sprangfetop LEOH TanfiJehead HECOIO 5-13% 'IV-
Sand dropseed SPCR 

Aparqo gns K(UR£ CuHy mesquiu; HIBE Fluflpas TRPU2 1-3% •'A •a_ 
Blue (hreesvfn ARGL7 liairs panieum PAliA Poverty ttneawn ARDI5 
Moa drapsood SPFL2 Hirvaid (hreeawi ARBA SpA;e paitpusgris EKOE 
Red thrccavvn ARL03 Pima pappusgris PAMIB Woolen (hreeawn ARPA9 
Slun (ridott TRMU orwiu<;<i,vrS<rT. 1— 

Aanuil witdî is PACA6 Annual threesvm AROU Arizona panieum PAAR 1-5% 
Arizona breme BRAR4 Red spnngfetop LJEFI Feather nngerp^s CHVl 
Desert lovc îs ERAR Sixweefes (escue VUOC Mcxican spnngletop LEUN2 
Needle pica BOAR Southwest cup grus ERLEG Sucweefcs grama BOBA2 
Sixweeks threeawn ARAD Spreading lov^nss ERDt 

Forts 5-10% 

DeKrt elobenullow SPAM2 Ottaxis ARNE2 2 Tetnmeritim TEIil 3-10% 5"% <-
Rafwoed AMC03 {•/. Hairy evolvulous EVAR *7" Wild daisy ERDM 

SidaSIPR2 Indian root ARWR 2'V» 
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WATERSHED 6 Rotation Grazing Willi Mesquite Removed 

Foriis (cant) Po<efrtal Existin* Scofx 

Annual budcw4>eal ERJOG "p" Anmui asur ASTER Blanket flower GALU 1-5% S" 
AyenU AY£^  ̂ AnodiAKODA Bullflbree ERTE13 
AzcsHewnghtu CAAR7 Oigclow four o'dod; MIBIS Covcna BRPU2 

BihuBAAB CaH« Mxed A (̂PA Coyote melon CUPA "P* 

BtueOaxULE OiU SALVl Oc0use eriastnim ERD12 
Carpetweed MOVE ComburPECTO Evening primrose OEPR 

CalcfaflySlAN2 Oem serma CACO 16 FuJdleneek AMTE3 

Qunchweed PEPA2 Devils claw PRPA3 Gordons bladderpod LEGO 

Cud^McdGNWR Hone>Tnat TILA2 Hairybowlesu B01N3 

Desert Lupme LUSPZ [ndunwheal PL[N3 Leaiherwecd crocon CRCOll 

Ocscft maneofd BAK(U Paiou MONU L^Kttck plant PLAR 

Ftngerieif mdoa CUDI Purslane PORTU Peppervnod L£LA 

LifflbsquaftenCHENO •r" Scorpion wocd PHAGE Pi*cfc-me-aoC CRYPT 

Loco wwcd ASTRA Spaeiiing QOEHR "T" RaiUcsnake canot DAPU3 

Pcppovned LEVIM Spurcc EUPHO Slender haplopappus HAGR 

Rockocxx ARAfil Stttntcwr pofipy KAGR Spiny haplopappus HASP2 

Setieeio SEKEC Talinum TAAU Tansy muaard DEPI 

TTuale ONE Wooly daisy ERJOP Trsiltng (bur o'efodc ALIN 

Twuileafsam CAfiA6 Wri(̂ »t verbena VEWR Wtldbean PliASE 
Wire IcOuoe 5TPA4 Yoba-de-vcnado POORS C>NxPH»6L*Al£XLt> T" 

z?. Dftr-i'tA T 
ui{i'CCAr6a7^»^^Cj*ec<f'i (X 

Shrubs and Trees 10-15% 

False mesqurle CAER ShnibbybudcwtioiERWR -p 5-10% -r* T 

Blue (Mlo^wrde PAFL6 T* Couho  ̂bckUcbudi BRC02 Mexican paloverde PAAC3 1-5% Z'U 
Bufftfwced HATE Desert itnrua ZIPU Shortleafbaceharis BABR -7* 
GreytbomZIOB Fhflop budbkfteat ERFA Slendo ĵanusia MGR 
Longlcafmormon Icz EPTR 'f Fourwtne saltbush ATCA3 Snakeweed GUSA2 
Mexqufte PRJU | Soapiree yveea YllEL Snakeweed GUSA2 
Ringe many KR?A Spreading fiiany KRLA Velvdpod mmMsa MIDY 
WaiM-bh mmwsa MIBD Taibush FLCE WhHcdcm paperflower PSC02 

Whftethom aooa ACC02 Texas zinnta ZIGR WoUberry LYOU 
Ycrbs'̂ 'fusno BAPT ACA«UV T 

Coopfuflt̂ OOftYP ChrtSbnas cholU OPLE Fishhook band cacuis ECWI 1-5% T -T 
Enclanan Prickly pear OPEN Hedgehoccaeua ECHIH3 PencUcfaoUa OPAR2 
OoobUo F0SP2 iump  ̂ciiolU OPFU  ̂ Soiot DAWIU 
SU^nrn dwtla OPVE 

hiore: 

LGttA\/h4M -70 
Timnu^e-e.̂  T~ 
3o;m 1 ij^e,a/\KS ~ 
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WATERSHED 7 Yearlong Grazing With Mesquite Removed 

D41-3 Sandyloacn Upland, 12-16** Precipitation Zone Average Aiuwul Pc t̂teCion 

Rjui«eCoa<ficion Rating.Wortolicct | Favorable Year 20001bsrac 

Condition Po  ̂ 26-50 F«tr 5l->7SGood 76-100 Exedlcnl Normal Year 1200 Ibs/ac 

Unfavorable Year 700 (bs'ac 

Dale NRCO Rancli 

Site Number Oo"7 Pasture L^egaJ Deseripclon 

Soil .Slope TecJuueian 

Elc%-a(i«ci Field Oflicc Mccliod Used 

Acbul Production Condition Score (l5^J 
Ccficnl DocripCjon 9 ame C0.4TU»c-

* 

Grasses and Crassltkc 75-90% Potential Ezlstins Score 

Arizona eodontop DICAS Cinebcardens B0BA3 (*/« Sideoats gnma DOCU 30-40% \®/o I 

Boolcfanid) tquirrelun SIHY Plans lovegnssERIN 10.I5S 

BUck cnma BOER4 Bush nuihly K<Ur02 Santa Rita fhreeawn ARCL  ̂ 10-20% 

Fali witdigrvs LECO Slender grvna BOF1 Rothrodc^anu B0R02 5-10% 
Sand dropseed SrCR 

Blue granu BOCR2 Spnieelop enma BOCÎ  lla^grana Q01iI2 10-12% 
WoUUn LYPH 

Plains fariflle^ss SEMAS Green sprancletop LEOtI Tanelefaead KECOlO S-15% Z-
Sand dropseed STCR 

Aparejo gris MURE Curly mesquhe lUBE Ruflpass TRPU2 1-3% 
Blue threeawm ARCL7 HalTs paniotm PAitA Poverty ihreeavim ARD15 
Mesa dfoptced SPFL2 Harvard threeavm AREA Spike pappuipas ENDE 
Red ihreeawn AiUj03 Pima pappusgrsss PAXIU3 WooCen ihreeavm ARPA9 
Slim tridem TRMU 

AoDual wttchgras PACA6 Annual threoMffi AROL Arizona panicum PAAR 1*5% 
Aroooa braroe BRAR4 Red spnnglctop LEFT Feather fafitrp'ac CHVI 
OcMt love9:«s ERAR Sucweci:s fexeue VUOC Mexican spnngletop LEUN2 
Needle pvna BOAR Southwest cuppass ERLEC SixvKoeks ̂ ima 60BA2 
Sucviweks (hreea%vn ARAD Spreading love îss ERDI 

Forbs 5-10% 

Ooert globcniallow SPAM2 Oitaxts ARHE2 Tctnmerium TEHI 3.10% 
Ragweed AMC03 Hatry evolvulous EVAR Wild daisy ERDM 
Sida SIPR2 Indian fool ARWR 
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WATERSHED 7 Yearlong Grazing With Mesquite Removed 

Fori)s (cont) Potential EsSstSn* See re 

Annual bucicvifieat ERIOC Annual aster aster Blanket fio%wer CALLI 1-5% 11 "/a <-

AycniaAYENI AnodaANOOA Bull niaree ERTE13 
Az eario>wn^n CAAR7 Bigclow lour o'eiod; MIBIS Covcna BRPU2 
Bahia DAAB Carles weed AMPA Coyo(e melon CUPA 

