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EMERGY SYMBOLS AND DEFINITIONS

ENERGY CIRCUIT: a pathway whose flow is proportional
to the quantity in the storage or source upstream.

SOURCE: outside source of energy; a forcing function.

STORAGE TANK: a compartment of energy storage within
the system storing a quantity as the balance of inflows and
outflows; a state variable.

HEAT SINK: dispersion of potential energy into heat that
accompanies all real transformation processes and storages;
loss of potenetial energy from further use by the system.

INTERACTION; interactive intersection of two pathways
coupled to produce an outflow in proportion to a ftmction
of both; control action of one flow on another; limiting
factor action; work gate.

PRODUCER: unit that collects and transforms low quality
energy under control interactions of high quality flows.

CONSUMER: unit that transforms energy quality, stores
it, and feeds it back autocatalytically to improve inflow.

TRANSACTION: a unit that indicates a sale of goods or
services (solid line) in exchange for payment of money
(dashed line).

BOX: miscellaneous symbol to use for whatever unit or
process is labeled.

Reprinted from Odum, 1983, with permission.
xi
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The human economy influences and is influenced by the biogeochemical cycles

of elements, but means for relating chemical cycles to economic systems have been

studied only incidentally. This study tested ways of relating a chemical cycle to a

regional economy, using phosphorus in the northern drainage basin of Lake

Okeechobee, Florida as an example.

Among the methods used were a mass balance approach to phosphorus

budgeting, dynamic modeling for runoff simulation, cost effectiveness for economic

analysis, and emergy evaluation techniques. Spatial data on land use and management

practices were organized using a geographic information system.

Phosphorus management scenarios were evaluated and compared in terms of

their ability to meet alternative goals for the region: physical (i.e., target phosphorus
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load reduction to Lake Okeechobee); economic (i.e., minimize cost of phosphorus

reduction); and energetic (i.e., maximize regional empower). Results indicated that

chemical treatment of phosphorus runoff as a point source at subbasin outlets was the

method by which the target load reduction goal could be achieved. This method of

concentrated phosphorus management was least cost effective at an estimated $190 per

pound of phosphorus removed. Dispersed treatment of phosphorus through changes in

technology and management onsite at each major source was more cost effective ($11

to $50/lb P removal), though short of achieving the physical goal. A tradeoff between

cost and phosphorus treatment efficiency was evident, particularly as the target goal

was approached.

Results of emergy evaluation supported the hypothesis that management

reorganizes the landscape by changing its diversity, and altering the cycling of chemical

elements. Emergy evaluation showed that the total emdollar loss from the region as

phosphorus runoff was 20 million EM$/yr under the base case scenario, or 1.5 times

the cost of phosphorus control. The emdollar value of phosphorus outflow from the

region to Lake Okeechobee after assimilation was estimated as 6.4 million EM$/yr, a

measure of its potential use.

Five principles for the new field of biogeoeconomics were proposed for

managing at the interface between an elemental cycle, its role in the environment, and

its economic use to enhance the self-organizing properties of the landscape.
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CHAPTER I
INTRODUCTION

The economic vitality of landscape systems depends on the biogeochemical

cycling of critical chemical elements. Part of each cycle is regulated by natural

environmental processes, while other parts of the cycle circulate through agriculture

and settlements of the human economy generally under development and change. In

order to manage important chemical cycles, alternative choices need to be evaluated for

the benefit of the whole landscape, a general problem in ecological economics. How

do chemical cycles affect the economy of humanity and nature? This is a study of the

role of phosphorus in an agricultural watershed in Florida, evaluating alternatives for

management.

In the north Okeechobee, Florida, basin, fertilizer and feed inputs that were part

of intensive agricultural developments added phosphorus to a landscape whose runoff

contributed to eutrophication of Fake Okeechobee to its south. Following public

controversy, many studies were conducted of phosphorus processes in the area.

Drawing on these data and using spatial models, this study first considers the

phosphorus budget of the landscape, its effect on the economy, and the way it changes

with alternative management. Scenarios include those that conserve phosphorus and

reduce flows of phosphorus to the lake. The works of the environment and of the

1
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economy for the various alternatives were assessed on a common basis using emergy

(spelled with an "m") evaluation -a method used to determine the aggregate net

productivity of a system. An economic analysis in dollars was made of the costs of

phosphorus management alternatives.

The overall objective of this research is to analyze the role of phosphorus as an

element in the regional economy of the north Okeechobee basin and to develop a

comprehensive resource management framework for evaluating alternative methods to

reallocate phosphorus in this rural agricultural watershed. Specific objectives include

(1) Examining the use and spatial distribution of phosphorus in a rural regional

landscape;

(2) Determining the emergy value and economic costs of alternative systems of

phosphorus use; and

(3) Evaluating phosphorus management alternatives based on physical criteria

(i.e., meet target phosphorus goals); economic criteria (i.e., cost effectiveness); and

biogeoeconomic principles (i.e., maximum regional emergy production and use).

General Concepts

Phosphorus cycling in the environment is a function of both natural processes

(e.g., weathering of geologic formations, biological cycling through plant uptake and

senescence, and mineralization of organic matter) and anthropogenic factors (e.g.,

mining, agriculture, and human consumption). The effect of these processes on the

quality of drainage water in the north Okeechobee basin is related to the distribution of

phosphorus throughout the landscape as determined by land use patterns and
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phosphorus associations with each land use. The sequence of phosphorus transport

through the basin may be conceptualized as a network of points of concentration and

dispersion. Phosphorus-containing materials entering the north Okeechobee basin are

concentrated at major processing and distribution points such as chemical plants, feed

suppliers, and supermarkets. Goods are dispersed spatially throughout the landscape as

inputs to production and consumption processes as determined by land use patterns.

Some phosphorus-containing products resulting from land use activities are again

concentrated at processing centers such as packing plants, livestock markets, and

sewage treatment plants. Other products may be exported directly from the basin

without further processing (e.g. milk from a dairy operation).

Figure 1-1 is an energy systems overview of the landscape system of the north

Okeechobee watershed. The components and exchanges are aggregated to include the

phosphorus inflows, phosphorus storing compartments, and the main energy and

economic influences and mechanisms. The overlay diagram shows just the phosphorus-

containing components and pathways congruent with the whole systems diagram. The

emergy and economic evaluations of the whole landscape were made by computing the

main pathways contributing to the system and to the larger outside economy of which

this landscape is a part.

Spatially the landscape consists of several main subsystems, shown as single

units in the overview diagram (Figure 1-1). In the spatial analyses of phosphorus,

emergy, and economics, flows and exchanges are often polygon dependent, where a

polygon is an area with a characteristic land use, soil type, and geographic location.



Runoffto LakeOkeechobee

Figure1-1.EnergySystemsDiagramoftheNorthOkeechobeeBasin withOverlayofMajorPhosphorusFlowPathways.
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Figure 1-2 is a unit model of any system defined by polygon boundaries. Depending

upon the type of land use, some pathways contained zero flows.

Various combinations of alternatives, or scenarios, for management of the

system affecting phosphorus were evaluated either in the aggregate using Figure 1-1 or

spatially for each polygon (Figure 1-2).

Concepts Relating Phosphorus, Emergv, and Economics

The distribution of chemical elements in the universe and in the crust of the

earth is skewed, reflecting the energy hierarchy of the universe's nuclear and other

processes of element formation and distribution. Thus, there are large quantities of

elements of small atomic weight and fewer of the large atom elements (Schlesinger,

1991). The distribution of an individual element may be skewed as well. Much of the

mass is distributed among average concentrations, whereas small amounts are more

highly concentrated, reflecting the fewer processes in the geobiosphere that maintain

areas of higher concentration.

The theory of self-organization (Odum, 1992) suggests that processes are

sustained that have useful effects commensurate with their emergy requirement. The

theory further suggests that a material that is concentrated will be in a transformity

range where it has a useful effect. Transformity is a measure of the emergy per unit

energy of a substance, and higher transformity processes may be required where

phosphorus concentrations are higher. Figure 1-3 suggests a distribution of phosphorus

concentrations in processes with a moderately high range of transformities.
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Figure1-2.GenericUnitModelofaLandUsePolygon.
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Figure 1-3. Hypothetical Distributions of Phosphorus and Paid Services ($)
as a Function of Solar Transformity.
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One may surmise that phosphorus at lower or higher concentrations is outside the range

where its utility is commensurate with its emergy requirement.

Transformities are usually higher for processes within the economic systems of

human society than those for processing environmental raw materials. In other words,

in Figure 1-3, the zone where paid human services operate is in the range of higher

transformities to the right (refer to the hypothetical line for paid services). At an

intermediate range of transformities where phosphorus is important in economic

processes (e.g., fertilization for agricultural production), it is economically and

energetically effective for moderate levels of paid human services to interact with

phosphorus.

Phosphorus as a Resource

Phosphorus composes about 0.12 percent of the earth's crust (Gilliland, 1973).

It is present in all soils and rocks, in water, and in plant and animal remains (Cathcart,

1980). The global biogeochemical cycle of phosphorus is illustrated in Figure 1-4.

Phosphorus storage in marine sediments is four orders of magnitude greater than

storage on land. The phosphorus cycle differs from those of other major elements in

that the atmospheric component is negligible (Schlesinger, 1991). A major flux of

phosphorus occurs as river transport to the sea (Meybeck, 1982), which is balanced by

the uplift of sediments. Humans have linked the economic system to the

biogeochemical cycle of phosphorus mainly through mining phosphate rock for

fertilizer production, thus accelerating the return of phosphorus to the ocean. Though

the effect on the overall marine component of the phosphorus cycle is
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Figure 1-4. Systems Diagram of the Biogeochemical Cycle of Phosphorus (Odum, 1983).
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negligible by comparison, localized effects on the primary productivity of nearshore

habitats may be significant (Sandstrom, 1982).

Phosphorus is a vital element in the production processes of natural and human

systems. It is necessary for photosynthesis, the synthesis and breakdown of

carbohydrates, and the transfer of energy within the plant (Khasawneh et al., 1980).

At background concentrations, it is a valuable, and often limiting resource. At

concentrations exceeding those required for production, it is sometimes considered a

pollutant. A pollutant is, however, merely a resource out of place. One goal of

ecological engineering at the interface of human and natural systems is to transform

waste products into useful inputs to production, taking advantage of the self-organizing

nature of systems. Of particular importance in this study is the spatial reallocation of

nutrients from areas of overabundance to areas of limitation. A general overview of

the role of phosphorus in natural and agricultural systems is presented to set the stage

for analysis of phosphorus management alternatives.

Role in Natural Systems

In nature, phosphorus is primarily observed as phosphate mineral, but is chiefly

available to natural plant and animal communities as orthophosphate. Because of

limited availability and of solubility in aqueous solutions of the geological matrix,

phosphates are quite often a limiting factor for both aquatic and terrestrial natural

ecosystems (Porcella et al., 1974). However, Florida lands and waters have a much

higher level of phosphorus than most of the world (Odum, 1953).
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Much of the vegetative cover in the north Okeechobee basin is either pineland,

prairie grassland, or wetland. The flow of phosphorus laden runoff through the

watershed is affected by the occurrence of vegetated wetlands and waterways.

Phosphorus uptake by aquatic and wetland plants transforms bioavailable phosphorus

into storage as plant biomass. Nutrient release due to senescence of plant matter or

saturation of uptake capacity may pulse the hydrologic system with phosphorus,

particularly at the end of the growing season. The ability of released nutrients to

stimulate algal production in Lake Okeechobee depends on, among other factors, the

rate of mineralization of organic matter to bioavailable phosphorus. Management

techniques such as chemical application or harvesting to control aquatic vegetation in

waterways and the use of wetlands for treatment of runoff from agricultural lands

influence the degree and timing of phosphorus outflow to the lake.

Uses in Agriculture

In Florida, agricultural runoff from fertilized cropland accounts for the highest

anthropogenic flow of phosphorus to inland waters (Gilliland, 1973). Major inputs of

phosphorus to the north Okeechobee basin are accounted for as raw materials used for

fertilizer and animal feed production for agricultural activities in the basin. The

majority of the fertilizer produced in the basin is bulk blended; dry granular fertilizer

materials are physically mixed to given N-P-K formulations. These mixes are applied

in the basin primarily to improved pasture and citrus acreage. Phosphorus is added to

raw materials such as corn, hominy, and cottonseed during the manufacturing of animal

feed rations for dairies and beef cow-calf operations in the basin.
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The purpose of fertilizer application is to increase the amount of bioavailable

phosphorus in soil for plant uptake. The amount of phosphorus that can be lost in

sediment or dissolved in runoff water also increases proportionally (Taylor and Kilmer,

1980). Phosphorus in animal wastes often represents a significant fraction of the total

circulating in agricultural systems. Thus, a major goal of agriculture in the 1990s has

been to reduce its role in environmental degradation by employing nutrient management

and waste control practices.

Previous Studies of Ecological Economics of Chemical Cycles

Ecological economics studies linking the biogeochemistry of a chemical element

to its role in the human economy are limited. Odum (1990) indicated that a material

cycle converges as it is incorporated into products, moves to hierarchical centers,

diverges as it is released by consumption, and disperses into less concentrated open

space. This is certainly the case of phosphorus at the interface with the human

economy in the north Okeechobee basin, where phosphorus-containing inputs are

concentrated into agricultural products that are transported to processing facilities and

then redispersed for sale as processed goods. Odum, in the same article, further

remarked that a systems view is necessary to see the material cycles of the biosphere

and the coupling of all the important processes and energy sources driving the chemical

cycles.

Recently, Pritchard (1992) evaluated the use of a wetland system for treating

lead pollution employing both mainstream and ecological economic methods. He found

that there was a net benefit in emergy terms, valued as resources saved, associated with
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using the wetland for treatment versus a more conventional chemical precipitation

method.

Several articles have recently appeared in the ecological economics literature

concerning nitrogen management (Andreasson, 1990; Huang and Uri, 1992; and Gren,

1993). For the most part, the authors examined alternative policy mechanisms to

reduce the use of nitrogen fertilizer. Favorable alternatives included crop rotation,

wetland restoration, and marketable nitrogen use permits. In the same literature,

Erickson (1993) examined the relationship between carbon dioxide emissions and

agricultural yields from a global chemical cycling perspective. He argued that any

benefits of increased CO: would be more than offset by predicted consequences of

climate change and ozone depletion.