Blue flix LXLE ChuSALVI Dtfiiise eriastnim ERD[2 

Ca/petwoed MOVE ComburPECTO Evening primrose OEPR 

CaiehnySlAm Oesm senna CAC016 Rddlcnedk AMTE3 

Chindiwfeod PEPA2 OevflscUwPRPA2 Gonloas bladderpod LEGO 

Cudwcal GNWR Hone>'mal T1LA3 Ha  ̂bowfesia BOIN3 

Desert Lupine UUSPS [ndiamntieal PUN3 LeaihenMeed crocon CROOII 

Doert mancold DAMU PaioUMOKU Lfpsbdc plant PLAR 

Fcngerieaf melon CUDl Punlane PORTU Peppovmod LELA 

[junbsquartcn CHENO Scorpion weed PHAGE Picfc-mc-ooC CRYFT 

LOOO%veed ASTRA Spidotinc BOEHR Rsolemake carrot DAPU3 

Pepperweed LEVIM SpurceEUPHO Slendcrhaplopappus HACR 

Rocfccras ARAQt Summer poppy KAGR Spiny haplopappus HASP2 

Senedo SEKEC Talinura TAAU Taasymttsurd DEPI 
Thtfiie ONE Wooly daisy ERIOP Trailing lour o'clock ALIN 
Twrmleaf senna CABA6 Wn'cht verbena VEWR Wild bean PHASE 
WfreleOuoeSTPAA Vafa-de-«cttsdo POORS 

Shrubs and Trees lO-IS®  ̂

False mesquite CAER t Vm. Shnibby buckwheat ERWR S-10% 1°/. \ 

Blue palo«cr̂  PAFLS CouUo  ̂briddcfaudt BR002 Mexicm paJoverde PAAO U 3% 4 
Burro wreed KATE Desert zinnia ZIPU ShonleaTbaocharis BAOR 
Grcythora ZIOB Flaflop bucfcwheal ERFA Slenderjanusia JAGR 
Longkaf mormon tea EFTR Fourwing talUxoh ATCA2 Snakeweed GUSA2 
Mesquite FRJU Soapiree yueca YUEL Snakeweed CllSAJ 
Ranee ratanyKRPA Spreading raUny KRLA Velvelpod tnunosa MIDY 
Waft*«4rl mtmoca MIBO Taibttsh FLCE Whrtcflffp paperilower PSC02 
Whildfiorn aeacia A0C02 Tacas zinnia ZIGR WoUbeny LYCIU 
Yerba '̂pasmo BAPT 

CoryphanUCORYP Qtftsbnas cfioUaOPLE Ftshbook barrel cactus ECWl l'5% •> -

Engfeman PnddypearOPEN Kedgehoe cadus ECH1N3 Pencil diolla OPAR2 
Oootaic FOSP2 -r— Jumping cboUa OPFU Socol DAW112 
SUt̂ nrndMlUOPVE 

/VLOTIR L&Hmir'Jn La4e6ai Ln^K 
L^^S-Ca(\S. I N 7V 
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WATERSHED 8 Yearlong Grazing With Mesquite Retained 

D41-3 Sandyloam Upland, 12-16" Precipitation Zone Aver̂ Se Annual ProducCjon 

Ran*c Con4icion RaCtn* WorfoticcC j Favorable Year 7000 Ifai/ac 

CondllnnCUacsT^JP ,̂ 2«-S0Fiir 51-73 Good 76-100 Exodloit Nonnal Year | ISOOIbs^sc 

Un/avonble Year 700fbs/2c 
0«« AUC.'R'S' NRCD R*n€h SVVfiTia /ZriTfi-
Sic Number y Ar̂ 'SHfO ooft Pasture Le^al Description 

Soa Sl«pe Technician 

ElevaCioa Fidd omce Method Used 

Adoal Producfioo CoodiUoa Seore  ̂| ( ) 
CcfKnl Description p t. 6<tA 

Grasses and Grasslikc 7S-90% Potcfitlal Eilsdn* Score 

Arizona eeoocrtop OICAS Cane beanigras B0BA3 Sideaats grama BOCU "T  ̂ 30-40% -r* -r" 

BoOlcbntsh squtrrduil SIHY Plattts lo^^gns ERIN 10-15% 

BUdc eramx B0ER4 / •/̂  Bush muhly MUPOl Santa Rita threeawn ARCL6 10-20% IV. 

FaUwhdigras LECO Slender grima DOH Rothrodcpvna 0ORO2 S.10% 
Sind dropseed SPCR 

Blue gnnu DOGR3 Spriioelop pama BOQi Hairy pama BOHll 10.13% 
WoUUn LYPH 

PUtns britfle^us SEX(A2 Green spraogjelop LEOU Tanglefacad HECOlO 5-15% 
Sand dropseod SPCR 

Apirgo gns MURE Curiymoqufte HIBE Rungraa TRPU2 1-5% 
Btue threeavm ARCL7 Hairs panieum PAHA Poverty fhrceawn ARD15 
Mca dropseed SPFL.2 Harvard ihreeavm ARBA Spike pappusgras EKOE 
Red ihreeavffi AR1J03 Puna pappus^as PAMU3 Woolen threavm ARFA9 
Slim tndens TRMU 

Aanual vvitdî as PACA6 Annual threeavm AROU Arizona panieum PAAR 1-5% 
Arizona bnxne BRAR4 Red ipringktop LEFl Feather Cngogras CHVl 
Ocsot lovtgris ERAR Sixwedcz fescue VUOC Mejdcan qirangletop LEUK2 
Noodle gruna BOAR Soutfawetf cuppas ERIXC Sixweeks pama B0BA2 
Sixvvedcs (hr«ea«m ARAD Spreading lovcens ERDl 

Forbs S-10% 

Desot globcmallow SPANH Ditaxis ARNE2 Tetramerium TEHl 5-10% 
Ragweed AMC03 liatryevolwlotts EVAR Wilddaixy ERDM 
Sida SirR2 Indian root ARWR 
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WATERSHED 8 Yearlong Grazing With Mesquite Retained 

Forbs (cont) Po<cnt(al Existing Scorc 

Annua] budOKbeat ERJOG Annuli asier ASTER Blanket flower CALU 1-3% 

Aycnia AYENl AjtodaANODA But! Tiiarce ERTE13 

A£ oHowrightn CAAR7 Bigeiow (bar o'clock MIBIS Covena BRPIC 

BahaBAAB Carkss WQCD AMPA Coyote RKIOQ CUP A 

BIucOixLILE ChaSALVI Dtlltae cnastAitn ERDI2 

CinxtweedMOVE ComburPECTO Evening primrose OEPR 

CudiflyStANZ Doot seruu CACO16 Ftddlowek AXfTES 

OuDchwced PEPA2 Devils cUwPR?A2 Gordons bladdspod LEGO 

CiKfweedCKWR Honej'mal TU.A2 Hairy bowlesia BOIN3 

Desert Lupine LUSP2 Indiana-beat PLIN3 Lxalhcrweed croton CRCOll 

Desert manB0(4 BAMU PaiotaMONU Lrpsbck plant PLAR 

Ftngcrleaf meioo CUDl Purslane PORTU Pqipcrweed LELA 

Luidisquanm CKENO Soorpioa wood PHAGE Picfcwflot CRYFT 

Looowecd ASTRA Spiderltnc B0E1-{R RatllcBuke carrot DAPU3 

Pqipcrweed LEVIM Spurge EU?HO Stotderhaplopappus HACR 

Rodccres ARABI Summer poppy KACR Spoiyhaplopdippus HASP2 

Senecio SEKEC Talioum TAAU Tinsy mustard DEPI 

Ihhtic ONE Wooly daisy ERIOP Trailing lour o'clock AUK 

Twinleaf senna CABA6 Wrî tf wbena VEWR Wild bean PHASE 

Wire teCUice STPA4 Yerba-de-voiado POGR5 

Shrubs and Trees 10-15% 

False mesqurte CAER | Shrubby budcwtieu ERWR 5-10% iV^ 1 

Blue paloverde PAFL6 Coulto  ̂brkfclcbush BRC02 Mexiaui paloverde PAAC3 1-5% 3lVo i' 
Butrawoed HATE "x— Desot zinnia ZIPU Shortleafbaeduru BABR 
GreytiiomZIOB FUiiop buckwhol ERFA Slenderjanusu JAGR 
Lottglcaf (zxymon tea EPTR Foufwiftg saltbush ATCA2 Snakeweed CUSA2 
Mesqurte PfUU Soaptrce yuoea YUEL Snakeweed GUSA3 
Range ralany KRPA Spreading ralany KRIA Velvctpod mimota MIDY 
Waj(H<  ̂nwQOtt MIBD Tarbosh FLCE Whitaiem paperflower PSC02 
Whitdbom aeieia ACC02 Texas zirsua ZIGR WoUbeny LYOU 
YcHM^<fUsmo BAPT 

CoryphamaCORYT Chridnus dtolU OPl£ Fishhook barrel cactus ECWl -7  ̂ 1-5% 4V. 4 • 
En^onanPncicJy pear OPEN Hedgefoog cactus ECHtN3 Pcndl dboUa 0PAR2 
OooOlk) F0SP2 iunptngchotUOPFU t̂ Vn Sotol DAWH2 
StachomcholUOPVE 

AJOT-L 

F?OC.n-
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APPENDIX C: 

WILDLIFE HABITAT EVALUATION FOR GAMBEL'S QUAIL 

AND JAVELINA 

This Appendix provides the results of the Natural Resources Conservation 

Service Wildlife Habitat Evaluation Guide (WHEG) for Gambel's quail and 

javelina. The survey was conducted on watersheds WS5, WS6, WS7 and WS8 

at the Santa Rita Experimental Range. 
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U. S. Departmsnr of Agricuitiire AZWHEG - 6 
Soil Conservation Service 1/92 

WILDLIFE HABITAT EVALUATION GUIDE FOR GAHBEL'S QUAIL 
ARIZONA 

OWNER/USER.. .. .UNIT. 

LOCATION... .. WS.S. + .V/$. ̂  .T R 

OBSERVER HAP NO 

ASPECT WHEG NO 

DATE 

HOME RANGE 

50 acres (500 yards in diameter) 

RATING 
Factor Component Value Planned Applied 

Cover 1. /I of an area in shrub and 
tree thickets greater than 
10 acres and/or contiguous 
with thickets greater than 
10 acres. 

a. More than 501i .8 - 1.0 
b. 25X - kn. .1* - .7 
c. 0 - 2W 0 - .3 
b. 25X - t9X .1* - .7 f?*"? 

Cover Type 2. a. Trees and shrubs more .8 - 1.0 
than 6 feet tall - Hesquite. 
Palo Verde, Sahuaro, or 
Willow, Cottonwood, or 
Orchard. 

b. Shrubs less than 6 feet .<» - .7 
tall - Sagebrush, creosote 

bush, cropland. (P 'S 
c. Shrubs and forbs less 0 - .3 

than 3 feet tall, (Jrasslands, 
coniferous forest. 
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U. S. Department of Agriculture AZWEG - 6 
Soil Conservaton Service 1/92 

WILDLIFE HABITAT EVALUATION GUIDE FOR GAMBEL'S QUAIL 
ARIZONA 

Factor 

Edge Effect 3. 

RATING 
Component 

The % of an area that 
is edee between forb/legimie 
food/cover and the shrub 
and tree thickets 

Value Planned Applied 

(Linear Feet) 

a. 6 • 
b. 3 - - 5 X  

c. 0 - 2X 

. 8  -
.1* -

• 0 -

1 . 0  
.7 
.3 

0 - q  

Food 

Water 

Forb/leeume/seed food sources 
(includes crops) 

a. Food abundant, adjacent to 
thickets .8 -

b. Food abundant, no further 
than 600' from thickets .4 -

c. Food items scarce and/or 0 -
lacJcing diversity and more 
than 1/3 mile from thickets 

Distance to open water from 
dense cover (thickets) 

1 . 0  

.7 

.3 

a. less than ISO' 
b. ISO' - 500' 
c. 600' 

.8 - 1.0 
- .7 

.0 - .3 
0-Z 



U. S. Department of Agriculture 
Soil Conservation Service 

SCORING FOR GAHBEL'S QUAIL HABITAT 
ARIZONA 

Rating Rating 
Comoonent Planned Aoolied Weight 

1. Cover . . . . .  P . - .7 .  X 2 

2. Cover Type 
0-% 

X 2 

3. Edge } 1 1 1 X 1 

Food ..... OjZ 
X 3 

5. Water c z. 
X 2 

Overall Score = Sum = 0' Sum 

10 
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U. S. Department of Agriculture AZWHEG - 6 
Soil Conservation Service 1/92 

WILDLIFE HABITAT EVALUATION GUIDE FOR GAMBEL'S QUAIL 
ARIZONA 

OWNER/USER. UNIT. fKP7y¥J7P//. 

LOCATION. . .VyS. V .f. .yyS . .T R 

OBSERVER.. MAP NO 

ASPECT WHEG NO 

DATE.. 

HOME RANGE 

50 acres (500 yards in diameter) 

RATING 
Factor Component Value Planned Applied 

Cover 1. % of an area in shrub and 
tree thickets greater than 
10 acres and/or contiguous 
with thickets greater than 
10 acres. 

a. More than SOX .8 - 1.0 
b. 25% ' itSX .!* - .1 n -9 
c. 0 - 2W 0 - .3 

Cover Type 2. a. Trees and shrubs more .8 - 1.0 
than 6 feet tall - Mesquite, 
Palo Verde, Sahuaro, or 
Willow, Cottonwood, or 
Orchard. 

b. Shrubs less than 6 feet .i* - .7 
tall - Sagebrush, creosote 
bush, cropland. 

c. Shriibs and forbs less 0 - .3 
than 3 feet tall. Grasslands, 
coniferous forest. 

O ' l  
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U. S. Department of Agricuitiire AZWEG - 6 
Soil Conservaton Service 1/92 

WILDLIFE HABITAT EVALUATION GUIDE FOR GAMBEL'S QUAIL 
ARIZONA 

RATING 
Factor Component Value Planned Applied 

Edge Effect 3. The % of an area that 
is edee between forb/legume 
food/cover and the shrub 
and tree thickets 

(Linear Feet) 

a. 6 + .8 - 1.0 
b. 3 -5X .4 - .7 
c. 0 - 2% 0 - .3 

Food k. Forb/leeume/seed food sources 
(includes crops) 

a. Food abundant, adjacent to 
thickets .8 - 1.0 

b. Food abimdant, no further 
than 600' from thickets .4 - .7 

c. Food items scarce and/or 0 - .3 
lacking diversity and more 
than 1/3 mile from thickets 

Water 5. Distance to open water from 
dense cover (thickets) 

a. less than ISO' .8 - 1.0 
b. ISO' - SOC .1* - .7 
c. 600' .0 - .3 

0-Z 

0>2 

0 ^  
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U. S. Departinent of Agriculture 
Soil Conservation Service 

AZUHEG - 6 
i/92 

SCORING FOR GAHBEL'S QUAIL HABITAT 

ARIZONA 
WHEG I! 

Component 

1. Cover 

2. Cover Type 

3. Edge 

4. Food 

5. Water 

Rating 
Planned Applied 

0-2 .  

O'.L 

0'_Z 

P.lS 

. . . . .  

X 

X 

Rating 
Weight 

2 

2 

1 

3 

2 

Score^ 

P.'.R 
O.'Z 

4>:Z 

P.:?i 

Q M  

Overall Score = Sum = 0' ̂ ! 

10 
Sum 
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U. S. Department of Agriculture 
Soil Conservation Service 

AZWHEG - 7 

i/92 

WILDLIFE HABITAT EVALUATION GUIDE FOR JAVELINA 
ARIZONA 

OWNER/USER. .0^^^ UNIT. . .QAA-^/NCf.. 