Hutchinson (1952) provided an early quantitative assessment of the phosphorus

cycle in his monograph on the "Biogeochemistry of Phosphorus." He examined

phosphorus cycling through the biosphere: in primary rocks, soils, the atmosphere, and

the hydrosphere. He attributed the return of phosphorus from the ocean to the

activities of birds and humans who retrieve phosphorus by harvesting fish from the sea.

Upwelling of nutrients off the coast of Peru stimulates productivity through the food

chain, ending with birds redepositing phosphorus on land in the form of guano.

Odum (1953) investigated the biogeochemistry of dissolved phosphorus in

Florida waters. He outlined methods to decrease the potential fertility of waters by

removing phosphorus, including biological filtration and chemical precipitation.
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Gilliland (1973) examined the effects of man's development on Florida’s

primitive phosphorus cycle. She reported that Florida is draining its phosphorus supply

through mining 125 times faster than it is being replaced by dissolution of rock and

reprecipitation. She concluded that water quality control programs should be based on

the percent effect of a given flow on the overall chemical cycle, rather than setting

effluent standards based on concentrations.

Kangas (1983) studied the interactions of humanity and nature in landforms

affected by phosphate strip mining. He estimated the embodied energy in a spoil

mound and modeled their succession. He recommended managed succession as a more

economical alternative to conventional reclamation. Kangas also modeled the

phosphate fertilizer industry in Florida and calculated a high net energy yield ratio of

12:1 for phosphate fertilizer.

Characteristics of the North Okeechobee Basin

The north Okeechobee basin comprises roughly 1.2 million acres of land in

various uses in south central Florida. This area incorporates 25 drainage subbasins

(Figure 1-5) within four larger drainage regions: Taylor Creek/Nubbin Slough, Lower

Kissimmee River, Indian Prairie/Harney Pond, and Fisheating Creek. Table 1-1 lists

the size of each basin and the drainage region in which each is located. For the

purposes of this study, physical characteristics of the area are important in terms of

how they affect land use and the flow of phosphorus through the north Okeechobee

basin. Physical features of particular importance are soils, hydrology, climate,

physiography, vegetation, and land use.
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Figure 1-5. Location Map of Lake Okeechobee and Its Drainage Subbasins.
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Table 1-1. Drainage Subbasins of the North Okeechobee Basin.

BASIN NAME AREA, acres REGION

S-65A 103350 Lower Kissimmee River

S-65B 128310 Lower Kissimmee River
S-65C 50450 Lower Kissimmee River
S-65D 116590 Lower Kissimmee River
S-65E 29160 Lower Kissimmee River
S-154 31620 Lower Kissimmee River
S-154C 2180 Lower Kissimmee River
S-191 121820 Taylor Creek/Nubbin Slough
L-59E 14410 Indian Prairie/Harney Pond
L-59W 6440 Indian Prairie/Harney Pond
L-60E 5040 Indian Prairie/Harney Pond
L-60W 3270 Indian Prairie/Harney Pond
L-61E 14290 Indian Prairie/Harney Pond
L-61W 13570 Fisheating Creek
LAKE ISTOKPOGA 48350 Indian Prairie/Harney Pond
C-40 43960 Indian Prairie/Harney Pond
C-41 94930 Indian Prairie/Harney Pond
C-41A 58500 Indian Prairie/Harney Pond
FISHEATING CREEK 282300 Fisheating Creek
NICODEMUS SLOUGH 25080 Fisheating Creek
L-48 20770 Indian Prairie/Harney Pond
L-49 12100 Indian Prairie/Harney Pond
S-131 7160 Fisheating Creek
S-133 25660 Taylor Creek/Nubbin Slough
S-135 18090 Taylor Creek/Nubbin Slough

1 acre = .4 hectares
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Soils and Hydrology

More than 75 percent of the north Okeechobee basin is covered by sandy soils

of varying thickness. The remainder of the area is composed of nearly level, poorly

drained organic soils. Urban and residential areas in the basin are underlain by soils

classified as having severe to very severe restrictions for community development and

for operation of septic tanks and landfills. Furthermore, extensive drainage and

hydrologic control mechanisms are necessary in order to use organic mucklands in the

basin for intensive agricultural production. Such incompatibilities between soil and

hydrologic characteristics and land use may have contributed to water quality

degradation in the basin.

The dynamics of phosphorus transport through soils, wetlands, and waterways

in the basin are crucial factors in predicting the effects of phosphorus imports to the

north Okeechobee basin on lake water quality. Effects of changes in economic uses of

phosphorus on nutrient outflows to the lake depend upon present storages of

phosphorus in soils and wetlands and on the chemistry and timing of release

mechanisms.

Climate and Rainfall

With an average annual temperature of 74 degrees F, the subtropical climate in

the north Okeechobee basin has a major influence on the seasonality of phosphorus use.

Crop selection and cultivation practices, which are based on climate as well as soil

type, have large impacts on phosphorus flows in this agricultural region. Another
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seasonal impact on phosphorus of the region comes from tourists who increase

phosphorus flow in the form of sewage.

Rainfall serves as a direct input of phosphorus to the lake (16 percent of the

total phosphorus input (South Florida Water Management District [SFWMD], 1989),

but it also has indirect effects as an agent of erosion and phosphorus transport. The

distribution of rainfall in the north Okeechobee basin varies temporally and spatially.

Average annual rainfall in the basin is about 50 inches, but monthly rainfall ranges

from 6 to 8 inches during the rainy season, June through September, and 1 to 2 inches

during the dry winter months. Summer rainfall and storm patterns, which account for

about half of the total annual rainfall, may result in nutrients being flushed into

waterways by dryland flooding.

Basin physiography consists mainly of two gently sloping plains, the Osceola

and the Okeechobee. About two-thirds of the study area has an elevation of 50 feet or

less. The Bombing Range Ridge located in the northwest corner of the Lower

Kissimmee Basin is the highest point in the study area at an elevation of about 100 feet.

Physiographic features and soils of the basin, which have been strongly influenced by

its geology, in turn determine the suitability of the area for different types of land use.

Limestone formations, primarily of marine origin, are responsible for the

development of an extensive groundwater system in the region. The groundwater

system is not part of the present study, and the influence of groundwater on phosphorus

flows in the basin is uncertain. However, subsurface flow that cuts through phosphatic
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clays could potentially dissolve and transport phosphorus and eventually become part of

the surface water system. Phosphorus may also be leached through sandy soils to

become part of the surficial aquifer which is often indistinguishable from surface flow

in the region.

Land Use

Agriculture north of Lake Okeechobee consists primarily of dairy and beef cow-

calf operations, with limited acreage of citrus and vegetable production (Table 1-2).

Twenty-five dairies with a combined herd of about 26,000 milking cows provide fresh

milk for urban south Florida. Roughly half of the 1.2 million basin acres is cow

pasture with varying degrees of improvement. About 40 percent of the basin is

undeveloped upland, wetland, and native range (see Fonyo et al., 1991 for more detail

on land use in the basin).

Urban land use in the north Okeechobee basin is limited to an estimated 40,000

inhabitants in the City of Okeechobee and surrounding towns, including seasonal

population increases due to tourism. Most of the transient population is distributed

around the perimeter of Lake Okeechobee in seasonally occupied camps and parks.

Historical trends in land use are important since they may indicate locations

where phosphorus has been stored or built up in soils. Future changes in phosphorus

usage in the Okeechobee basin depend primarily upon changes in population, land use,

and production practices; on the promulgation of laws governing the use of

phosphorus; and on the regulatory environment.
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Table 1-2. Land Use Characteristics of the North Okeechobee Basin.

LAND USE AREA(acres)1

Agricultural
Citrus 32000
Commercial Forestry 24000
Dairv ( —26400 cows milked) 31500

Barn 125

Hayfield 5075

High Intensity Area 750
Milk Herd Pasture 3780
Other Pasture 11900
Solids Spreading Area 4000

Sprayfield 4500
Waste Storage Pond 1370

Improved Pasture 480000
Ornamentals 1800
Sod 4000

Sugarcane 9500
Truck Crops 1400

Unimproved Pasture 160000
Other Agriculture 150

Urban

Golf Course 220
Residential (population -40000) 22000
Waste Treatment (1 MGD) 340
Other Urban 8400

Undeveloped
Barren Land 6200
Forested Upland 98000

Rangeland 180000
Wetlands 190000
TOTAL 1.2 million

Acreage rounded off to two significant figures.
1 acre = .4 hectares
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History of Basin Development

One hundred years ago, south Florida fresh water circulated in a slow, rain

driven cycle of meandering rivers and streams, shallow lakes, and wetlands. Starting

at a chain of lakes south of Orlando, water flowed into the Kissimmee River, which

meandered 100 miles south into Lake Okeechobee. During wet seasons, water spilled

over the lake's low southern rim and flowed south across the Everglades saw grass in a

50-mile wide sheet moving at a rate of about 100 feet per day toward Florida Bay

(Boggess et al., 1993).

Along the Lake's northern shoreline appeared dense stands of water oak,

cypress, popash, and rubber trees. For some 30 miles north of the lake, the landscape

was textured by prairie lands and pine forests. Numerous small pools filled with saw

grass and maiden cane dotted the prairies (Mitchum, 1987).

Modification of the natural freshwater system in south Florida began in the late

1800s as investors began developing the area. Over the next century, a series of

development, drainage, flood protection, and water supply programs resulted in the

construction of 1400 miles of canals and levees. The ditching caused oxidation of

organic matter and release of phosphorus from peaty material and from acidic solution

of limestone fragments.

The most important project was the massive, federally funded flood control and

water supply project known as the Central and Southern Florida Flood Control Project

authorized by Congress in 1948. Major modifications included (1) the channelization

of the Kissimmee River into a 56-mile long, 300-foot wide, 60-foot deep canal known



as C-38; (2) construction of the 25-foot high Herbert Hoover Dike encircling Lake

Okeechobee and providing control over all inflows to and outflows from the lake; and

(3) creation of three water conservation areas south of Lake Okeechobee to store excess

flood waters and to provide supplemental water supply.

Agriculture first began to develop around Lake Okeechobee in the 1920s.

Originally agriculture was limited by poor drainage and poor soils. Establishment of

the federal sugar program in the 1960s led to a dramatic increase in sugarcane and

winter vegetable acreage, particularly to the south of Lake Okeechobee. Dairying,

currently the most important agricultural industry in the north Okeechobee basin, first

began to develop in Okeechobee County in the early 1950s. Originally, the south

Florida dairy industry had been concentrated around Miami, but urban development

after World War II forced dairymen to move north.

Concerns over water quality in the north Okeechobee basin have spawned three

separate ongoing management efforts: (1) the Kissimmee River Restoration Project,

headed by the U.S. Army Corps of Engineers, which aims to "restore" the natural

meandering flow of the River through oxbows and wetlands (Loftin et al., 1990); (2)

the Lake Okeechobee Surface Water Improvement and Management (SWIM) Plan, a

joint effort of the Florida Department of Environmental Protection (formerly the

Department of Environmental Regulation) and the South Florida Water Management

District, which was designed to control basin nutrient outflows to the lake in order to

protect its vital water supply, recreational, and ecological benefits (SFWMD, 1989);

and (3) the Dairy Rule, which was promulgated by the Florida Department of
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Environmental Protection in 1987, requiring dairies to implement specific technologies

to control their discharge of nutrient rich drainage waters. All other agricultural land

uses are currently subject to permitting and enforcement under the SWIM Plan to meet

target phosphorus discharge standards.

Related Studies of the North Okeechobee Basin

There is a vast knowledge of the Lake Okeechobee ecosystem as a result of

more than two decades of research. Of particular relevance to this dissertation are

those studies addressing the lake's northern watershed and its impact on water quality.

In the 1970s, the Florida Department of Natural Resources, in conjunction with

the U.S. Department of Agriculture, conducted a survey of the land and water

resources of the Kissimmee-Okeechobee-Everglades system (USDA, 1973). The

information served as a basis for resource management planning for watershed

protection, flood control and protection, and water quality control. Around the same

period, Tuan (1973) studied the hydrologic-economic linkages in the same region,

while Baldwin (1975) was surveying practices to reduce nonpoint pollution from

agricultural lands for the Florida Department of Pollution Control.

In 1973, the Florida legislature funded the Special Project to Prevent

Eutrophication of Lake Okeechobee. The three main objectives of this project were: to

understand and quantify the process of eutrophication in Lake Okeechobee; to

understand quantitatively the inputs to Lake Okeechobee from drainage basins that are

related to eutrophication and water quality management; and to understand

quantitatively how alternative management strategies for water quality would affect
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downstream ecosystem components (Florida Department of Administration, 1976).

Major recommendations of the project were to retain rain water upstream through

storage in wetlands; to reflood publicly owned wetlands; and to improve farming and

ranching techniques.

As part of the Special Project, systems models were developed to shed light on

factors affecting Lake Okeechobee's water quality (Odum and Nordlie, 1975). A

regional model was developed and management alternatives were proposed by Fontaine

and Brown, including reestablishment of the Kissimmee River floodplain, onsite

storage and recycle of excess agricultural water, and elevation of stage level in Lake

Okeechobee. Gutierrez (1977) conducted energy analyses of pasture systems in the

Lake Okeechobee watershed. Simulation results indicated that improved pasture

operations contributed heavy loads of nutrients to adjacent waterways and are

vulnerable to conditions of fertilizer shortage.

In the 1980s, Bottcher et al. (1986) developed a model to assess the impact of

agricultural practices on water quality and quantity in the Taylor Creek/Nubbin Slough

(S-191) subbasin. They used the CREAMS-WT model to predict nutrient runoff and

developed a basin delivery model to predict nutrient outflow with alternative

management practices.

Following this effort, the South Florida Water Management District funded

research on the Biogeochemical Behavior and Transport of Phosphorus in the Lake

Okeechobee Basin (Campbell et al., 1992; Fonyo et al., 1991; Reddy et al., 1992).

The main goals of this research were to determine long- and short-term capacities of
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the soil to retain phosphorus; to determine how phosphorus moves through the soil

from the site of deposit; and to develop an inventory of all phosphorus sources to the

lake basin. This contract was amended to determine the availability and cost

effectiveness of management options to reduce phosphorus loads to Lake Okeechobee

and to develop an integrated decision support system for evaluating alternative

combinations of phosphorus control practices to achieve phosphorus reduction goals

(Fonyo et al., 1993a). This dissertation research is a byproduct of the contract

amendment.

Phosphorus Management Alternatives

Alternative ways to manage phosphorus include an array of onsite, physical

changes in production practices, onsite treatment alternatives, and regional treatment

options. Combinations of alternatives, or scenarios, may be used in a coordinated

manner for basin-wide management (Porcella and Bishop, 1974).