LOCATION. . . VVs ft . VVS5".. .T R 

OBSERVER... HAP NO 

ASPECT WHEG NO 

DATE QC'TP.$>j^ 

HOME RANGE 

Up to 1,650 acres 

Factor Component Value 
RATING 

Planned Applied 

Plant 
Communities 

1. Types 

a. Paloverde - mixed cacti .8 - 1.0 
Hesquite, mixed scrub 

b. Sonora-Hohave desert .4 - .7 
watercourses, riverways, 
arroyos or Pinon Juniper Forest 

c. Open grassland, rolling open 0 - .3 
desert, Ponderosa Pine 

2. X Cover of Prickly pear 

a. More than 7X 
b. 1 - 2X 
c. 0 - 1 

.8 - 1.0 

.!* - .7 
0 - .3 

0'± 

C'fi 
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U- S. Deparonenr of Agriculture AZWHEG - 7 
Soil Conservation Service 1/S2 

WILDLIFE HABITAT EVALUATION GUIDE FOR JAVELItU 
ARIZONA 

Water <*. Open Water 

Within home range -
a. One to two miles .8 - 1.0 
b. two - four miles .t - .7 
c. more than four miles 0 - .3 

Cover 5. X Shrub Crown Cover to 5 feet 

a. 20 to 35 % .8 - 1.0 
b. 5 - 20% and 35 - 50% .4 - .7 
c. less than 5 % 0 - .3 

6. Average Height of Shrubs 

a. Majority more than 5 feet .8 - 1.0 
b. Majority between 1.5 and 

5 feet .It - .7 
c. Majority less than 1.5 feet 0 - .3 

RATING 
Factor Component Value Planned Applied 

Food 3. Abundance and Diversity 

of food sources (fruits of 
shrubs, trees, cacti - bulbs 
and other underground plant parts 

a. 3 or more prime food 
sources .8 - 1.0 

b. 1 - 3"prime food sources .4 - .7 
c. 1 food source (other than .0 - .3 

pridcly pear) 

0-7 

0:2 

0 - 4  

0-^ 



280 

SCORING FOR JAVELINR HABITAT WHEG i 
ARIZONA 

Rating Rating 
Component Planned Applied Weight Scor^ 

1- Types X 2 = 

2. Prickly Pear 0'^- ^ 2 = 

3. Food ^-"7- X 2 = ^--V-

4. Water x 1 = 

A'L 1'2 
5. Shmb Crown Cover V-K- ^ 2 = 

O'Ci O'L 
6. Average Height of —-- x 1 = ---J? 

Shrubs 

Overall Score = Sum = 0' ik Sum = "7'  ̂
10 
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U. S. Department of Agriculture 

Soil Conservation Service 

AZWHEG - 7 

1/92 

WILDLIFE HABITAT EVALUATION GUIDE FOR JAVELINA 
ARIZONA 

omERA!SEii.l^^.^.^PJ.T^. unit.'??p7?j7?/?^. . 

LOCATION. . .VVS .T .f. ^ T R 

OBSERVER.. MAP NO 

ASPECT WHEG NO. 

DATE. . .  .  

HOME RANGE 

Up to 1,650 acres 

Factor Component Value 
RATING 

Planned Applied 

Plant 
Communities 

1. Types 

a. Paloverde - mixed cacti .8 - 1.0 
Hesquite, mixed scrub 

b. Sonora-Hohave desert .4 - .7 
watercourses, riverways, 
arroyos or Pinon Juniper Forest 

c. Open grassland, rolling open 0 - .3 
desert, Ponderosa Pine 

2. X Cover of Pricklv pear 

a. More than 2X 
h. 1 - 2X 
c. 0 - 1 

.8 - 1.0 
.1* - .7 
0 - .3 

C - Z  
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U. S. Department of Agriculture AZWHEG - 7 

Soil Conservation Ser/ice 1/92 

WILDLIFE HABITAT EVALUATION GUIDE FOR JAVELINA 
ARIZONA 

RATING 
Factor Component Value Planned Applied 

Food 3. Abundance and Diversity 

of food sources (fruits of 
shrubs, trees, cacti - bulbs 
and other underground plant parts 

a. 3 or more prime food 
sources .8 - 1.0 

b. 1 - 3" prime food sources .4 - .7 
c. 1 food source (other than .0 - .3 

prickly pear) 

Water 4. Open Water 

Within home range -
a. One to two miles .8 - 1.0 
b. two - four miles .4 - .7 O'^ 
c. more than four miles 0 - .3 

Cover 5. X Shrub Crown Cover to 5 feet 

a. 20 to 35 % .8 - 1.0 
b. 5 - 20% and 35 - 50X .4 - .7 
c. less than 5% 0-.3 

6. Average Height of Shrubs 

a. Majority more than 5 feet .8 - 1.0 
b. Majority between 1.5 and 

5  f ee t  . 4  -  . 7  0 ' ^  
c. Majority less than 1.5 feet 0 - .3 



U. S. Department of Agriculture 

Soil Conservation Service 

SCORING FOR JAVELINA HABITAT 
ARIZONA 

Rating Rating 
Component Planned Applied Weight 

1. Types Q--?". X 2 

2. Prickly Pear — x 2 

3. Food ^ 2 

4. Water ^ 3^ 

0-3 
5 .  Shrub Crown Cover —— x 2 

Q , U  
6. Average Height of y, 

Shrubs 

Overall Score = Sum = O 'SZ  Slun 
10 
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APPENDIX D: 

SUMMARY OF RESPONSES FROM EXPERT SURVEY 

This Appendix contains a copy of the survey sent to experts in watershed 

management and natural resource conservation, a list of the respondents, and a 

summary of their responses. 

D.1 Survey Form 

Following is a copy of the survey form and background material that is used to 

obtain expert opinions. 
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United States Agricultural 
Department of Research 
Agriculture Service 

Pacific West Area 
Southwest Watershed 
Research Center 
2000 E. Allen Rd. 
Tucson, AZ 85719 

Phone: 520 670 6380 
Fax: 520 670 5550 

September 14, 1995 

Dear 

The USDA-ARS Southwest Watershed Research Center in Tucson is 
undertaking a major project to link a Prototype multi-objective Decision Support 
System (P-DSS) to the Natural Resource Conservation Service (NRCS) 
framework for Conservation Practices and Physical Effects (CPPE) on the five 
physical resources of soil, water, air, plants and animals. Presently, the main 
objective is to assess the possibility of applying this combined technology to the 
rangelands in Southeastern Arizona. Apart from the utility of a planning tool for 
natural resource conservation, it is also expected that the work will identify 
current deficiencies in our understanding of the interactions between natural 
resources and where future research can be most effective. An outline of both 
the P-DSS and CPPE is provided as an appendix to this letter as background 
material. 

As part of this larger effort and as a component of my Ph.D. dissertation 
research, I am writing to invite you to participate in a survey to establish expert 
opinion as to the extent and degree of interaction between perceived physical 
resource problems and possible alternatives for land use in southeastern 
Arizona. The focus of my dissertation is to determine the role of data sources 
and simulation model complexity when incorporated into the CPPE framework, 
and to compare the outcomes from the P-DSS when the source of the input 
information is from measured data, expert opinion and simulation models. This 
work is a first-cut' analysis, and 1 hasten to add that the land use scenarios 
described in the survey are somewhat simplified although intentionally 
representative. Nonetheless, your responses and comments will serve as a 
foundation for more detailed research that will follow. 

There are four parts to the survey. Part 1 provides a scenario of the watershed 
requiring a resource management plan. A description of the physical attributes 
of climate, soil and vegetation are given. 



286 

In Part 2, a management options worksheet has been prepared in which eight 
resource problems and three alternative grazing management options have 
been identified for the watershed. Within this matrix, you are asked to provide 
your expert opinion for three questions. First, to rate the effect of each 
alternative grazing system on each resource problem relative to the current 
system of yearlong grazing with mesquite. The rating index is from 1 to 10, with 
1 representing minimum impact, and 10 representing maximum effect. A score 
of 5 would represent no effect. For example, with regard to the problem of soil 
erosion , if you thought that there would be a slight increase in erosion under 
yearlong with no mesquite (ALT#1) compared to the current yearlong with 
mesquite, then a rating index value of © or ® should be marked. Similarly, if 
slightly less erosion occurs under rotation with mesquite compared to yearlong 
with mesquite, then a rating index of @ or ® should be marked. Second, you are 
asked to nominate the score function for the particular resource problem. For 
example, it would seem appropriate to have a "more is worse" function for soil 
erosion, but perhaps for (say) total aboveground biomass, the "more is better" 
trend would be a desirable score function. Finally, you are asked to estimate the 
annual quantity (loss, growth, number) for the physical resource under the 
current management of yearlong grazing with mesquite. 

In Part 3, you are asked to rate the extent of your expertise within the resource 
problems identified. In addition, please identify a preference order for the most 
important resources for a resource management plan. 

Part 4 of the survey is available for you to include any comments on the 
approach, particularly in relation to the use of multi-objective decision support 
systems in the conservation of southeastern Arizona rangelands. 

I would appreciate if the responses to the survey could be returned to me by 
September 25,1995. If you are at the University, it may be convenient to 
deposit the completed survey in my mailbox in Room 207 Biosciences East. 
When the responses have been analyzed, I will provide you with a summary of 
results for your information and later send a final copy of my dissertation. If you 
have any questions or wish to clarify any aspect of the survey, please do not 
hesitate to contact me either by phone on 670 6381 ext. 152, or via e-mail 
through: lawrence@tucson.ars.ag.gov. 

Thank you for your participation and contributions. 