To be technically effective, phosphorus management alternatives must

physically change phosphorus flows through agricultural and other systems by either

(1) reducing phosphorus material imports/sources, (2) increasing onsite

storage/treatment, (3) enhancing phosphorus product exports, or (4) increasing offsite

storage/treatment. Figure 1-6 illustrates these options.



Figure1-6.PathwaysAmenabletoPhosphorusManagement.
to

cr
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Source Reduction

Phosphorus flows through a production system may be altered by adjusting the

amount of phosphorus-containing materials that are imported to the system from outside

the system boundaries. Source reduction can be achieved via several mechanisms

including (1) input substitution, (2) increased technical efficiency, (3) technological

change, (4) output substitution, (5) reduced production levels, and (6) recycling. Input

substitution entails substituting low concentration inputs for higher concentration

inputs. Examples of input substitution include substituting feed ration ingredients with

high phosphorus concentrations with lower phosphorus concentration ingredients while

maintaining the same nutritive value and substituting detergents without phosphorus for

phosphorus-containing detergents.

Increased technical efficiency, via better management of existing technology,

may increase agricultural output per unit of phosphorus input. For example, soil

testing may reduce fertilizer required to produce a target yield. Reduction in the

phosphorus concentration of dairy feed rations as an outcome of research is another

example. Under technological change, on the other hand, a more efficient production

technology is adopted. For example, alternative fertilizer application methods (e.g.,

banding instead of broadcasting) may be adopted.

Sources can be reduced by changing to processes that require less phosphorus.

For example, production of certain goods may be discontinued (e.g., dairy easement).

Alternatively, more benign crops (i.e., crops with lower phosphorus flow coefficients)

may be substituted for phosphorus intensive crops (e.g., sod instead of vegetables).
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However, potential tradeoffs exist. Phosphorus may be reduced at the expense of

increasing the use of other agricultural chemicals. Additionally, an increased supply of

substitute goods may not be economic.

Recycling is another form of source reduction, where phosphorus-containing

materials originating within a production system are substituted for phosphorus-

containing imports (e.g., nutrients in livestock manure substituted for commercial

fertilizer imports or purchased feed rations)

Onsite Treatment/Storage

Another way to reduce the outflow of phosphorus is to increase onsite storage of

phosphorus. Onsite storage can be increased by (1) facilitating natural chemical

bonding of phosphorus to soil particles (e.g., use of lime), (2) increasing the spatial

distribution of phosphorus (e.g., grazing herd management), (3) increasing the

temporal distribution of phosphorus applications (e.g., split fertilizer applications), (4)

reducing water flows and thus phosphorus mobility (e.g., irrigation management), (5)

detention/retention of runoff with associated assimilation, recycle, or treatment (e.g.,

impoundments or wetland filters), or (6) constructing a chemical or biological treatment

plant.

Export Enhancement

A third, though less important, method to impact the flow of phosphorus is to

enhance the export of phosphorus-containing products. To be effective, the increased

export has to exceed any associated increase in imports of phosphorus. Increases in net

exports can be achieved in several ways: (1) increased production of net phosphorus
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exporting crops (e.g., sod), (2) transformation of byproducts into saleable phosphorus-

containing goods for export from the watershed (e.g., composted dairy manure), and

(3) dispersal of phosphorus-containing byproducts outside the watershed (e.g., sludge

hauling).

Offsite Treatment/Storage

Finally, phosphorus outflow can be reduced by increasing offsite storage,

intercepting runoff before it reaches Lake Okeechobee. Offsite storage can be achieved

by (1) detention/retention of runoff with associated assimilation, recycle, or treatment

(e.g., wetland filters) and (2) aquifer storage and recovery. Other options include

chemical or biological treatment at central collection points and diversion of runoff out

of the watershed. Offsite treatment and storage options are referred to in this study as

basin scale alternatives.

Description of Scenarios

Scenario evaluations are like controlled experiments, showing the consequences

of specific changes, while keeping other conditions constant. Five phosphorus

management scenarios were examined in this study: base case phosphorus management,

maximum phosphorus use, predevelopment, dispersed phosphorus management, and

concentrated phosphorus management.

Base Case Phosphorus Management Scenario

The base case scenario represents land use and management practices in the

north Okeechobee basin in 1993. Each unique practice is summarized by land use in

Table 1-3. It was assumed that nonpoint source land uses such as beef cattle pasture.
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Table 1-3. Management Practices for the Base Case Scenario (1993 Conditions).

LAND USE MANAGEMENT PRACTICE

Improved pasture 11 lbs P/ac-yr fertilizer; dry season application;
no fencing; 2.5 acres/cow

Unimproved pasture/rangeland no fertilizer; no fencing; 16 acres/cow

Citrus 9 lbs P/ac-yr fertilizer; mature groves; drip
irrigation; no impoundment

Sugarcane 17 lbs P/ac-yr fertilizer for plant cane, first and
second ratoon crops; 61 lbs P/ac-yr applied
to sweet corn in rotation

Ornamentals 42 lbs P/ac-yr fertilizer

Truck crops 87 lbs P/ac-yr fertilizer

Commercial forestry no fertilizer

Sod 44 lbs P/ac-yr fertilizer

Dairy 8 dairies low technology; effluent to sprayfield;
solids landspread

I dairy low technology plus ecoreactor
II dairies semiconfinement; effluent to sprayfield;

solids landspread
4 dairies semiconfinement; effluent to sprayfield;

solids composted and sold
1 dairy confinement; effluent to sprayfield; solids

composted and sold

Ib/ac =1.1 kg/ha
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citrus, and ornamental plants employed normal or "typical" management practices

basinwide as determined from interviews with land owners and county extension agents

in the area (refer to Fonyo et al., 1991, for discussion).

Of the 25 dairies still operating in the basin, nine were classified as low

technology, or the minimum requirement to meet Dairy Rule regulations. These

designs consist of an effluent collection system with a lagoon for storage and a

sprayfield for dispersion of nutrients onto cropland. A schematic diagram of a dairy

waste management system is given in Figure 1-7. Solids are landspread on designated

pasture areas. One of these low tech systems also has an "ecoreactor", which is a

biochemical treatment system consisting of an integrated three step phosphorus removal

process: chemical precipitation, microbial cell uptake, and aquatic plant uptake in a

constructed wetland.

Fifteen dairies were classified as semiconfinement systems. They differ from

low technology in that the milking herd spends less time in the designated pasture and

a greater proportion in the high intensity area or feed barn. This design allows for

greater waste control and phosphorus recapture. One dairy in the basin constructed a

total confinement system in which the milking herd is restricted to the feed barn or

milking parlor. Five dairies sold their solids as compost, rather than reapplying to

pasture.

Maximum Phosphorus Use Scenario

Land use and management practices in 1987 represented conditions of maximum

phosphorus use in the basin. It was assumed that, on average, 17 lbs of phosphorus
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Figure 1-7. Schematic Diagram of a Dairy Waste Management System.
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were applied to each acre of improved beef pasture annually, as compared to 11 lbs

P/ac-yr in 1993. More recent information has suggested that not all improved acreage

is fertilized each year, and the actual percentage of the total acreage may vary as a

function of beef prices. For the purposes and the modeling efforts of this study,

however, the above assumptions were maintained.

Forty-one dairies, with a combined milking herd of 33,400 cows, were

operating before the Dairy Rule legislation went into effect. Though there were more

dairies in 1987, the average milk herd size was 815 cows, which increased 28 percent

to 1040 cows per dairy in 1993. The average phosphorus content of dairy feeds was

0.5 percent, compared to 0.45 percent in 1993.

Prior to the Dairy Rule, milk cows roamed freely in pastures and waterways

when they were not in the barn or high intensity area. Milk herd pastures comprised

45 percent of the dairy land area in 1987, compared to 12 percent in 1993. No formal

phosphorus control methods were used other than lagoon storage of barn wash water.

Predevelopment Scenario

At the turn of the century, the north Okeechobee landscape was a mosaic of

upland and wetland habitats with natural drainage along marshy sloughs. Human

settlements in the region were probably limited to scattered indian tribal populations

with minor phosphorus-related activity.

A map produced for an environmental study of southern Florida (Odum and

Brown, 1974) was used as a template to generate a predevelopment land cover map.
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As a rough estimate, the region comprised 700,000 acres of forested and nonforested

wetlands, 350,000 acres of grassy scrubland, and 190,000 acres of forested uplands.

Steady state conditions were assumed in upland systems so that the

concentration of phosphorus released in organic matter was equal to the rainfall

phosphorus concentration taken up by upland vegetation. An average rainfall

phosphorus concentration of 0.047 mg P/1 from Sculley (1986) was assumed. The

predevelopment concentration may actually have been even lower since atmospheric

deposition by sugar mills and phosphate mining operations in central Florida may be

contributing to current levels. Wetlands were assumed to be phosphorus sinks by

accumulating organic matter and building peat. Thus, the runoff phosphorus

concentration from wetlands was set equal to zero.

Dispersed Phosphorus Management Scenarios

The dispersed phosphorus management scenario refers to maximum phosphorus

control spatially at each source. Two variations of this scenario were tested by

changing the type of control on dairies. In both cases, all improved beef pasture was

fenced to keep cows out of waterways; impoundments to capture runoff were added to

all citrus acreage; and rice was grown in rotation with sugarcane. Base case conditions

were assumed otherwise.

Under the first maximum control design (design 1), all dairies were converted

to confinement systems, with sprayfields for effluent treatment and solids applied to

pasture. This alternative provides the greatest recycle of phosphorus onsite for crop

production. Design 2 also incorporates confinement of the milk herd, but adds a
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biochemical treatment system (ecoreactor) for effluent treatment and solids composting

for sale and export out of the basin.

Concentrated Phosphorus Management Scenario

As an alternative to managing phosphorus onsite, phosphorus leaving a drainage

basin as outflow may be treated as a point source. Chemical treatment was applied at

basin outlets for each of six drainage subbasin whose average annual phosphorus levels

exceeded 10 tons/yr. based on Lake Okeechobee Surface Water Improvement and

Management data (SFWMD, 1989). All of the remaining dairies are located in three

of these subbasins: S-191, S-154, and S-65D; two subbasins are highly channelized,

C-40 and C-41; and Fisheating Creek covers a large geographical area.

Each 200 million gallons per day (MGD) chemical treatment plant uses alum to

precipitate phosphorus at 89 percent removal efficiency. An 8800 acre in-lake flow

equalization basin is required for each system to provide a steady flow rate for

treatment (DER, 1986). Though originally designed for the S-191 basin outlet, the

same operating costs and parameters were applied to all basins as a ballpark estimate.

Dissertation Plan

In this study, data on the regional agricultural system of the north Okeechobee

basin were assembled and entered into a geographic information system. Then

biogeochemical budgets for inputs and outputs of phosphorus were prepared under

different management scenarios and the role of phosphorus in the biogeoeconomic

system was evaluated with emergy and economic analyses. Using phosphorus as an
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example, principles were tested regarding the role of critical limiting materials in the

self-organization of biogeoeconomic systems.

In the next chapter, methods are presented for performing phosphorus

budgeting, emergy analysis, economic evaluation, and scenario comparisons of

phosphorus management alternatives. Phosphorus budgeting, emergy evaluation, and

economic analysis results are given in Chapter 3. In Chapter 4, the relationship

between the phosphorus cycle, emergy, and economics is examined, including

implications for phosphorus management. General principles of biogeoeconomics are

proposed and suggestions are offered for future related research.



CHAPTER 2
METHODS, PROCEDURES, AND

SOURCES OF DATA

Five sets of procedures were used in this regional study of phosphorus: (1)

organization of data with the ARC/lnfo geographic information system; (2) phosphorus

budgeting; (3) emergy evaluation; (4) economic analysis; and (5) scenario comparisons.

Organization of Data with the ARC/lnfo Geographic Information System

Data for the north Okeechobee basin were entered into the ARC/lnfo

geographic information system for computer processing. Because aggregation is

required, the process of categorizing data spatially is a form of modeling. ARC/lnfo

was used to automate, manipulate, analyze, and display geographic and other data on

the regional system. The data used in this work were entered in files that were part of

LOADSS (Lake Okeechobee Agricultural Decision Support System), a decision support

system in ARC/lnfo designed to assist water managers concerned with eutrophication of

Lake Okeechobee (Fonyo et al., 1993a).

Spatial data have physical dimensions and geographic location, and are

composed of landscape features which may be represented on a map. Spatial data were

entered in three forms: points (e.g., cities), lines (e.g., roads), and polygons (e.g.,

land area). A coverage is a digital version of a map, or a homogeneous class of data

37
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within a map, which contains locational data (i.e., defines points, lines, or polygons)

and attribute data (i.e., describes points, lines, or polygons) about each map feature.

LOADSS utilizes a number of coverages during its operation. The main

coverage, referred to as LO_COMP, contains more than 7000 polygons. It was created

by combining an edited version of the District's 1987 land use coverage, dairy

coverage, STATSGO (State Soil Geographic Data Base) soil associations, weather

regions, and political boundaries. Hydrography data indicate drainage pathways from

each individual basin to Lake Okeechobee.

Land Use Coverage Description

As part of the District contract "Biogeochemical Behavior and Transport of

Phosphorus in the Lake Okeechobee Watershed", a digitized 1987 land use data base

was provided by the District in Autocad format for each USGS quadrangle in the study

area on a scale of 1:24,000. The quads were converted to ARC/Info format, then

edgematched, mapjoined, and clipped to form one continuous data base for the

watershed. These data were verified as part of Area 3 of that contract. Some changes

were made to the land use tags to accommodate the phosphorus budget analysis.

Certain Level 2 land use codes were changed to Level 3. For example AP (agricultural

pasture) was changed to either APIM (improved pasture) or APUN (unimproved

pasture). New land use tags were created to differentiate phosphorus related activities.

Details of the procedures and information sources used to verify the land use data are

given in the Area 3 final report (Fonyo et al., 1991).
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For this study, land use tags were grouped into the following land use

categories: barren land, citrus, dairy, commercial forestry, forested uplands, golf

course, improved pasture, ornamentals, other agriculture, other urban, rangeland,

residential, sod farm, sugarcane, truck crops, unimproved pasture, waste treatment

plant, water bodies, and wetlands. A land use map for the study area is given in

Figure 2-1.

The predevelopment land cover map for the low energy scenario evaluation was

generated in ARC/Info by interactively changing polygon types using the LOADSS

model.

Soils Coverage Description

The STATSGO soil association coverage was produced by the Soil Conservation

Service in 1991. The data are 1:250,000 scale quadrangles of major soil associations,

or groupings of soil types. The data were converted from Lambert to State-Plane

coordinates for use in the study area.

STATSGO is used mainly for large scale resource planning, management, and

monitoring since the data were created by generalizing more detailed soil survey maps.

Map unit composition for STATSGO was determined by sampling areas on more

detailed maps and expanding the data statistically to characterize the whole map unit.

The fundamental identifier for a map unit or soil association is referred to as its MUID

(Map Unit ID). Soils attribute data were used for CREAMS-WT runoff simulations.

Figure 2-1 contains a map of soil associations in the study area.



Figure2-1.LandUseandSoilAssociationsintheNorthOkeechobeeBasin.
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Weather Coverage Description

Four weather regions were differentiated based on rainfall patterns in the

watershed: North, South, East, and West. Weather regions were specified for runoff

simulation modeling using the CREAMS-WT model.

Boundary Coverages Description

Maps of spatial boundaries, such as drainage basins, regions, and counties, were

used for spatial scale delineation. All of the boundary coverages were provided by the

South Florida Water Management District (SFWMD) in either Autocad or ARC/Info

format. These boundaries are consistent with those used in the 1989 Interim Lake

Okeechobee Surface Water Improvement and Management (SWIM) Plan Technical

Document (SFWMD, 1989).

Dairy Land Use Coverage Description

The original land use data base only provided information about the location of

the dairy barn and not the other land uses within a dairy boundary. Dairy land uses

were digitized by the South Florida Water Management District for 43 preDairy Rule

(1987) and 25 current (1993) dairies in the watershed. Land use tags were created for

each land use type on the dairies that have installed waste treatment systems and remain

in operation. Table 2-1 gives a list of dairy land uses and tags assigned to dairy

coverage polygons.

Hydrography Coverage Description

The USGS' stated purpose for digitizing hydrography is "to collect information

about streams, bodies of water, wetlands, coastal water, water used for transportation



43

Table 2-1. Dairy Land Uses and Land Use Tags Assigned to Dairy Polygons.

DAIRY

TAG DAIRY LAND USE

BARN Milking barn or parlor; all imports and exports of materials are
attached to this land use;

HIA High intensity area; area surrounding barn used as a holding area
and sometimes feeding area

MHP Milking herd pasture; the milking herd is restricted to this pasture
area when not in the HIA or barn; the typical maximum animal
density of the MHP is 4 to 6 cows per acre

SPFL Sprayfield; part of the waste management system; effluent from
the waste storage pond is applied usually through a center pivot
irrigation system to this forage production area at a rate not to
exceed plant uptake (60 lbs P/ac/yr)

SSA Solids spreading area; solids that are scraped from the barn area,
or occasionally dredged from the waste storage pond, are applied
by spreader to this designated field area

OTP Other pasture; includes pastures for pot (sick) herd, springers,
and heifers and calves, if they are raised onsite; the typical
maximum animal density in these pasture areas is about 2 cows
per acre

OTFL Other field; hay field or other forage production area with no
animals

OTL Other land; includes roadways and structures

WET Wetlands within dairy boundaries

WSP Waste storage pond; area where wastes from the barn and high
intensity area are stored
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and related hydrographic features ..." (USGS, 1985). The digital line graphs (DLGs)

produced by USGS contain hydrographic features with the following attributes: length

in feet: major code, indicating the type of DLG (050 for hydrography); and minor

code, used to describe the hydrographic features including nodes, areas, lines, single

points, general purpose and description codes. Minor codes that appear in the

hydrography data base within the study area boundaries are given in Table 2-2. For the

purposes of phosphorus budgeting in this study, minor codes were reclassified into two

groups: wetlands and canals (see Figure 2-2).

The original hydrography data base for the study area was digitized from 1972

USGS quadrangles. Regional drainage patterns have changed significantly over the last

twenty years. Hydrography data were updated with the help of South Florida Water

Management District field personnel familiar with drainage patterns in the study area

and 1984 Mark Hurd aerial photos. Arcs were classified as either "wetlands" or

"canals" using the National Wetlands Inventory (NW1) as a background coverage for

verification.

Phosphorus Budgeting

The flows and storages of phosphorus in the drainage basin were studied by

simulating a spatial model using a simplified unit model. The unit model for

phosphorus in the agricultural landscape (Figure 2-3) was evaluated for each polygon,

including the flows between polygons and exchanges across watershed boundaries.

Phosphorus runoff from agricultural polygons, Op, was estimated using the CREAMS-

WT runoff model outside of the LOADSS model. The LOADSS program estimated
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Table 2-2. Hydrography Attribute Codes and Arc Length Classifications.

MINOR1 CODE DEFINITION CLASSIFICATION

200 Shoreline Wetland

202 Closure line Wetland

204 Apparent limit Wetland

407 Canal lock or sluice gate Canal

412 Stream Wetland

414 Ditch or canal Canal

605 Right bank Canal

606 Left bank Canal

610 Intermittent Wetland
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Figure 2-2. The Hydrographic Network of Streams (in Blue) and Canals (in Red) in
the North Okeechobee Basin.
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Figure 2-3. Unit Model for Spatial Simulation of the Phosphorus Budget.
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phosphorus uptake and storage (assimilation) in wetlands and canals from each polygon

to Lake Okeechobee.

A simple annual mass balance approach was employed to examine the use and

fate of phosphorus in the north Okeechobee basin under alternative phosphorus

management strategies. A similar approach was adopted by Porcella and Bishop (1974)

in their analysis of phosphorus management in the Great Lakes basin. The basic mass

balance equations, which assume a one year time step is adequate, are applied at the

polygon level and may be expressed as

where:
A Sp = average annual polygon phosphorus retention or storage, tons/yr
2 Ip = average annual phosphorus imports to polygon p, tons/yr
Rp = average annual rainfall phosphorus for polygon p, tons/yr
2 Ep = average annual phosphorus exports from polygon p, tons/yr
Op = average annual runoff phosphorus from polygon p, tons/yr
Ap = average annual phosphorus assimilated offsite from polygon p,
tons/yr
Lp = average annual basin phosphorus outflow attributed to polygon
p, tons/yr

Phosphorus enters each polygon of the basin in goods used for production or for

local consumption, and in rainfall. It leaves an individual polygon as either an

exported product or in runoff water. Simply stated, the change in phosphorus storage

onsite is the difference between the net import of phosphorus-containing materials plus

rainfall, and the losses due to runoff. Phosphorus entering drainage waters is

transported to Lake Okeechobee along a network of canals and streams. Phosphorus is
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assimilated along the flow path through plant uptake and soil adsorption, with the

remainder discharged to Lake Okeechobee. Thus, there are basically two components

to phosphorus retention within the basin: onsite storage and assimilation along the flow

path to the lake. Basin phosphorus retention is a function of rainfall, soil type,

standing biomass, drainage density, distance upstream, and management practices.

Such factors introduce elements of spatial variability in the data that are not captured by

aggregate analysis based on general land use categories. Analysis using spatial

modeling techniques accounts for such variability.

Phosphorus Imports and Exports

Imports and exports of phosphorus-containing materials by land use type are

based on "typical" practices as gleaned from interviews with farmers, feed and

fertilizer suppliers, county extension agents, and state and federal agencies. Published

documents, such as agricultural censuses, extension recommendations, fertilizer

consumption reports, and state production statistics were used to verify interview data

results. Details of the data collection procedures and phosphorus import and export

data are given in Fonyo et al. (1991).

Phosphorus in rainfall was estimated as 1.13 lbs P/ac-yr basinwide on an

average annual basis. This figure was based on a rainfall concentration of 0.1 mg P/1

(Heatwole, 1986) and an average annual rainfall of 50 inches (Sculley, 1986).

Phosphorus Runoff from Agricultural Sectors

A submodel for runoff of phosphorus from agricultural lands was simulated

independently using the CREAMS-WT program for PC Dos version 3.3. Model
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results represent the "edge-of-field" runoff for each agricultural polygon. The unit

model is represented in Figure 2-4.

Agricultural runoff simulation generates phosphorus loading for varied weather,

soil, and phosphorus management combinations. CREAMS-WT was chosen to model

phosphorus movement on a field scale because of its ability to successfully simulate

nutrient transport through South Florida's spodosols (Heatwole et al., 1988). Further

detail on CREAMS-WT and modeling procedures are given in Kiker et al. (1992).

The purpose of the simulations performed with CREAMS-WT was to evaluate

the expected impact of alternative management practices on phosphorus runoff from

individual fields (polygons) with a specific land use. All possible combinations of

management practices with land use, soil association, and weather region could not be

evaluated. A subset of the most typical, or commonly used, management practices was

selected and simulated over twenty years of stochastic weather data for each appropriate

land use, soil, and weather combination within the north Okeechobee basin (refer to

Fonyo et al., 1993a). Average annual runoff volumes and phosphorus loads were

generated by CREAMS-WT for each unique combination; from these, average runoff

concentrations were calculated.

Phosphorus Assimilation bv Wetlands and Canals

Another submodel was used to estimate phosphorus assimilation in canals and

wetlands from each polygon to Lake Okeechobee. Diagrams and equations are given in

Figure 2-5. In this model, phosphorus from the flow of water is proportional to the



AS=P-Q-ET-percolation AC=Cr+managementinputs-ROP Figure2-4.UnitModelforKeyProcessesoftheCREAMS-WTProgram. ET=Evapotranspiration;LAI=LeafAreaIndex;Cr=RainfallPhosphorus.
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pathway distance, each type of pathway having a different linear coefficient. The final

equation is appropriate where the flows through several types of surfaces are in series.

Assimilation follows the equation which is consistent with the Lake Okeechobee

SWIM Plan:

and

where:

Lp = average annual basin phosphorus outflow attributed to polygon
p, tons/yr
Op = average annual runoff phosphorus from polygon p, tons/yr
Ap = average annual phosphorus assimilated offsite from polygon p,
tons/yr
OVR = overland P assimilation = ao * OLL
WET = wetland P assimilation = aw * WLL
CAN = canal P assimilation = ac * CL

ao = overland flow assimilation coefficient, mi'1, default = 0
OLL = overland flow distance, or the distance from each polygon
centroid to the nearest wetland or canal, mi
aw = wetland flow assimilation coefficient, mi1
WLL = wetland flow distance, or the cumulative length of all wetland
segments from each polygon to basin outlet, miles
ac = canal flow assimilation coefficient, mi"1
CL = canal flow distance, or the cumulative length of all canal segments
from each polygon to basin outlet, miles

* e-(OVR + WET + CAN)

Calculation of flow path distance

The algorithm developed to calculate flow path distances from each polygon to

its subbasin outlet was performed externally from LOADSS. The ARC/Info 6.0

procedure which was used to calculate canal (CL) and wetland (WLL) drainage

distances is as follows:

1. Create a point coverage for all polygons;
2. Create a lookup table with basin names and outlet node numbers;
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3. Run the NEAR command and store distances from polygon centroids to
nearest stream nodes in the hydrography data base;
4. Store stream inlet node numbers for each centroid; and
5. Use the PATH command in the ROUTE algorithm to calculate wetland and
canal lengths from the inlet node for each polygon centroid to the appropriate
basin outlet node.

Calibration of phosphorus assimilation coefficients

A series of steps were taken to calibrate phosphorus assimilation coefficients

based on historical basin phosphorus outflow data as reported in the Lake Okeechobee

SWIM Plan. Calibration procedures and results are documented in Fonyo et al.

(1993b). Rather than assigning one assimilation coefficient each for wetlands

(0.64/mile) and canals (0.04/mile) basinwide as in the SWIM Plan, individual

coefficients were estimated for each drainage subbasin. Because of a lack of

information on in-stream processes, wetlands and canals were assigned the same

coefficient by subbasin, and overland flow assimilation was forced to zero.

Coefficients are listed by subbasin in Table 2-3.

Basin Phosphorus Outflow

Basin phosphorus outflows attributed to individual polygons were calculated as

the difference between runoff and assimilation. Basin outflow from individual

polygons were summed by subbasin for comparison with SWIM Plan data.

Emergv Evaluation

The contributions of environmental and economic (purchased) resources to the

production processes in the watershed were evaluated on a common basis using

emergy. Energy with potential to do work (available energy) is required for each



Table 2-3. Phosphorus Assimilation Coefficients and Average Flow Path Lengths by
Drainage Subbasin in the North Okeechobee Basin.

BASIN
NAME

ASSIMILATION
COEFFICIENT

(mile1)

AVERAGE
CANAL
FLOW PATH
LENGTH (mi)

AVERAGE
WETLAND
FLOW PATH
LENGTH (mi)

C-40 0.11 10.0 0.2
C-41 0.04 15.6 0.3
C-41A 0.16 11.2 2.9

Fisheating Creek 0.027 3.8 32.8
L-48 0.13 2.6 1.1
L-49 0.39 1.3 1.5
L-59E&W 0.29 5.4 1.2
L-60E&W 0.76 3.9 0.1
L-61E&W 0.51 3.9 0.4
Lake Istokpoga 0.31 0.5 10.3
Nicodemus Slough 0.52 6.0 2.2
S-131 0.45 1.0 1.5
S-133 0.17 3.3 1.2
S-135 0.59 1.3 3.7
S-154 0.04 3.8 6.6
S-154C 0.76 1.5 0.2
S-191 0.09 3.2 7.0
S-65A 0.16 8.7 3.4
S-65B 0.12 7.3 11.0
S-65C 0.25 3.5 3.5
S-65D 0.11 5.0 9.8
S-65E 0.16 4.3 4.0



56

stepward transformation in a production process. The more steps, the more energy it

takes to make a product. However, energies of different type have differing abilities

to contribute to production. By keeping track of the energy inputs required along each

step, expressing them in units of one kind of energy, one has a measure of the total

resource used for a product or service. This method measures energy "embodied" in

work previously completed to make a product.

Emergy, spelled with an "m" with the unit emjoule, is defined as the available

energy of one kind previously used directly and indirectly to make a product. When

expressed as solar energy, the measure is solar emergy in solar emjoules (Odum, 1986;

Scienceman, 1987). Solar emergy can be used as an aggregate measure of the net

productivity and resource uses of a system. The emergy per unit energy is called the

transformity and is a measure of energy quality and position in the energy hierarchy.

Emergy flow per unit time is defined as empower.