Paul Lawrence 
Graduate Student, Watershed Resources Program 
School of Renewable Natural Resources 

mailto:lawrence@tucson.ars.ag.gov
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PART1 

SCENARIO OF LAND REQUIRING 
RESOURCE MANAGEMENT PLAN 

1. Description of Location 
Santa Rita Experimental Range, 50 kms south of Tucson 
Elevation: 3400 - 3800 ft 

2. Precipitation 
Precipitation occurs almost entirely as rainfall, with 60% occurring 
during the summer as thunderstorms. 

Annual rainfall in last 20 years: 17 in (432 mm) with standard deviation of 
4.7 in (120 mm). Longer term (1923-1991): 14.5 in (368 mm) with 
standard deviation of 3.8 in (96 mm). 

Summer rainfall (June to September) represents approximately 60% of 
the annual total. Maximum depth of rainfall in 30 mins is 1.73 in (44 mm) 
and maximum daily (24 hr) rainfall is 3.6 in (91 mm). 

Mean monthly precipitation is shown in Figure 1. 

3. Soils 
Soils are mapped as Sasabe Soil Series, and described as deep, well 
drained, slowly permeable soils, sandy loam surface (5 in thick), overlying 
upper subsoil of clay loam, clay and gravelly clay loam (26 in thick) and a 
lower subsoil of gravelly and very gravelly sandy clay loam (to 60 in ). 

The geographic setting for the site is on fan terraces below mountain 
ranges. Mean air temperature is 63-67 °F. The frost-free period is 220-
230 days per year. The climate is warm and semi-arid. 

4. Slope 
Land slope is 3 - 5 %. Approximately 25% of the watershed comprises an 
active eroding channel. 

5. Vegetation 
The vegetation is typical of Southwestern grasslands that have been 
invaded by mesquite. Major shrubs are mesquite, burroweed, prickly 
pear, and cholla cactus. Major perennial grasses are Boers lovegrass, 



-E 

~50 
..J 
..J 
< u. 
z 
Ci100 a: 
> 
..J 
:I: 
1-
z 50 
0 
~ 

0 
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

PROBABILITY OF EXCEEDENCE (0/o) 

I~ MEAN .... 20o/o POE -.50o/o POE .. 80°/o POE I 

288 

Note: 20o/oPOE = 20°/o probability that the monthly rainfall in January will 
exceed 50mm. 

FIGURE 1. Monthly Rainfall At The Resource Management Site 
(1976-1991) 
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Lehmann lovegrass (approx. 70%), bushmuhly and tanglehead. Mesquite 
trees occupy approximately 20% of the watershed. 

In favorable years, potential production (air dry weight) from the site is 
1000 Ib./ac and 750-800 Ib./ac in normal years. In poor years, the 
production is approximately 650 lb./ac. 

The site is located in the NRCS Rangeland Resource Management 
System 41-3 and is defined as Southern Arizona semi-desert grassland. 

6. Current Land Use 
The site is used as rangeland for cattle and conservatively stocked at 6-7 
hd/section under a yearlong grazing system with mesquite. 

PROBLEMS AND CONCERNS 

For this site, eight major problems and concerns are to be studied that cover 
soil, water, plants and animals: 

• soil erosion - sheet and rill 
• surface water runoff 
• peak rate of runoff 
• gully erosion 
• range condition 
• total aboveground dry weight biomass 
• wildlife habitat for Gambel's quail 
• wildlife habitat for javelina 

ALTERNATIVES 

The following are three alternative grazing management options for this site. 
Assume that the stocking rate remains unchanged. 

• ALT#1 yearlong grazing with mesquite control using diesel (YL-M) 
• ALT#2 rotational (deferred) grazing with mesquite (ROT+M) 
• ALT#3 rotational grazing with mesquite control (ROT-M) 

Rotational grazing is defined by a period of grazing from March-October and 
from November-February in a 3-year rotation with 12 months rest between 
grazing periods. This system is known as the Santa Rita rotational grazing. 



PART 2 

RESOURCE MANAGEMENT OPTIONS WORKSHEET 
AND SCORE FUNCTIONS 

There are three sections to the worksheet. 

(i) Complete the worksheet by rating the impact of each of the three alternative 
management systems on each resource consideration relative to the impact of 
the current system of yearlong grazing with mesquite. 

The rating index is 1 to 10, where 1 = minimum impact, 5 = no impact relative to 
yearlong grazing with mesquite, and 10 = maximum impact. 

(ii) Select the scoring function for the particular resource problem or concern. 
The choices of scoring functions are: (i) more is better; (ii) more is worse; (iii) 
desirable range; and (iv) undesirable range. Please circle or mark the 
appropriate function. 

(iii) Estimate the long-term annual quantity (loss, growth or number) for the 
particular resource under the current land use of yearlong grazing with mesquite. 
Please express these responses in the given units. 



RESOURCE MANAGEMENT OPTIONS WORKSHEET AND SCORE FUNCTIONS 

RATING MANAGEMENT 
SYSTEMS 

RANGE FOR CURRENT 
MANAGEMENT SYSTEM DECISION 

VARIABLE 
SCORE FUNCTION 

ALT#1 
yl-m 

ALT#2 
rot+m 

ALT#3 
rot-m 

minimum maximum mean 

UNITS ARE :tyh^ 
soil erosion 

UNITS ARE: t/haA/r 
gully erosion 

UNITS ARE: mm/vr 
surface water runoff 

UNITS ARE mm/hrA>r 
peak rate of runoff 

UNITS ARE: a/m'^2A/^ 
total aboveground dry 

weight blomass 

UNITS ARE: % 
range condition 

UNITS ARE : no. /km transect 
habitat for Gambel's 

quail 

UNITS ARE : no. /km transect 
habitat for Javellna 
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PART 3 

Knowledge of Resource Considerations and 
Order of Importance 

(i) Please rate your understanding and knowledge of each resource 
consideration. Rating scale is 1 to 10, where 1 = not my field of expertise, 10 = 
field of expertise. 

For the purpose of developing a resource management system for society at this 
site, which of the physical resource problems do you rate as the most important. 
Indicate your preference with a (S), (D or ® etc. for 1st, 2nd, 3rd, etc. It is 
possible to assign equal importance to two or more resource problems. 

RESOURCE PROBLEM RATING OF 
KNOWLEDGE 

IMPORTANCE 
ORDER 

soil erosion 

channel erosion 

surface water runoff 

peak rate of runoff 

total aboveground dry weight 
biomass 

range condition 

habitat for Gambel's quail 

habitat for javelina 

(ii) Rank the management systems in order of preference. It is possible to 
assign an equal preference to two or more management systems. 

yearlong grazing with mesquite rotation grazing with mesquite 

yearlong grazing with rotation grazing with 
mesquite control mesquite control 
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(Hi) For the purpose of this survey, do you wish to (please select one): 
(a) remain anonymous 

or (b) be identified by your name 
or (c) supply an alias: 

PART 4 

ADDITIONAL COMMENTS 

Please use this section to express any additional comments about the survey or 
approach to using decision support systems for natural resource management. 
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D.2 List of Respondents 

Survey responses were received by the following experts who elected to 

identified: 

Prof. Phil Guertin, Watershed Management, University of Arizona, Tucson. 

Prof. Richard Hawkins, Watershed Management, University of Arizona, 

Tucson. 

Dr. Phil Heilman, Hydrologist, USDA ARS, Tucson. 

Prof. Paul Krausman, Fish and Wildlife Sciences, University of Arizona, 

Tucson. 

Mr. Dan Robinett, Range Conservationist, USDA NRCS, Tucson. 

Mr. H. Reed Sanderson, Biologist, Santa Rita Experimental Range, Green 

Valley. 

Dr. Roger Shaw, Principal Scientist, QDPI, Brisbane, Australia 

Prof. Lamar Smith, Range Management, University of Arizona, Tucson. 

Dr Mark Weltz, Range Hydrologist, USDA ARS, Tucson. 

D.3 Expert Survey and Responses 

Tables D1 and D2 provide a summary of the infonnation from the nine experts 

who replied to the survey. 



TABLE D1 Relative assessment of alternative management systems and score functions for decision variables. 