Emergy contributions are determined for nature's work, for purchased

resources, and for human services (Odum and Arding, 1991). The work of the natural

system is integrated into the analysis of phosphorus management alternatives in two

ways: (1) as inputs to the agricultural production process, and (2) as estimated by the

amount of residuals assimilated by wetland and aquatic ecosystems in the watershed.

The first step in emergy analysis of phosphorus management alternatives was to

construct an overview diagram of the entire north Okeechobee basin and then of each

system being evaluated. The next step was to construct emergy evaluation tables to

facilitate calculation of annual systems flows and longer term storages in both energy
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and emergy units and in emdollars. Entergy evaluation tables were constructed with

the following columns

Column 1: Line item number to signify the footnote for calculations

Column 2: Item name as indicated in the diagram.

Column 3: Raw data in joules, grams, or dollars.

Column 4: Transformity, or the emergy required to generate a unit of product,
in solar emjoules (sej) per unit.

Column 5: Solar emergy; the product of columns 3 and 4, in solar emjoules.

Column 6: Emdollar (formerly macroeconomic dollar equivalent); calculated
by dividing emergy in column 5 by the emergy/currency (emjoules/dollar) ratio
The emergy/currency ratio is obtained by dividing the gross national product in
given year by the total emergy used by the country that year (Odum and
Arding, 1991).

Column 7: Phosphorus content of item, in grams

Column 8: Emergy/mass ratio of phosphorus, or the emergy required to
generate a gram of phosphorus in the product, in solar emjoules per gram.

Economic Analysis

Economic analysis in this study was limited to determining the cost effectiveness

of phosphorus management alternatives as measured by the dollars spent per unit of

phosphorus reduction in basin drainage waters. A partial budgeting approach was

employed. Only direct investment, operation and maintenance, and secondary costs1

incurred by the producer due to changes in management were estimated. Investment

costs were estimated as the total one-time costs (materials and labor) to install a new

Mn this study, costs refer to money paid for goods and services.
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phosphorus management technology. Investment costs were annualized over the life of

the technology assuming an interest rate of 10 percent (the prevailing rate at the time of

the study) using the following equation:

where:

A = P * H1 + /)“

(1 + i')n - 1

A = annualized investment, $/yr
P = present value of total investment, $
i = prevailing interest rate
n = life of investment, years

Operation and maintenance costs were calculated as the annual costs to keep the

phosphorus management technology functional. In most cases, these cost components

were taken from engineering design reports (refer to Appendix A).

Two types of secondary costs were estimated: production costs and output

effects. Production costs reflect changes in existing annual cost components incurred

as a result of adopting a phosphorus management alternative. For example, changing

the rate of fertilizer application results in either an increase or decrease in annual

operating costs. The output effect reflects changes in output of a product as a result of

adopting a phosphorus management alternative. An example is a change in milk
%

production due to structural change (e.g., confinement) on a dairy. Secondary costs

may be positive or negative. Relationships between changes in management and costs

and returns are given in Appendix A. The basic costs of operation without phosphorus

management, which were needed for emergy evaluations, were obtained from various

Institute of Food and Agricultural Services (IFAS) production budgets.
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In order to facilitate aggregate cost effectiveness analysis at the watershed scale,

certain homogenizing assumptions were made about the characteristics of specific basin

activities and management practices. Appendix A outlines these assumptions, the

methods for calculating direct costs (investment, operation and maintenance, and

secondary) in 1990-91 dollars, and data sources for pertinent nonpoint land uses (beef

pasture, dairy, citrus, sugarcane), point sources (sewage treatment plants), and basin

scale treatments (aquifer storage and recovery, biological treatment, chemical

treatment, diversion).

Scenario Comparisons

One of the purposes of this study was to consider management alternatives that

would reduce phosphorus outflows from drainage subbasins to predetermined average

annual values. Five phosphorus management scenarios (combinations of alternatives)

were compared to determine which minimized basin phosphorus outflow, minimized

the cost of phosphorus reduction, and maximized empower (emergy per year) on a

regional scale. Scenarios were chosen to represent a range of intensity of phosphorus

use and management.

Cost effectiveness analysis is a useful way to perform an economic evaluation of

two scenarios. Cost effectiveness was defined as the dollars spent per unit reduction of

phosphorus in basin outflow. Cost effectiveness was calculated for a two scenario

comparison as the change in total direct costs divided by the change in basin

phosphorus outflow: (Cc - Cr)/(Pc - Pr); where C=total direct costs, preference

scenario, c=current scenario, P=basin phosphorus outflow. Secondary costs due to
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changes in factors of production or output were included in the cost effectiveness

estimation. A negative sign in the denominator indicates that basin phosphorus outflow

was reduced under the current scenario.

Phosphorus runoff concentrations (mg/1) from land areas and phosphorus

outflows (tons/yr) from drainage subbasins were compared to target goals that were

specified in the Lake Okeechobee SWIM Plan (SFWMD, 1989). These physical

criteria gave another measure of the success of a management scenario.

Scenarios were also compared to determine which design maximized the use and

feedback of phosphorus throughout the regional landscape. Emergy indices provided

such means for comparison. Several indices were proposed by Odum and Arding

(1991) to analyze shrimp mariculture in Ecuador. These indices are also useful for

comparing phosphorus management scenarios for the north Okeechobee basin. Each

index is defined briefly (refer to Figure 2-6 for illustration):

Solar transformity - the equivalent solar energy that would be necessary to
generate a unit of resource efficiently and rapidly; sej/j.

Emergy per unit mass - energy of one type required to generate a unit mass of
material; sej/g.

Emergy investment ratio - the ratio of emergy fed back from the economy to the
free emergy inputs from the environment; F/I.

Net emergy yield ratio - emergy of an output divided by the emergy of the
inputs that are from the main economy (i.e., purchased); Y/F.



EmergyInvestmentRatio=F/I NetEmergyYieldRatio=Y/F
Figue2-6.DiagramExplainingEmergyIndices(OdumandOdum,1983).
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CHAPTER 3
RESULTS

Results of the evaluation of phosphorus budgets, dollar costs, and emergy are

given for each of five phosphorus scenarios: base case phosphorus management,

maximum phosphorus use, predevelopment, dispersed phosphorus management, and

concentrated phosphorus management.

Phosphorus Budgeting

Phosphorus budget results are summarized by land use in Tables 3-1 through 3-4 for

each relevant scenario. Budget components are also summarized diagrammatically in

Figures 3-1 through 3-5 by scenario. The energy systems diagram illustrates the

coupling of the hydrology of the region to the flow of phosphorus through it.

Phosphorus sources are indicated as environmental inputs to the left of the diagram and

purchased imports from the top. Tanks indicate storages of phosphorus, both onsite in

soils and biomass, and offsite through assimilation in canals and wetlands.

Phosphorus Imports and Exports

Figure 3-6 summarizes annual imports and exports of phosphorus containing

materials across north Okeechobee basin boundaries under the base case scenario.

Imports are primarily fertilizer and dairy feed, and major exports are various crops,

raw milk, and livestock. Imports and exports were also summarized by land use (Table

62



Table3-1.PhosphorusBudgetResultsbyLandUsefortheBaseCaseScenario. LANDUSE

NETPRAINFALLRUNOFF IMPORTSPP (tons/yr)(tons/yr)(tons/yr)
ONSITEASSIMILATED

PSTORAGEP (tons/yr)(tons/yr)

BASIN OUTFLOWP (tons/yr)

ImprovedPasture2723 Dairy515 Bam515 Hayfield0 MilkHerdPasture0 OtherPasture0 SolidsSpreadingArea0 SprayfieId0

455

2538

314

58.6

474

32.8

0

X

0

3.4

X

2.0

7.9

X

4.6

14.3

X

7.7

15.6

X

8.2

17.4

X

10.3

141 25.8 0 1.4 3.3 6.6 7.4 7.1

UmmprovedPasture/ Rangeland

5.8

189

112

82.8

82.4

29.6

Citrus

31.3

18.0

25.5

23.8

16.1

9.4

ForestedUpland

0

55.2

22.8

32.4

15.7

7.1

WasteTreatment

12.0

X

7.4

4.6

4.1

3.3

CommercialForest
-1.7

13.5

7.4

4.4

4.5

2.9

OtherUrban

X

4.7

5.4

X

3.2

2.2

UrbanResidential
48.0

12.2

4.9

55.3

2.9

2.0

Sugarcane

77.7

5.3

13.1

69.9

11.3

1.8

Sod

-20.1

2.2

6.9

-24.8

5.1

1.8

TruckCrops

52.7

0.8

6.0

47.5

4.3

1.7

Ornamental

18.9

1.0

1.8

18.1

1.2

0.6

BarrenLand

0

3.5

0.8

2.7

0.52

0.31

OtherAgriculture

X

0.1

0.1

X

0.07

0.03

GolfCourse

2.7

0.13

0.06

2.8

0.04

0.02

Wetlands

0

107

0

107

0

0

3465

700

727

3438

499

228

X-notquantified
1ton=907kg



Table3-2.PhosphorusBudgetResultsbyLandUsefortheMaximumPhosphorusUseScenario. LANDUSE

NETF IMPORTS (tons/yr)

RAINFALL
P (tons/yr)

RUNOFF
P (tons/yr)

ONSITEASSIMILATED
PSTORAGEPHOSPHORUS (tons/yr)(tons/yr)

BASIN OUTFLOW (tons/yr)

ImprovedPasture
4114

266

661

3719

458

203

Dairy

773

20.5

307

487

185

122

Bam

773

X

150

X

91.7

58.3

Hayfield

0

X

6.2

X

3.5

2.7

HighIntensityArea
0

X

110

X

66.2

43.8

MilkHerdPasture
0

X

20.6

X

12.5

8.1

OtherPasture

0

X

19.9

X

10.9

9.0

Sprayfield UnimprovedPasture/
0

X

0.4

X

0.3

0.1

Rangeland

5.8

190

112

83.8

82.4

29.6

Citrus

31.3

17.9

25.6

22.7

16.1

9.5

ForestedUpland

0

54.6

22.6

32.0

15.6

7.0

WasteTreatment

12.0

X

7.4

4.6

4.1

3.3

CommercialForest
-1.7

13.5

7.4

4.4

4.5

2.9

OtherUrban

X

5.4

6.2

X

3.7

2.5

UrbanResidential
48.0

12.1

4.6

55.5

2.4

2.2

Sugarcane

77.7

5.3

13.1

69.9

11.3

1.8

Sod

-20.1

2.2

6.9

-24.8

5.1

1.8

TruckCrops

52.7

0.8

6.0

47.5

4.3

1.7

Ornamental

18.9

1.0

1.8

18.1

1.2

0.6

BarrenLand

0

3.5

0.8

2.7

0.52

0.31

OtherAgriculture

X

0.1

0.1

X

0.07

0.03

GolfCourse

2.7

0.13

0.06

2.8

0.04

0.02

Wetlands

0

109

0

109

0

0

5114

700

1182

4634

794

388

X-notquantified
1ton=907kg
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Table3-3.PhosphorusBudgetResultsbyLandUsefortheDispersedPhosphorusManagementScenario,Design1. LANDUSE

NETP IMPORTS (tons/yr)

RAINFALL P (toas/yr)

RUNOFF
P (toas/yr)

ONSITE
PSTORAGE (tons/yr)

ASSIMILATED PHOSPHORUS (toas/yr)

BASIN OUTFLOW (toas/yr)

ImprovedPasture
2723

270

364

2629

252

112

UnimprovedPasture/ Rangeland

5.8

189

112

82.8

82.4

29.6

Dairy

540

17.7

53.7

504

30.2

23.5

Bam

540

X

0

X

0

0

Hayfield

0

X

3.4

X

2.0

1.4

OtherPasture

0

X

14.3

X

7.7

6.6

SolidsSpreadmgArea
0

X

16.6

X

8.7

7.9

Sprayfield

0

X

19.4

X

11.8

7.6

ForestedUpland

0

55.2

22.8

32.4

15.7

7.1

Citrus

31.3

18.0

17.8

31.5

11.2

6.6

WasteTreatment

12.0

X

7.4

4.6

4.1

3.3

CommercialForest
-1.7

13.5

7.4

4.4

4.5

2.9

OdierUrban

X

4.7

5.4

X

3.2

2.2

UrbanResidential
48.0

12.2

4.9

55.3

2.9

2.0

Sod

-20.1

2.2

6.9

-24.8

5.1

1.8

TruckCrops

52.7

0.8

6.0

47.5

4.3

1.7

Sugarcane

-82.1

5.3

8.4

-85.2

7.2

1.2

Ornamental

18.9

1.0

1.8

18.1

1.2

0.6

BarrenLand

0

3.5

0.8

2.7

0.52

0.31

OtherAgriculture

X

0.1

0.10

X

0.07

0.03

GolfCourse

2.7

0.13

0.06

2.8

0.04

0.02

Wetlands

0

107

0

107

0

0

3331

700

619

3412

424

195

X-notquantified
1ton=907kg



Table3-4.PhosphorusBudgetResultsbyLandUsefortheDispersedPhosphorusManagementScenario,Design2. LANDUSE

NETP IMPORTS (tons/yr)

RAINFALL
P (tons/yr)

RUNOFF
P (tons/yr)

ONSITE
PSTORAGE (tons/yr)

ASSIMILATED PHOSPHORUS (tons/yr)

BASIN OUTFLOW (tons/yr)

ImprovedPasture
2723

270

364

2629

252

112

UnimprovedPasture/ Rangeland

5.8

189

112

82.8

82.4

29.6

Dairv

327

17.7

31.9

313

17.7

14.2

Bam

327

X

0

X

0

0

Hayfield

0

X

3.4

X

2.0

1.4

MilkHerdPasture
0

X

0

X

0

0

OtherPasture

0

X

14.3

X

7.7

6.6

SolidsSpreadArea
0

X

7.9

X

4.1

3.8

Sprayfield

0

X

6.3

X

3.9

2.4

ForestedUpland

0

55.2

22.8

32.4

15.7

7.1

Citrus

31.3

18.0

17.8

31.5

11.2

6.6

WasteTreatment

12.0

X

7.4

4.6

4.1

3.3

CommercialForest
-1.7

13.5

7.4

4.4

4.5

2.9

OtherUrban

X

4.7

5.4

X

3.2

2.2

UrbanResidential
48.0

12.2

4.9

55.3

2.9

2.0

Sod

-20.1

2.2

6.9

-24.8

5.1

1.8

TruckCrops

52.7

0.8

6.0

47.5

4.3

1.7

Sugarcane

-82.1

5.3

8.4

-85.2

7.2

1.2

Ornamental

18.9

1.0

1.8

18.1

1.2

0.6

BarrenLand

0

3.5

0.8

2.7

0.52

0.31

OtherAgriculture

X

0.1

0.10

X

0.07

0.03

GolfCourse

2.7

0.13

0.06

2.8

0.04

0.02

Wetlands

0

107

0

107

0

0

3118

700

597

3221

412

185

X-notquantified
1ton=907kg

ON

ON
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Figure3-1.DiagramofPhosphorusBudgetsandTheirInteractionsfortheBaseCaseScenario. (a)EnergySystemsDiagram;(b)BasinPhosphorusBudget;(c)BeefPasturePhosphorusBudget;and (d)DairyPhosphorusBudget.UnitsaretonsP/yr(0.9E6gramsP/yr).
0s
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Figure3-2.DiagramofPhosphorusBudgetsandTheirInteractionsfortheMaximumPhosphorus UseScenario,(a)EnergySystemsDiagram;(b)BasinPhosphorusBudget;(c)BeefPasture PhosphorusBudget;and(d)DairyPhosphorusBudget.UnitsaretonsP/yr(Ü.9E6gramsP/yr).
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Basin outflow

(b)

figure3-3.DiagramofPhosphorusBudgetsandTheirInteractionsforthePredevelopmentScenario. (a)EnergySystemsDiagram;and(b)BasinPhosphorusBudget.UnitsaretonsP/yr(0.9E6gramsP/yr).
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(d)

Figure3-4.DiagramofPhosphorusBudgetsandTheirInteractionsfortheDispersedPhosphorus ManagementScenario,Design1.(a)EnergySystemsDiagram;(b)BasinPhosphorusBudget;
(c)BeefPasturePhosphorusBudget;and(d)DairyPhosphorusBudget.UnitsaretonsP/yr (0.9E6gramsP/yr).
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Figure3-5.DiagramofPhosphorusBudgetsandTheirInteractionsfortheDispersedPhosphorus ManagementScenario,Design2.(a)EnergySystemsDiagram;(b)BasinPhosphorusBudget;
(c)BeefPasturePhosphorusBudget;and(d)DairyPhosphorusBudget.UnitsaretonsP/yr (0.9E6gramsP/yr).



Fertilizer72%

Human food/1.4% detergent Dairy feed
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Milk27.2%
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Sweet Com2.0%
Compost 3.4%
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PhosphorusExports (864totaltons/yr)

Figure3-6.DistributionsofImportsandExportsofPhosphorus-Containing MaterialsundertheBaseCaseScenario.
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3-5). Based on data for average production practices, the largest use of phosphorus

was as fertilizer for improved pasture (68 %) due to its large geographical extent.

Dairies with 19 percent of the imports accounted for the largest export of phosphorus

(36 %).

Net phosphorus imports were calculated for each land use for comparison on a

unit basis. These coefficients give a relative assessment of the intensity of phosphorus

use across land use types. Truck crops utilized the most phosphorus per acre on a net

basis. Dairies are three times more intensive in the use of phosphorus than improved

beef pasture. Sod production results in a net export of phosphorus per acre since soil

as well as plant biomass is harvested. Under the base case scenario, more than 3400

net tons of phosphorus were imported to the north Okeechobee basin annually,

compared to the high phosphorus scenario, which resulted in more than 5000 net tons

of phosphorus being imported annually (Table 3-2).

Under the dispersed phosphorus management scenario, changes in sugarcane

and dairy practices had an impact on imports and exports of phosphorus-containing

materials. Fertilizer was reduced by 71 tons annually from the base case as a result of

substituting rice for corn in rotation with sugarcane. Rice production does not require

any phosphorus fertilizer. Changes in annual exports associated with this practice were

also observed: a 51,500 ton increase in rice exports, a 20,000 ton increase in sugarcane

exports due to the rice effect on yield, and a 12,430 ton decrease in sweet corn exports.

Confinement of all dairies resulted in a 40,250 ton increase in milk production annually

over the base case. Under the first design, with landspreading of solids.



Table 3-5. Phosphorus Imports to and Exports from the North Okeechobee Basin
under the Base Case Scenario.

LAND USE

PHOSPHORUS
IMPORTS

(tons/yr)

PHOSPHORUS
EXPORTS

(tons/yr)

NET P

IMPORTS

(lbs/unit-yr)
•

Improved Pasture 2938 215 11 lbs/ac-yr
Dairy 822 307 39 lbs/cow-yr

(33 lbs/ac-yr)
Citrus 144 113 1.9 lbs/ac-yr
Sugarcane 133 55 16 lbs/ac-vr
Sod 88 108 -10 lbs/ac-yr
Truck Crops 62 9.3 75 lbs/ac-yr
Urban Residential 60 12 3 lbs/cap-yr
Ornamental 38 19 21 lbs/ac-yr
Unimproved Pasture/
Rangeland 29 24 0.03 lbs/ac-yr
Waste treatment 12 0 66 lbs/MGY
Golf Course 2.7 0 24 lbs/ac-yr
Commercial Forest 0 1.7 -. 14 lbs/ac-yr

4329 864

1 ton = 907 kg
1 lb = 453.6 g
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compost exports decreased by 36,000 tons annually. When all solids were composted

as in design 2, annual exports increased by 230,800 tons over the base case. The

effects of these changes on the annual net import of phosphorus to the basin are

summarized in Tables 3-3 and 3-4 for designs 1 and 2, respectively. Reduction in net

imports was achieved by source reduction and export enhancement.

The ratio of the tons of purchased phosphorus imports to phosphorus inputs
%

from the environment may be referred to as the phosphorus investment ratio. Using

data from Figures 3-1 through 3-5, this ratio was at its maximum of 8.6 under the

maximum phosphorus use scenario (6050/700). Phosphorus management decreased the

ratio by 28 percent. The phosphorus investment ratio was greatest for dairies prior to

1987. Improved beef pasture, other agriculture, and sugarcane are other land use types

with ratios significantly greater than the basinwide average.

Another ratio useful for comparing scenarios is the net phosphorus ratio, or the

ratio of the tons of phosphorus in products to purchased phosphorus imports. The net

phosphorus ratio was greatest under the dispersed phosphorus management, design 2

scenario. The export of composted dairy manure and rice from sugarcane fields

contributed to the 80 percent increase from 0.15 (935/6050) under the maximum

phosphorus use scenario to 0.27 (1141/4258).

Phosphorus Runoff

Phosphorus concentrations in drainage waters from all land uses were estimated

using the CREAMS-WT runoff model. Results are displayed spatially in Figure 3-7

through 3-10 for the base case, maximum phosphorus use, predevelopment, and



Figure3-7.LandUsePolygonsandAverageAnnualPhosphorusRunoffConcentrationsundertheBaseCase Scenario.
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Figure3-8.LandUsePolygonsandAverageAnnualPhosphorusRunoffConcentrationsundertheMaximumPhosphorus UseScenario.
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Figure3-9.LandCoverPolygonsandAverageAnnualPhosphorusRunoffConcentrationsfromLandUsePolygonsunder thePredevelopmentScenario.
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Figure3-10.LandUsePolygonsandAverageAnnualPhosphorusRunoffConcentrationsfromLandUsePolygonsunder theDispersedPhosphorusManagementScenario.
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dispersed phosphorus management scenarios, respectively. The map color intensifies

with increasing phosphorus concentration. Comparison with the land use map shows

dairies with concentrations exceeding 0.9 mg P/1. High concentrations are also

indicative of muck soils south of Lake Istokpoga and in the southern portion of the S-

135 subbasin. Lower concentrations in the range of 0.2 - 0.3 mg P/1 are associated

with forested uplands, unimproved pasture, and rangeland.

Figure 3-11 illustrates the spatial heterogeneity of phosphorus runoff

concentration among land use polygons under the base case scenario. More than 6000

polygons had average runoff concentrations averaging less than 2 mg P/1 , whereas

only 4 polygons had concentrations exceeding 10 mg P/1. The hierarchical nature of

this relationship is common to the distribution of chemical elements.

Under the maximum phosphorus use scenario, 20 percent of the annual net

phosphorus inputs entered basin drainage waters as runoff, compared to 17 percent with

base case phosphorus management. Dairies and beef pasture contributed more than 90

percent of the phosphorus in runoff and at the basin outlet. Eighty-five percent of the

307 tons of annual dairy runoff phosphorus was attributed to the barn and high intensity

areas under maximum phosphorus use.

Forested uplands and grassy scrubland were estimated to contribute 33 tons of

runoff phosphorus annually under the predevelopment scenario.

Dairy runoff under the dispersed phosphorus management scenario, design l

was estimated at 53.7 tons P/yr. Ecoreactors and solids composting under design 2



NumberofPolygons
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Figure 3-11. Spatial Hierarchy of Runoff Concentration among Land Use Polygons.
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resulted in a 46 percent reduction in dairy runoff (31.9 tons) when compared to the

base case scenario. Runoff concentrations from dairy land uses still exceeded 0.9 mg

P/1 under both designs. Since the milk herd is restricted from pasture when housed in

confinement systems, runoff from these fields returned to background levels.

The difference between phosphorus inputs and phosphorus runoff represents

onsite phosphorus storage. Under predevelopment conditions, an estimated 297 tons of

phosphorus were stored onsite in the watershed annually. More than an order of

magnitude increase in annual onsite storage (4634 tons P) was observed by 1987, most

of which was associated with improved beef pasture.

Phosphorus Outflow

Basin phosphorus outflow from each polygon was calculated as the difference

between runoff phosphorus and assimilated phosphorus. Figure 3-12 is a map showing

per unit basin outflow from each polygon under the base case scenario. For nonpoint

sources, the units are acres. Units are cows for dairies which have both point and

nonpoint source characteristics, and million gallons for the point source sewage

treatment plant. Basins with the smallest assimilation coefficients, such as S-191, S-

154, and C-41, show the greatest per unit outflow from the basin as represented by the

darker coloration.

Under the base case, more than half of the estimated 228 tons of basin

phosphorus outflow annually was attributed to improved beef pasture. Dairies

accounted for only 11 percent of the annual outflow with nearly the same contribution

as unimproved pasture and rangeland.



Figure3-12.LandUsePolygonsandAverageAnnualBasinPhosphorusOutflowundertheBaseCaseScenario.
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Only 7 percent of net phosphorus imports reached Lake Okeechobee. Rainfall

contributed an additional 700 tons of phosphorus to the basin (excluding wetlands and

water bodies) each year. The majority of phosphorus inputs was stored onsite in soils

or biomass, and 10 percent was stored in wetlands and canals along flow paths to the

lake. Phosphorus assimilation is a "free" service provided by the environment.

Under the maximum phosphorus use scenario, about one-third of the runoff

phosphorus, nearly 400 tons, left the basin annually, compared to an estimated 228

tons under base case conditions. Eighty percent of the annual phosphorus inputs were

stored in the basin either onsite or in streams and canals.

Eleven tons of phosphorus were contributed to Lake Okeechobee from the

watershed annually under the predevelopment scenario (less than 10 percent of the 120

tons of direct phosphorus input to the lake from rainfall). Since the scenario reflects

prechannelization, the only surface inputs to the lake were from natural marshes and

sloughs such as Fisheating Creek and the Kissimmee River.

The net effects of the dispersed phosphorus management scenarios on the base

case basin phosphorus budget were a 33 ton annual reduction in basin phosphorus

outflow under design 1 and an additional 10 ton/yr reduction using design 2. Dairies

contributed 23.5 tons under design 1. Ecoreactors and solids composting under design

2 resulted in a 45 percent reduction in basin phosphorus outflow (14.2 tons) from

dairies when compared to the base case.

Under the concentrated phosphorus management scenario, each basin scale

chemical treatment plant applied at six subbasin outlets had an 89 percent phosphorus
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removal efficiency. Results for each subbasin are summarized in Table 3-6. A total of

157 tons of phosphorus were removed annually as precipitate or sludge, resulting in a

total annual average phosphorus outflow of 71 tons from all subbasins under this

scenario (19.5 tons P/yr from treatment subbasins plus 50.5 tons P/yr from remaining

subbasins).

Based on phosphorus outflow data adjusted for runoff volume, an overall

reduction of 218 tons, or 56 percent of the historical average annual outflow for the

period 1973-1989 was mandated in the Lake Okeechobee Surface Water Improvement

and Management (SWIM) Plan (SFWMD, 1989) for all subbasins in the study area.

The concentrated phosphorus management scenario was the only scenario in which the

SWIM Plan goal for the north Okeechobee basin of 170 tons of phosphorus outflow

annually (adjusted for runoff volume) was realized. The dispersed management

scenario exceeded the goal by 15 and 9 percent for designs 1 and 2, respectively, and

base case management was 34 percent above the target. The dispersed management

scenarios could possibly exceed the target goal with adjustments in input flows,

management parameters, or phosphorus assimilation coefficients. The phosphorus

assimilation algorithm and calibrated coefficients provide the greatest element of

uncertainty.

Emergv Evaluation

Results of emergy evaluations of individual land use/management practices are

given on a per acre basis in Appendix B. An example of each unit analysis is given in

Figures 3-13 through 3-20 for citrus, beef pasture, dairy, sugarcane, other agriculture.
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Table 3-6. Phosphorus Budget Results for the Concentrated Phosphorus Management
Scenario.

Drainage
Subbasin

Phosphorus
Outflow

Phosphorus
Removed

tons/yr —

Adjusted
Phosphorus
Outflow1

C-40 12.4 11.0 1.4

C-41 34.6 30.8 3.8

Fisheating Creek 49.9 44.4 5.5

S-154 16.8 14.9 1.9

S-191 46.5 41.4 5.1

S-65D 16.3 14.5 1.8

Total 176.5 157 19.5

1 ton = 907 kg
'Adjusted Phosphorus Outflow = Phosphorus Outflow - Phosphorus Removed



CropSales Basin Outflow

Figure3-13.UnitDiagramforEmergyEvaluationofCitrusLandUse undertheBaseCaseScenario(El3sej/ac-yr).
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Liveweight Basin Outflow

Figure3-14.UnitDiagramforEmergyEvaluationofBeefPastureLandUse undertheBaseCaseScenario(El3sej/ac-yr).
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Figure3-15.UnitDiagramforEmergyEvaluationofDairyLandUseunder theBaseCaseScenario(El3sej/cow-yr).
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Figure3-16.UnitDiagramforEmergyEvaluationofSugarcaneLandUseunder theBaseCaseScenario(El3sej/ac-yr).