DECISION 
VARIABLE 

EXPERT 1 EXPERT 2 EXPERT 3 EXPERT 4 EXPERT 5 DECISION 
VARIABLE 

Alt 
1 

Alt 
2 

Alt 
3 

Sc. 
Ftn 

Alt 
1 

Alt 
2 

Alt 
3 

Sc. 
Ftn 

Alt 
1 

Alt 
2 

Alt 
3 

Sc. 
Ftn 

Alt 
1 

Alt 
2 

Alt 
3 

Sc. 
Ftn 

Alt 
1 

Alt 
2 

Alt 
3 

Sc. 
Ftn 

Sediment 0.4 0.5 0.4 mw 0.3 0.4 0.3 nnw 0.7 0.5 0.8 mw 0.3 0.4 0.2 mw 0,7 0.4 0.5 mw 

Ctiannel Erosion 0.4 0.4 0.3 mw 0.3 0.4 0.2 mw 0.7 0.6 0.8 mw 0.4 0.4 0.4 mw 0.7 0.4 0.5 mw 

Runoff 0.4 0.5 0.4 mw 0.4 0.4 0.3 nnw 0.7 0.5 0.8 mw 0.3 0.4 0.2 mw 0.7 0.4 0.4 dr 

Peak Runoff 0.4 0.4 0.4 mw 0.4 0.3 0.2 mw 0.7 0.5 0.8 mw 0.4 0.5 0.4 mw 0.7 0.4 0.4 mw 

ANPP 0.4 0.4 0.3 dr 0.7 0.7 0.8 mb 0.8 0.5 0.9 mb 0.5 0.5 0.5 mb 0.3 0.5 0.6 mb 

Range Condition 0.4 0.5 0.4 mb 0.7 0.7 0.8 mb 0.6 0.5 0.7 dr 0.8 0.6 0.9 mb 0.4 0.5 0.7 mb 

Gambel's quail 0.7 0.5 0.7 dr 0.7 0.8 0.8 mb 0.6 0.5 0.7 mb 0.3 0.5 0.3 dr 0.2 0.5 0.7 mb 

Javelina 0.8 0.5 o.a dr 0.3 0.6 0.4 mb 0.4 0.5 0.5 mb 0.4 0.5 0.4 dr 0.2 0.5 0.7 mb 

NOTE: Alt 1: Yearlong grazing mesqulte removed (Alternative 1) 

Alt 2; Rotation grazing witti mesqulte retained (Alternative 2) 

Alt 3: Rotation grazing mesqulte removed (Alternative 3) 

Sc. Ftn.: Score Function Type 

mw: "more Is better" 

dr: "desirable range" 

(see Figure 3.4 for description) 

mb: "more is better" 

udr: "undesirable range" 



TABLE D1 (continued) Relative assessment of alternative management systems and score functions for decision 
variables. 

DECISION 
VARIABLE 

EXPERT 6 EXPERT 7 EXPERT 8 EXPERT 9 DECISION 
VARIABLE 

Alt 
1 

Alt 
2 

Alt 
3 

Sc. 
Ftn 

Alt 
1 

Alt 
2 

Alt 
3 

Sc. 
Ftn 

Alt 
1 

Alt 
2 

Alt 
3 

Sc. 
Ftn 

Alt 
1 

Alt 
2 

Alt 
3 

Sc. 
Ftn 

Sediment 0.5 0.6 0.4 mw 0.4 0.3 0.2 mw 0.7 0.7 0.6 mw 0.6 0.7 0.8 mw 

ChannelErosion 0.5 0.6 0.5 mw 0.4 0.4 0.2 mw 0.7 0.7 0.6 mw 0.6 0.7 0.8 mw 

Runoff 0.5 0.6 0.5 dr 0.4 0.5 0.3 mw 0.7 0.6 0.7 dr 0.8 0.6 0.6 mw 

Peak Runoff 0.5 0.6 0.5 mw 0.4 0.5 0.4 mw 0.8 0.7 0.8 dr 0.5 0.8 07 mw 

ANPP 0.4 0.5 0.4 mb 0.6 0.7 0.8 mb 0.9 0.4 0.9 dr 0.6 0.8 08 dr 

Range Condition 0.4 0.5 0.4 dr 0.6 0.7 0.8 mb 0.8 0.3 0.9 mb 0.6 0.7 0.8 mb 

Gambel's quail 0.6 0.4 0.6 dr 0.6 0.7 0.8 mb 0.3 0.5 0.3 dr 0.5 0.7 0.8 dr 

Javelina 0.6 0.4 0.6 dr 0.5 0.5 0.5 mb 02 0.5 0.2 dr 0.5 06 0.8 dr 

NOTE: Alt 1; Yearlong grazing mesquite removed (Alternative 1) 

Alt 2: Rotation grazing witti mesquite retained (Alternative 2) 

Alt 3: Rotation grazing mesquite removed (Alternative 3) 

Sc. Ftn.: Score Function Type (see Figure 3.4 for description) 

mw; "more is better" mb: "more is better" 

dr: "desirable range" udr: "undesirable range" 



TABLE D2 Annual values for decision variables for yearlong grazing with mesqulte retained (YL+M, conventional) 
management system and self-assessed level of knowledge (KL). 

DECISION 

VARIABLE 

EXPERT 1 EXPERT 2 EXPERT 3 EXPERT 4 EXPERT 5 DECISION 

VARIABLE MIn Max Avg KL MIn Max Avg KL MIn Max Avg KL MIn Max Avg KL MIn Max Avg KL 

Sediment 
(t ha' yr') 

0.0 0.6 0.2 8 0.0 4.5 0.7 6 1 0.5 20 5 5 5.5 22 11 7 

ChannelErosion 
(t ha^ yr^) 

0.1 2.0 0.5 7 0.0 22 2.2 4 1 0 5 5.5 22 11 8 

Runoff 
(mm yr') 

0 100 25 5 1 70 20 6 1 10 80 40 5 0 50 25 10 

Peak Runoff 
(mmhr' yr') 

0 100 20 5 0 64 15 2 1 5 15 10 5 0 50 25 10 

ANPP 
(g m'^yr') 

40 150 100 9 45 224 135 7 5 30 200 100 10 56 224 112 3 

Range 
Conditlon.(%) 

20 45 30 9 30 60 50 4 5 60 25 8 20 60 35 10 25 75 50 3 

Gambel's quail 
(# km ' transect) 

0 10 1 7 0.4 O.B 0.6 1 0 30 15 10 0 3 2 

Javellna 
(# km ' transect) 

0 0.5 0.1 7 0.3 0.7 0.5 1 0 6 2 10 0 3 2 



TABLE D2 (continued). Annual values for decision variables for yearlong grazing with mesquite retained 
(YL+M, conventional) management system and self-assessed level of knowledge (KL). 

DECISION 

VARIABLE 

EXPERT 6 EXPERT 7 EXPERT 8 EXPERT 9 DECISION 

VARIABLE Min Max Avg KL MIn Max Avg KL MIn Max Avg KL Min Max Avg KL 

Sediment 
(t ha ' yr') 

0.0 4.0 0.3 9 0.0 10 1.0 7 0.0 11 2.2 5 3 

ChannelEroslon 
(t ha ' yr') 

0.0 10 1.0 5 0.0 20 2.0 7 0.0 2.2 1.1 4 3 

Runoff 
(mm yr') 

0 20 5 7 0 40 20 8 50 200 100 5 4 

Peal< Runoff 
(mm hr' yr') 

0 30 5 7 0 1.0 0.3 8 15 50 25 5 4 

ANPP 
(9 m'' yr') 

40 180 90 7 20 100 SO 5 60 110 85 9 2 

Range 
Condition (%) 

5 15 10 7 20 70' 50' 5 50 80 65 9 3 

Gambel's quail 
(# km ' transect) 

0 25 5 1 0 30 5 2 1 10 5 10 1 

Javelina 
(# km ' transect) 

0 10 1 1 0 10 2 1 0.0 1.0 0.3 8 1 

- values represent percentage coverage of herbaceous material 
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APPENDIX E: 

COMPARISON OF OBSERVED AND CALCULATED SEDIMENT 

YIELD USING THE MUSLE AND OBSERVED RUNOFF 

To adequately assess the performance of the MUSLE (Williams 1975) model, an 

analysis is conducted to estimate watershed sediment yield using the observed 

runoff depth and peak rate of runoff. All other parameters in the MUSLE 

(Equation 12) remained unchanged from those given in Table 6.5. 

A comparison between observed and calculated sediment yield is given in 

Figure El. Calculated and observed sediment yields are given in Table El. 

Average annual calculated sediment yield is significantly different (p<0.05) to the 

observed annual sediment yield. The inclusion of observed runoff data 

generally doubled the value of the annual sediment yields given in Table 6.6, 

however the calculation of the sediment yield using MUSLE is still an 

underestimate of the observed values. 
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(a) Yearlong mesquite retained WS8 (b) Yearlong mesquite removed WS7 
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FIGURE El Comparison of annual observed and simulated sediment yield using 
the MUSLE and observed runoff volume and peak rate of runoff. 
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TABLE El Observed and calculated annual sediment yield using the MUSLE 
and obsen/ed runoff volume and peak rate of runoff. 