Figure3-17.UnitDiagramforEmergyEvaluationofOtherAgricultureLandUse (El3sej/ac-yr).
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Figure3-18.UnitDiagramforEmergyEvaluationofCommercialForestry (El3sej/ac-yr).



Figure3-19.UnitDiagramforEmergyEvaluationofUrbanLandUse(El3sej/ac-yr).
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Figure3-20.UnitDiagramforEmergyEvaluationofBasinScaleTreatment fortheS-191Subbasin(E13sej/yr).
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commercial forestry, and urban land uses, plus the basin scale chemical treatment

process. Solar transformities (emergy/unit energy) and phosphorus emergy/unit mass

of products were calculated based on inputs to individual unit processes estimated in the

appendix. Tables 3-7 through 3-12 are summary tables of emergy evaluations of each

alternative phosphorus management scenario for all land uses in the north Okeechobee

basin.

The largest input of solar emergy under developed conditions was associated

with urban land uses. Rainfall, human services, and dairy feed were the next largest

sources. Prior to development (low energy scenario), rainfall was the major emergy

contribution to the watershed (~ 5E20 sej/yr). When phosphorus was in maximum

use prior to 1987 so was the emergy flux ( ~ 119E20 sej/yr), which was more than

twenty times the predevelopment conditions. Under alternative management

conditions, the solar emergy flux to the basin ranged from 113 to 115E20 sej/yr.

Figure 3-21 summarizes, for each scenario, annual emergy budgets for the

whole basin and for major land use groups. Inputs from the left of the diagram

represent environmental contributions (I), and inputs from the top are purchased from

the economy (F). Emergy in products is shown leaving each box to the right (Y). The

general pattern in three arm diagrams for energy transformation is for the highest

transformity to be the feedback, the output from the right to be next, and the input

from the left the least.
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Table 3-7. Emergy Evaluation of the Base Case Scenario.

Solar Solar Phosphorus Phosphorus
Item Value Units

(yr)-l
Transformity

(sej/unit)
Emergy

(E18 sej/yr)
Content Emergy/’Mass

(grams P) (E12 sej/g P>
E6 EMS/yr

ENV IRON MENTAL INPUTS:
1 Sunlight 2.73E + 19 J 1 27 0 X 18
2 Rain, chemical 3.16E+ 16 J 1.54E+04 487 6.35E+08 0.77 314
3 Irrigation water 3.48E + 14 J 1.54E+04 5 X X 3
4 Peat use 1.50E+ 16 J 1.07E + 04 161 1.11E + 08 1.44 104

NONRENEWABLE INPUTS:
5 Fuel 1.26E+15 J 6.6E + 04 83 0 X 54
6 Electricity 2.6E + 14 J 1.6E+05 42 0 X 27
7 Pesticide 1.57E+14 J 6.6E + 04 10 0 X 7
8 N Fertilizer 2.28E+13 J 1 69E*06 39 0 X 25
9 P Fertilizer 9.73E+11 J 4.14E+07 40 2.80E + 09 0.014 26
10 K Fertilizer 7.1E+12 J 2.62E + 06 18 0 X 12
11 Lime 1.2E+11 g 1.00E + 09 116 0 X 75
12 Minerals 3.3E+13 J 8.1E + 04 3 1.54E + 08 0.017 2
13 Molasses 4.8E+ 14 J 8.1E + 04 39 1.45E + 08 0.27 25
14 Dairy feed 2.9E+15 J 6.8E + 04 197 7.46E -*-08 0.26 127
15 Urban inputs 2.4E+ 17 CEJ 4.0E + 04 9760 5.44E-*-07 179.41 6297
16 Services 1.74E + 08 $ 1.55E+12 22Q Q X 12417 11270 4.65E + 09 7271
PRODUCTS:
18 Citrus 1.23E+15 J 1.04E+05 128 1.02E -“-08 1.25 83
19 Livestock-imp roved beef pasture 3.44E+14 J 1.65E+06 568 1.96E + 08 2.90 366
20 Livestock-unimproved beef pasture 3.77E+13 J 3.93E + 06 148 2.15E + 07 6.89 96
21 Livestock-low tech dairy 2.49E + 13 J 3.99E + 06 99 1.42E + 07 7.00 64
22 Livestock-low tech dairy w/ecoreactor 2.40E + 12 J 3.99E+06 10 1 36E + 06 7 04 6
23 Livestock-semiconfinement dairy 3.31E + 13 J 4.02E + 06 133 1.88E-07 7.08 86
24 Livestock-semiconfinement dairy w/composting 1.28E + 13 J 4.02E + 06 51 7.25E + 06 7.10 33
25 Livestock-confinement dairy 2.59E + 12 J 4.09E + 06 11 1.47E + 06 7.21 7
26 Milk-low tech dairy 1.51E+15 J 6.61E + 04 100 6.69E + 07 1.49 64
27 Millc-low tech dairy w/ecoreactor 1.45E+14 J 6.60E + 04 10 6.45E + 06 1.48 6
28 M ilk-semiconfinement dairy 2.09E +15 J 6.37E+04 133 9.29E+07 1.43 86
29 Milk-semiconfinement dairy w/composting 8.08E + 14 J 6.36E + 04 51 3.58E+07 1.44 33
30 Milk-confinement dairy 1.64E+14 J 6.47E+04 11 7.26E + 06 1.46 7
31 Compost-semiconfinement dairy w/composting 3.55E + 14 J 1.45E+05 51 2.61E+07 1.97 33
32 Forage-low tech dairy 1.34E+14 J 7.42E+05 99 2.20E+07 4.52 64
33 Forage-low tech dairy w/ecoreactor 7.47E+ 12 J 1.28E+06 10 1.25E + 06 7.65 6
34 Forage-semiconfinement dairy 2.33E + 14 J 5.74E+05 134 3.90E + 07 3.43 86
35 Forage-semiconfinement dairy w/composting 5.24E +13 J 9.81E+05 51 8.74E + 06 5.88 33
36 Forage-confinement dairy 2.12E+13 J 5.0 IE+05 11 3.54E-*-06 3.00 7
37 Wetland production-low tech dairy w/ecoreactor 1.67E + 12 J 5.74E+06 10 2.80E + 05 34.24 6
38 Sugarcane 3.56E+15 J 4 04E + 04 144 3.40E + 07 4.23 93
39 Sweet Corn 1.89E+14 J 7.60E+05 144 1.58E+07 9.09 9340 Other ag. products 4.09E +15 J 1.70E + 04 70 1.81E + 08 0.38 45
41 Timber 1.17E+14 J 9.24E-*-04 11 U5EtQ6 6.97 742

9.05E+08



Table 3-8. Emergy Evaluation of the Maximum Phosphorus Use Scenario.

Item Value Units

(yr)-l

Solar

Transformity
(sej/unit)

Solar

Emergy
(El8 sej/yr)

Phosphorus Phosphorus
Content Emergy /Mass

(grams P) (El2 sej/g P)
E6 EM$/yr

ENVIRONMENTAL INPUTS:
1 Sunlight 2.73E+19 J 1 27 0 X 18
2 Ram. chemical 3.16E+16 J 1.54E+04 487 6.35E + 08 0.77 314

3 Irrigauon water 3.22E + 14 J 1.54E+04 5 X X 3
4 Peat use 1.50E+16 J 1.07E+04 161 1.11E + 08 1.45 104

NONRENEWABLE INPITS:
5 Fuel 1.25E+15 J 6.6E+04 83 0 X 53
6 Electricity 2.71E+14 J 1.6E+05 43 0 X 28
7 Pesticide 1.57E+14 J 6.6E + 04 10 0 X 7
8 N Fertilizer 2.25E+13 J 1.69E+06 38 0 X 25
9 P Fertilizer 1.42E+12 J 4.14E + 07 59 4.08E + 09 0.014 38
10 K Fertilizer 7.0E+12 J 2.62E+06 18 0 X 12
11 Lime 1.15E+11 g 1.00E+09 115 0 X 74
12 Minerals 3.91E+13 J 8.1E+04 3 1.86E + 08 0.017 2
13 Molasses 5.7E+14 J 8.1E+04 46 1.75E+08 0.26 30
14 Dairy feed 3.2E+15 J 6.8E+04 220 9.68E + 08 0.23 142
15 Urban inputs 2.58E+17 CEJ 4.0E+04 10320 5.44E+07 189.71 6658
16 Services 1.92E+08 $ 1.55E+12 223 Q X 122
17 11905 6.21 E+09 7681
PRODUCTS:
18 Citrus 1.23E+15 J 1.04E+05 128 L02E+08 1.25 83
19 Livestock-improved beef pasture 4.22E+14 J 1.42E + 06 599 2.40E4-08 2.50 387
20 Livestock-unimproved beef pasture 3.77E+ 13 J 3.93E+06 148 2.15E+07 6.89 96
21 Livestock-preDairy Rule dairy 9.62E+ 13 J 3.71E+06 357 5.46E+07 6.54 230
22 Milk-preDairy Rule dairy 5.78E+ 15 J 6.17E+04 357 2.57E + 08 1.39 230
23 Sugarcane 3.56E+ 15 J 4.04E+04 144 3.40E+07 4.23 93
24 Sweet Com 1.89E+14 J 7.60E+05 144 1.58E+07 9.09 93
25 Other ag. products 4.07E+ 15 J 1.70E+04 69 1.80E+08 0.38 45
26 Timber 1.17E+14 J 9.24E+04 11 1.55E-t-06 6.97 7
27 9.06E+08
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Table 3-9. Emergy Evaluation of the Predevelopment Scenario.

Item Value Units

Cyr)-1

Solar
T ransformity

(sej/umt)

Solar

Emergy
(El8 sej/yr)

Phosphorus Phosphorus
Content Emergy/Mass

(gramsP) (El2 sej/g P)
E6 EM$/yr

ENVIRONMENTAL INPUTS:
1 Sunlight 2.73E + 19 J 1 27 0 X 18

2 Ram, chemical 3.16E + 16 J 1.54E+04 487 3.00E+08 1.62 314
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Table 3-10. Emergy Evaluation of the Dispersed Phosphorus Management Scenario,
Design 1.

Item Value Units

(yr)-l

Solar
Trans formity

(sej/unit)

Solar

Emergy
(El8 sej/yr)

Phosphorus Phosphorus
Content Emergy/Mass

(grams P) (El2 sej/g P)
E6 EMS/yr

ENVIRONMENTAL INPUTS:
1 Sunlight 2.73E-E 19 J 1 27 0 X 18
2 Rain, chemical 3.16E+16 J 1.54E+04 487 6.35E+08 0.77 314
3 Irrigation water 3.59E+ 14 J 1.54E+04 6 X X 4

4 Peat use 1.24E+16 J 1.07E+04 133 1.11E + 08 1.20 86

NONRENEWABLE INPUTS:
5 Fuel 1.28E+15 J 6.6E+04 84 0 X 55
6 Electricity 2.63E+14 J 1.6E+05 42 0 X 27
7 Pesticide 1.31E+14 J 6.6E+04 9 0 X 6
8 N Fertilizer 2.28E+ 13 J 1.69E+06 39 0 X 25
9 P Fertilizer 9.50E+ 11 J 4 14E+07 39 2.73E+09 0.014 25
10 K Fertilizer 6.92E-E 12 J 2.62E+06 18 0 X 12
11 Calcium silicate 1.52E+12 J 4.14E+07 63 0 X 41
12 Lime 1.16E+11 g 1.00E + 09 116 0 X 75
13 Minerals 3.25E+ 13 J 8.1E+04 3 1.54E + 08 0.017 2
14 Molasses 4.84E+14 J 8.1E+04 39 1.45E+08 0.27 25
15 Dairy feed 2.90E+15 J 6.8E+04 197 7.46E+08 0.26 127
16 Fencing 6.72E+10 J 1.8E + 07 1 0 X 1
17 Urban inputs 2.44E+17 CEJ 4.0E+04 9760 5 44E + 07 179.41 6297
18 Services 1.75E+08 S 1.55E+12 221 Q X m
19 11306 4.58E + 09 7294
PRODUCTS:
20 Citrus 1.23E+15 J 1.05E+05 129 1.02E+08 1.27 83
21 Livestock-improved beef pasture 3.44E+14 J 2.23E+05 77 1.96E + 08 0.39 49
22 Livestock-unimproved beef pasture 3.77E+ 13 J 3.93E+06 148 2.15E + 07 6.89 96
23 Livestock-confinement dairy 7.59E+13 J 4.09E+06 310 4.30E+07 7.22 200
24 Milk-confinement dairy 4.79E+ 15 J 6.47E+04 310 2.13E+08 1.45 200
25 Forage-confinement dairy 6.19E+14 J 5.01E+05 310 1.04E+08 2.98 200
26 Sugarcane 3.86E+15 J 4.40E+04 170 3.69E+07 4.60 110
27 Rice 8.85E+ 11 J 2.17E+05 0.19 9.35E + 07 0.002 0.12
28 Other ag products 4 09E+15 J 1.70E+04 70 1.81E+08 0.38 45
29 Timber 1.17E+14 J 9.24E+04 11 1 -55F. + 06 6.97 7
30 9.92E + 08
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Table 3-11. Emergy Evaluation of the Dispersed Phosphorus Management Scenario,
Design 2.