YEAR YEARLONG GRAZING ROTATION GRAZING 
Mesquite Mesquite Mesquite Mesquite 
Retained Removed Retained Removed 

WS8 WS7 WS5 WS6 
(tha-^) _ (t ha') (t ha-') (t ha'') 

OBS' SIM^ OBS SIM OBS SIM OBS SIM 

1976 1.98 1.09 1.08 0.74 3.06 0.54 0.12 0.03 
1977 6.79 2.18 2.02 1.09 2.71 0.81 0.07 0.02 
1978 6.28 2.73 2.33 1.64 3.81 0.78 0.15 0.05 
1979 3.25 1.51 1.09 0.81 6.90 0.54 0.09 0.04 
1980 1.87 0.65 0.37 0.21 0.59 0.14 0.01 0.00 
1981 7.34 3.10 3.52 2.33 6.41 1.69 0.16 0.06 
1982 3.84 1.64 1.34 0.78 3.47 0.62 0.05 0.01 
1983 6.95 2.62 1.99 1.20 4.76 0.86 0.03 0.01 
1984 10.52 5.71 6.20 5.21 16.60 2.57 0.18 0.08 
1985 1.00 0.44 0.39 0.20 1.12 0.08 0.00 0.00 
1986 0.89 0.39 0.24 0.13 1.23 0.12 0.00 0.00 
1987 3.00 1.63 0.86 0.46 2.74 0.37 0.02 0.00 
1988 3.35 2.05 1.47 0.86 7.85 0.72 0.02 0.01 
1989 0.24 0.09 0.21 0.10 1.35 0.05 0.00 0.00 
1990 1.49 0.81 0.64 0.34 3.89 0.39 0.03 0.01 
1991 0.01 0.00 0.01 0.00 0.89 0.05 0.00 0.00 

MIN 0.01 0.00 0.01 0.00 0.59 0.05 0.00 0.00 
MAX. 10.52 5.71 6.20 5.21 16.60 2.57 0.18 0.08 
AVG. 3.67 1.67 1.48 1.01 4.21 0.64 0.06 0.02 

std.dev 3.05 1.45 1.57 1.28 3.97 0.67 0.06 0.02 
CV (%) 82.94 86.82 105.59 127.53 94.25 103.34 106.61 124.83 

1. Observed values for sediment yield. 2. Simulated values for sediment yield 

These results suggest that even when observed runoff and peak runoff rate are 

used to calculate sediment yield, there remain errors in the values of the other 

parameters used and in the structure of the MUSLE. 
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APPENDIX F: 

CALIBRATION AND VALIDATION OF THE CREAMS HYDROLOGY 

MODEL 

Model calibration is performed using seven years (1976-1982, inclusive) of 

observed data from watershed WS8. The optimized values for CN and CON A 

and the structure of the model are validated using nine years of observed data 

(1983-1991, inclusive) from the same watershed. The management system on 

WS8 is yearlong grazing with mesquite retained (YL+M) and represents the 

current practice for rangelands. Summary statistics for rainfall and runoff during 

the period of calibration and validation are presented in Table F1. The results of 

model calibration and validation are given. 

F.I Model Calibration 

Values of CN were manually adjusted within the range of 86 to 93, while values 

of CONA were adjusted within the range from 3.2 to 4.3. The response surface 

diagrams using model efficiency and the ratio of the total simulated runoff to the 

total observed runoff (hereafter referred as RATIO) are shown in Figures F1 (a) 

and (b), respectively. On the basis of the model efficiency, optimized values are 
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TABLE F1 Summary statistics for measured rainfall and runoff at watershed 
WS 8 during the periods used for model calibration (1976-1982) and model 
validation (1983-1991). 

STATISTIC RAINFALL RUNOFF 

1976-1982 1983-1991 1976-1982 1983-1991 

Mean 
(mm yr'^) 

434 544 30.5 29.8 

Std. Deviation 
(mm yr'^) 

117 145 14.3 35.9 

Minimum 
(mm yr'^) 

298 335 11.9 0.0 

Maximum 
(mm yr'^) 

638 813 49.8 115.1 

CN=89 and CONA=4.3, providing a ratio of total simulated : total obsen/ed runoff 

of 0.57. In contrast, the optimized values based on the RATIO approach yielded 

CN=91 and CONA=3.2, providing a value of 0.053 for model efficiency. 

F.2 Model Validation 

Following calibration, model validation is performed using individual storm 

events and annual totals of runoff. The agreement between observed and 

simulated runoff is calculated using the coefficient of model efficiency and the 

RATIO method. 
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(a) 

CURVE NUMBER 

CURVE NUMBER 

FIGURE F1. Response surface diagram for manual adjustment of CN and 
CONA using (a) model efficiency and (b) the ratio of total simulated runoff to 
total observed runoff as the objective function for modal calibration (1976-1982). 
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F.2.1 Event runoff 

Figure F2 shows the plots of observed and simulated runoff for events optimized 

using the coefficient of model efficiency and RATIO for the period of calibration 

and validation. Goodness of fit statistics for event runoff are given in Table F2. 

TABLE F2 Summary of Fitness Statistics for Observed and Simulated Event 
Runoff for Model Calibration and Validation. 

STATISTIC CALIBRATION PERIOD VALIDATION PERIOD 

CoEFFIC' RATIO CoEFFIC RATIO 

No. Of Events observed 107 107 96 96 

simulated 48 67 73 107 

Model Efficiency 0.284 0.053 0.608 0.361 

CoEFFIC. of 
Determination 

0.429 0.443 0.674 0.633 

Mean Squared Error 3.46 5.54 14.73 20.34 

Regression slope 0.649*^ 0.862" 0.874* 0.993* 

intercept -0.059 0.164 0.889* 1.668* 

1. Coefficient of Model Efficiency 2. Significantly different ( p < 0.05) to 0.0 

F.2.2 Annual runoff 

Figure F3 shows the plots of observed and simulated annual runoff for the 

validation period using the coefficient of model efficiency and RATIO as the 
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(a) Coefficient of model efficiency 
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FIGURE F2 Comparison of observed and simulated event runoff during the 
validation period (1983-1991) using (a) coefficient of model efficiency and 
(b) ratio of total simulated runoff to total observed runoff from watershed WS8. 
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(a) Coefficient of model efficiency 
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FIGURE F3 Comparison of observed and simulated annual runoff during the 
validation period (1983-1991) using (a) coefficient of model efficiency and 
(b) ratio of total simulated annual runoff to total obsen/ed annual runoff from 
watershed WS8. 
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objective method to define optimized values for the CN and CON A parameters. 

Goodness of fit statistics for annual runoff are given in Table F3. 

TABLE F3 Goodness of fit statistics for observed and simulated annual runoff 
during the period of model validation (1983-1991) for watershed WS8. 

STATISTIC VALIDATION PERIOD STATISTIC 

CoEFFIC' RATIO 

Total Runoff (mm) 

Observed Runoff =10.6 mm 

Model Efficiency 

CoEFFIC. of Determination 

Mean Squared Error 

Regression slope 

intercept 

13.3 19.2 

0.807 0.301 

0.862 0.845 

157.75 277.16 

0.815* i.oir 

13.227* 23.937* 

1. Coefficient of Model Efficiency 2. Significantly different (p < 0.05) to 0.0 

A plot of runoff residuals as a function of the magnitude of simulated annual 

runoff is used to determine if the residual values are independent of the 

prediction. If the residuals are constant and independent of model prediction 

(homoscedastic nature), the slope of the regression would not be significantly 

different than zero and the constant of the regression equation would also not be 

significantly different than zero. If the residuals display a funnel shape, and the 

regression slope is significantly different to zero (heteroscedastic nature), then 
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there is evidence to suggest that the model prediction may have a systematic 

error (Sorooshian and Gupta 1995). 

Figure F4 shows the magnitude of runoff residuals as a function of simulated 

runoff for the validation period using the model efficiency and RATIO methods to 

determine optimal parameter values for CN and CONA. There is a tendency for 

RATIO method to overestimate the annual runoff. The regression slope for both 

the model efficiency (0.057) and RATIO (-0.164) methods were not significantly 

different to zero (p>0.05). 
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(a) Coefficient of model efficiency 
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FIGURE F4 Residual plot of simulated annual runoff during the validation period 
(1983-1991) using (a) coefficient of model efficiency and (b) ratio of simulated 
total annual runoff to obsen/ed total annual runoff for watershed WSB. 
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APPENDIX G: 

A METHOD TO DEFINE PARAMETER OPTIMALITY 

Two methods were used to define optimal values for the parameters CN and 

CONA during model calibration and validation. These are the model efficiency 

based on the Nash-Sutcliffe coefficient and the ratio of total simulated runoff to 

total observed runoff. 

While the need to consider the attributes of both statistical and graphical 

methods when comparing estimated and measured runoff data have been 

recognized for some time (Aitken 1973; Nash and Sutcliffe 1970), only recently 

that the combination of the model efficiency statistic and the ratio of simulated 

and observed data have been combined to classify the adequacy of simulations 

(Chiew and McMahon 1993). The ratio of simulation values to observed values 

is similar to the discrepancy ratio used in sediment transport studies (for 

example, Alonso (1980)). 

As the P-DSS quantifies the decision variables using average annual values, an 

adequate model prediction would be one that: (i) is within ± 10% of the total 
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observed runoff, and (ii) maximizes the value of the coefficient of model 

efficiency. A plot of the ratio of total simulated annual runoff and total observed 

annual runoff (x-axis) and model efficiency (y-axis) is shown in Figure G1. From 

this plot, point A represents the highest model efficiency within the bounds of the 

ratio value. For Point A, the value for CN=91 and CONA=4.3 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

TOTAL SIMULATED / TOTAL OBSERVED RUNOFF 

FIGURE G1. Method to determine optimal model calibration based on the plot of 
the ratio of simulated runoff to observed runoff (x-axis) and coefficient of model 
efficiency (y-axis). Point A (shown) identifies the parameter set with the highest 
model efficiency within ± 10% bounds of a unity ratio value. 
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APPENDIX H: 

FREQUENCY COUNTS OF RANKED ORDER RESOURCE 

MANAGEMENT SYSTEMS 

Tables Hi through H4 provide the results of frequency counts of the rank order 

for the four resource management systems for measured data, expert opinion, 

simple modeling approach and complex modeling approach, respectively. 



Table H1(a) Frequency counts for rankings of management systems for five importance orders using measured 
data. 

RESOURCE IMPORTANCE ORDER - MEASURED DATA 

MANAGEMENT 10 #1 lO #2 10 #3 lO #4 lO #5 

SYSTEM Default Equal Importance Aggregate Score Wt. Knowledge Discipline Expert 

HANK 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

YL + M - 1 1 1 - - 3 • - - 3 - • - 3 - * " 3 -

Y L - M  3 - - - 3 - - - 2 1 - - 2 1 - - 2 1 - -

ROT + M - - 1 2 - - 3 - - - 3 - - - 3 - • - 3 

R O T - M  - 2 1 - 3 - - 1 2 * 1 2 " • 1 2 - • 

Table H1 (b) Sum of frequency counts for ranked preference for five importance orders. 

RANK YL + M Y L - M  ROT + M R O T - M  RANK OF SYSTEM 

1 - 12 - 3 Y L - M  

2 1 3 - 11 R O T - M  

3 13 - 1 1 YL + M 

4 1 - 14 - ROT + M 



Table H2(a) Frequency counts for rankings of management systems for five importance orders using expert 
opinion. 

RESOURCE IMPORTANCE ORDER - EXPERT OPINION 

MANAGEMENT 10 #1 10 #2 10 #3 10 #4 10 #5 

SYSTEM Default Equal Importance Aggregate Score Wt. Knowledge Discipline Expert 

RANK 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

YL + M - 3 - - - 3 - - 1 2 - - 1 2 - - 1 2 - -

Y L - M  - - - 3 3 - - - 2 1 - - 2 1 • " 2 1 • -

ROT + M - - 3 - - - - 3 - - 1 2 - - 2 1 - - 2 1 

R O T - M  3 3 - - - 2 1 " - 1 2 - 1 2 

Table H2(b) Sum of frequency counts for ranked preference for five importance orders. 

RANK YL + M Y L - M  ROT + M R O T - M  RANK OF SYSTEM 

1 3 9 - 3 Y L - M  

2 12 3 - - YL + M 

3 - - 8 7 ROT + M 

4 - 3 7 5 R O T - M  



Table H3(a) Frequency counts for rankings of management systems for five importance orders using simple 
simulation models. 

RESOURCE 

MANAGEMENT 

SYSTEM 

IMPORTANCE ORDER - SIMPLE MODEL RESOURCE 

MANAGEMENT 

SYSTEM 

10 #1 

Default 

10 #2 

Equal Importance 

10 #3 

Aggregate Score 

10 #4 

Wt. Knowledge 

10 #5 

Discipline Expert 

RANK 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

YL + M - 1 - 2 - - - 3 - • - 3 - - - 3 - - - 3 

Y L - M  1 2 - - - - 3 - - - 3 - - • 3 - - - 3 -

ROT + M - - 2 1 - 3 - - - 3 - - - 3 - - - 3 - -

R O T - M  2 - 1 - 3 - - - 3 • - - 3 • - - 3 " - -

Table H3(b) Sum of frequency counts for ranked preference for five importance orders. 

RANK YL + M Y L - M  ROT + M R O T - M  RANK OF SYSTEM 

1 0 1 - 14 R O T - M  

2 1 2 12 - ROT + M 

3 0 12 2 1 Y L - M  

4 14 - 1 - YL + M 



Table H4(a) Frequency counts for rankings of management systems for five importance orders using complex 
simulation models. 

RESOURCE IMPORTANCE ORDER - COMPLEX MODEL 

MANAGEMENT 10 #1 10 #2 10 #3 10 #4 10 #5 

SYSTEM Default Equal Importance Aggregate Score Wt. Knowledge Discipline Expert 

RANK 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

YL + M - 1 1 1 - - 3 - - - 3 - - - 3 - - - 3 -

Y L - M  2 1 - - ' 3 - - - 3 - - - 3 - - - 3 - -

ROT + M - - 1 2 ' - - 3 • - • 3 • - - 3 - - - 3 

R O T - M  1 1 1 - 3 - - 3 • • - 3 - • - 3 • • • 

Table H4(b) Sum of frequency counts for ranked preference for five importance orders. 

RANK YL + M Y L - M  ROT + M R O T - M  RANK OF SYSTEM 

1 - 2 - 13 R O T - M  

2 1 13 - 1 Y L - M  

3 13 - 1 1 YL + M 

4 1 - 14 - ROT + M 
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APPENDIX I: 

LIST OF ACRONYMS 

ANPP Aboveground net primary productivity. 

ARS USDA Agricultural Research Service. 

CN NRCS runoff Curve Nunnber method. 

CON A Parameter for the slope of Stage II soil evaporation in the 

CREAMS model. 

CPPE Conservation Practice Physical Effects matrix developed by NRCS. 

CREAMS Chemical, Runoff, Erosion from Agricultural Management Systems 

model. 

DR Desirable Range score function type in the P-DSS. 

10 Importance Order in the P-DSS. 

LAP Method to rank alternative management systems that links 

accuracy and precision. 

MIB More is Better score function type in the P-DSS. 

MIW More is Worse score function type in the P-DSS. 
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MO-DSS Multiobjective decision support system. 

MUSLE Modified Universal Soil Loss Equation model. 

NRCS USDA Natural Resources Conservation Service. 

P-DSS Prototype Decision Support System developed by the Southwest 

Watershed Research Center. 

r Euclidean distance from the ideal. 

RD Region of Dominance as a means to distinguish dominant 

alternative management systems. 

ROT+M Rotation grazing with mesqulte retained management system. 

ROT-M Rotation grazing with mesquite removed management system. 

UDR Undesirable Range score function type in the P-DSS. 

USLE Universal Soil Loss Equation model. 

WS Experimental watershed at the Santa Rita Experimental Range. 

YL+M Yearlong grazing with mesquite retained management system. 

YL-M Yearlong grazing with mesquite removed management system. 
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APPENDIX J: 

TABLE OF CONVERSIONS 

TO CONVERT FROM 

SI UNIT 

TO EQUIVALENT 

Non-SI UNIT 

MULTIPLY 

BY 

mm inches 0.0394 

mm hr"^ ff sec' Area (ac)*0.0397 

m^ sec'^ ff sec'^ 35.3107 

MJ.mm.ha'^hr'Vr'^ 100's ft tonf.in ac^hf\f^ 0.0587 

hectare acre 2.4710 

t ha"^ ton ac^ 0.4460 

kg ha'^ lb ac^ 0.8930 

(Q
 3
 

lb ac^ yr^ 8.9214 

km mile 0.6214 
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