Item Value Units

tyr)-l

Solar

Trans formity
(sej/unit)

Solar

Emergy
(El8 sej/yr)

Phosphorus
Content

(grams P)

Phosphorus
Emergy/Mass
(E12 sej g P)

E6 EMS yr

ENVIRONMENTAL INPUTS:
1 Sunlight 2.73E + 19 J 1 27 0 X 18

2 Rain, chemical 3.16E+16 J 1.54E+04 487 6.35E+08 0.77 314

3 Irrigation water 3.28E + 14 J 1.54E+04 5 X X 3

4 Peal use

NONRENEWABLE INPUTS:

1.24E+16 J 1.07E+04 133 1.11E+08 1.20 86

5 Fuel 1.28E+15 J 6.6E + 04 84 0 X 55
6 Electricity 2.63E + 14 J 1.6E+05 42 0 X 27
7 Pesticide I.31E+14 J 6.6E+04 9 0 X 6

8 N Fertilizer 2.28E-H3 J 1.69E+06 39 0 X 25
9 P Fertilizer 9.50E + 11 J 4.14E+07 39 2.73E -*-09 0.014 25
10 K Fertilizer 6.92E+ 12 J 2.62E+06 18 0 X 12
II Calcium silicate 1.52E + I2 J 4.14E+07 63 0 X 41
12 Lime 1.16E + 11 g 1.00E+09 116 0 X 75
13 M inerals 3.25E +13 J 8.1E+04 3 1.54E+08 0.017 2
14 Molasses 4.84E+I4 J 8.1E+04 39 1.45E+08 0.27 25
15 Dairy feed 2.90E+I5 J 6.8E+04 197 7.46E -*-08 0.26 127
16 Fencing 6.72E + 10 J 1.8E+07 1 0 X 1
17 Urban inputs 2.44E +17 CEJ 4.0E+04 9760 5.44E-*-07 179.41 6297
18 Services
19
PRODUCTS:

1.75E+08 $ 1.55E+12 221
11306

Q
4.58E+09

X 125
7294

20 Citrus 1.23E+15 J 1.05E+05 129 1.02E^08 1.27 83
21 Livestock-improved beef pasture 3.44E + 14 J 2.23E+05 77 1.96E+08 0.39 49

22 Livestock-unimproved beef pasture 3.77E + 13 J 3.93E+06 148 2.15E+07 6.89 96
23 Livestock-confinement dairy w/ecoreactor.composting 7.59E + 13 J 4.09E+06 310 4.30E+07 7.22 200
24 Milk-confinement dairy w/ecoreactor.compos ting 4.79E +15 J 6.47E+04 310 2.13E+08 1.45 200
25 Compost-confinement dairy w ecoreactor.composting 2.63E+15 J 1.I7E+05 308 1.94E+08 1.59 199
26 Forage-confinement dairy wecoreactor.compos ling 8.69E+13 J 3.56E+06 309 1.45E+07 21.34 200
27 Welland prod, -confinement dairy w/ecoreactor. composting 7.00E + 13 J 4.40E+06 308 1.18E+07 26.10 199
28 Sugarcane 3.86E + 15 J 4.40E+04 170 3.69E+07 4.60 110
29 Rice 8.85E +11 J 2.17Et-05 0.19 9.35E+07 0.002 0.12
30 Other ag. products 4.09E + I5 J I.70E+04 70 1.81 E+08 0.38 45
31

32
Timber 1.17E+14 J 9.24E + 04 11 1.55ErQ6

1.11E+09
6.97 7
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Table 3-12. Emergy Evaluation of the Concentrated Phosphorus Management
Scenario.

Solar Solar Phosphorus Phosphorus
Item Value Units Transformity Emergy Content Emergy/Mass E6 EMS/yr

(yr)-l (sej/unit) (El8 sej/yr) (grams P) (El2 sej/g P)

ENVIRONMENTAL INPUTS:
1 Sunlight 2.73E + 19 J 1 27 0 X 18
2 Rain, chemical 3.16E+ 16 J 1.54E+04 487 6.35E + 08 0.77 314
3 Irrigation water 3.48E+ 14 J 1.54E+04 5 X X 3
4 Peat use 1.50E+16 J 1.07E + 04 161 1.11E+08 1.45 104

NONRENEWABLE INPUTS:
5 Fuel 1.26E + 15 J 6.6E-*-04 83 0 X 54
6 Electricity 8.7E + 14 J 1.6E+05 139 0 X 89
7 Pesticide 1.57E+14 J 6.6E+04 10 0 X 7
8 N Fertilizer 2.28E+ 13 J 1.69E + 06 39 0 X 25
9 P Fertilizer 9.73E+11 J 4.14E+07 40 2.80E + 09 0.014 26
10 K Fertilizer 7.1E+12 J 2.62E + 06 18 0 X 12
11 Lime 1.2E+11 g 1.00E + 09 116 0 X 75
12 Alum 3.5E+11 J 1.32E+07 5 0 X 3
13 Minerals 3.3E + 13 J 8.1E + 04 3 1.54E + 08 0.017 2
14 Molasses 4.8E+14 J 8.1E + 04 39 1.45E + 08 0.27 25
15 Dairy feed 2.9E-15 J 6.8E+04 197 7.46E + 08 0.26 127
16 Urban inputs 2.4E+17 CEJ 4.0E + 04 9760 5.44 E+ 07 179.41 6297
17 Services 2.34E+08 $ 1.55E+12 m Q X m
18 11464 4.65E+09 7396
PRODUCTS:
19 Citrus 1.23E+15 J 1.04E+05 128 1.02E-1-08 1.25 83
20 Livestock-improved beef pasture 3.44E +14 J 1.65E + 06 568 1.96E + 08 2.90 366
21 [ ivp^rnrt-unimnmvpri hppf nji<inirp 3 77F +13 1 í <ytF-f-06 1.18 J 1 SF ■*-117 flQ Of.

22
UlVWJlUvl Ui liiliu I V/V UVWl L’aoiui t

Livestock-low tech dairy
J* ' f LT 1J J

2.49E+13 J 3.99E + 06
1 ‘♦O

99
i J L ^ V /

1.42E+07
U. 07

7.00
VO

<w
23 Livestock-low tech dairy w/ecoreactor 2.40E+ 12 J 3.99E + 06 10 1.36E + 06 7.04 6
24 Livestock-semiconfinement dairy 3.31E +13 J 4.02E + 06 133 1.88E+07 7.08 86
25 Livestock-semiconfinement dairy w/composting 1.28E + 13 J 4.02E + 06 51 7.25E + 06 7.10 33
26 Livestock-confinement dairy 2.59E+12 J 4.09E + 06 11 1.47E + 06 7.21 7
27 Milk-low tech dairy 1.51E+15 J 6.61E + 04 100 6.69E + 07 1.49 64
28 Milk-low tech dairy w/ecoreactor 1.45E +14 J 6.60E-04 10 6.45E-*-06 1.48 6
29 Milk-semiconfinement dairy 2.09E+15 J 6.37E + 04 133 9.29E + 07 1.43 86
30 Milk-semiconfinement dairy w/composting 8.08E + 14 J 6.36E + 04 51 3.58E+07 1.44 33
31 Milk-confinement dairy 1.64E+14 J 6.47E + 04 11 7.26E + 06 1.46 7

32 Compost-semiconfinement dairy w/composting 3.55E+ 14 J 1.45E+05 51 2.61E + 07 1.97 33
33 Forage-low tech dairy 1.34E + 14 J 7.42E+05 99 2.20E + 07 4.52 64
34 Forage-low tech dairy w/ecoreactor 7.47E+12 J 1.28E + 06 to 1.25E + 06 7.65 6
35 Forage-semiconfinement dairy 2.33E+14 J 5.74E+05 134 3.90E + 07 3.43 86
36 Forage-semiconfinement dairy w/composting 5.24E+13 J 9.81E + 05 51 8.74E + 06 5.88 33
37 Forage-confinement dairy 2.12E+ 13 J 5.01E+05 11 3.54E + 06 3.00 7
38 Wetland production-low tech dairy w/ecoreactor 1.67E + 12 J 5.74E + 06 10 2.80E+05 34.24 6
39 Sugarcane 3.56E +15 J 4.04 E +04 144 3.40E + 07 4.23 93
40 Sweet Com 1.89E + 14 J 7.60E + 05 144 1.58E + 07 9.09 93
41 Other ag products 4.09E+ 15 J 1.70E + 04 70 1.81 E -*-08 0.38 45
42 Timber 1.17E+ 14 J 9.24E + 04 11 1.55F + 06 6.97 7
43 9.05E + 08

44 Sludge X X X 1.47E + 08 X X



Scenario

System

Environmental Input (sej/yr)

Purchased Input (sej/yr)

Product Output (sej/yr)

NetEmergy YieldRatio (NEYR)

Emergy Investment Ratio(EIR)

BaseCase

Basinwide

6.48E20

1.06E22

1.13E22

1.07

16.4

BeefPasture

3.18E20

3.96E20

7.14E20

1.80

1.25

Dairy

1.28E19

2.92E20

3.05E20

1.04

22.8

Maximum

Basinwide

6.48E20

1.12E22

1.19E22

1.06

17.3

Phosphorus

BeefPasture

3.15E20

4.32E20

7.47E20

1.73

1.37

Use

Dairy

1.44E19

3.42E20

3.56E20

1.04

20.3

LowEnergy

Basinwide

4.86E20

0

4.86E20

X

X

Dispersed

Basinwide

6.20E20

1.07E22

1.13E22

1.06

17.3

Phosphorus

BeefPasture

3.18E20

4.01E20

7.19E20

1.79

1.26

Management1

Dairy

1.29E19

2.97E20

3.1E20

1.04

23

Dispersed

Basinwide

6.20E20

1.07E22

1.13E22

1.06

17.3

Phosphorus

BeefPasture

3.18E20

4.01E20

7.19E20

1.79

1.26

Management2

Dairy

1.24E19

2.97E20

3.09E20

1.04

24

Concentrated

Basinwide

6.48E20

1.08E22

1.15E22

1.06

16.7

Phosphorus Management

Chem.Treatment Plant

1.34E20

1.95E20

3.29E20

1.69

1.45

Figure3-21.EmergySummaryDiagramandCalculationofNetEmergyYieldandEmergyInvestmentRatios forMajorSystemsunderEachScenario.5
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Beef pasture operations annually received about 25 percent more purchased

inputs than dairies and due to the vast areal extent of pasture, environmental inputs are

25 times greater.

Comparison of emergy investment ratios (EIR) among scenarios indicates that

the maximum phosphorus use and dispersed phosphorus management scenarios were

the most economically developed basinwide (EIR = 17.3). This ratio is 2.5 times

greater than the U.S. as a whole (EIR = 7.1), indicating that regional activity is more

intensive in its use of purchased resources. The emergy investment ratio of dairies

exceeded the regional investment ratio and increased with management, indicating that

perhaps dairies may be too emergy intensive to compete in the region, which may be

contributing to their demise through regulation. Alternatively, the emergy investment

ratio of beef pasture (including improved and unimproved) was an order of magnitude

lower than that of the region, indicating room for intensification with the additional

purchase of resources.

Under the concentrated phosphorus management scenario, the basinwide

investment ratio which included basin scale treatment was 16.7, just slightly greater

than the base case phosphorus management scenario. The emergy investment ratio of

the predevelopment scenario was small, since there were no inputs from the economy

prior to development associated with indian trade.

Net emergy yield ratios (Y/F) were estimated between one and two under each

scenario (except low energy). A ratio greater than one means the products are

contributing more to the economy than they are requiring from it. These ratios are
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similar to those reported for other agricultural products (Odum, 1992). A yield ratio of

six or greater indicates the product would presently be competitive as a primary energy

source.

Empower Density

Figure 3-22 is a map of the empower density (solar emergy per unit area) of the

region under base case conditions. It is a useful way to illustrate the spatial

development intensity of the region. A map of phosphorus concentration is given to

compare the regional intensity of phosphorus. Both maps indicate spatially

heterogeneous development within the basin.

Empower density is expressed in units of E13 solar equivalent joules per

production unit per year. In most cases, the production unit is an acre. Dairies are the

exception with the cow as the basis for production, since they are a combination of

point and nonpoint source activities, and all economic and production data are reported

on a per cow basis as the unit of production. Under base case conditions, there were

1.2 acres per cow on average, and the per acre empower density still exceeded 900 E13

sej, represented by the darkest color on the map.

The empower density of various land use types creates a spatial hierarchy.

Undeveloped areas and rangeland were in the range of 39 to 45E13 sej/ac-yr, compared

to 120 to 1500E13 sej/ac-yr for agriculture, and 12000 to 50000E13 sej/ac-yr for urban

areas. High empower density areas may be found around Lake Okeechobee and Lake

Istokpoga, and in the Taylor Creek/Nubbin Slough region.



Figure3-22.AverageAnnualPhosphorusRunoffConcentrationsandEmpowerDensityundertheBaseCase Scenario.



PLAN:DR2.PLAN(CURRENTPLAN) SPATIALSCALE:LAKEOKEECHOBEEBASIN AVERAGEPCONC.(mg/I) □>0-0.1 >0.1-0.2 >0.2-0.3 >0.3-0.4 >0.4-0.5

>0.5 >0.8 >0.7 >0.8 >0.9

0.6 0.7 0.8 0.9

PLAN:DR2.PLAN(CURRENTPLAN) SPATIALSCALE:LAKEOKEECHOBEEBASIN EMPOWERDENSITY o-100 100•200 200-300 300-400 400-500

(E13seJ/prod.
>

500-

600

>

600-

700

>

700-

800

>

800-

900

>

900

unit-year)



The relationship between phosphorus runoff per production unit and empower

density is illustrated for various land use/management alternatives in Figure 3-23.

Toward the left of the graph are undeveloped lands and the points of high empower

density are urban activities. Agricultural activities ranging in intensity from

unimproved pasture to dairies fall in the central portion of the graph. This relationship

suggests that maximum phosphorus occurs mid-range in the spatial distribution of

emergy, with the largest runoff contribution attributed to preDairy Rule dairies.

Emergy of Phosphorus Contributions and Products

Each of the individual land use/management production systems that was

quantified in Appendix B generated a set of phosphorus-containing inputs and products

with transformities and phosphorus emergy/mass ratios. In cases where management

changes were analyzed for the same land use, multiple values for transformities and

emergy/g P may have resulted for the same product. For example, the carrying

capacity of beef pasture changed with management, resulting in a range of

transformities (142 to 393E4 sej/J) and emergy/mass ratios (2.5 to 6.9E12 sej/g P) for

beef livestock sold. Ranges and average values for all products are reported in Table

3-13. The emergy of the phosphorus within each of these products is the same as the

emergy of the whole product in which the phosphorus is bound in its structure.

The average transformity of products ranged from 1.7E4 sej/J for sod

production to 507E4 sej/J for dairy wetland production. The latter represents the

product of an intensive system with little output of a by-product. Wetland production

on a dairy using an "ecoreactor” represents an alternative source of forage for dairy
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10000
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Figure 3-23. Relationship between Phosphorus Runoff and Empower Density per
Production Unit.



Table3-13.EmergyEvaluationSummaryforPhosphorus-ContainingSourcesandProducts. Note

Itemname

Transformity (E4sej/J)

Avg. Transformity (E4sej/J)
Phosphorus Emergy/Mass (El2sej/gP)

Avg.

Phosphorus Emergy/Mass (El2sej/gP)

Avg.

Phosphorus content (gP/g)

Avg. s/g

SOURCES:
1

Rainfall

1.54

1.54

0.77

0.77

0.000000010

X

2

Citrusirrigation

1.54

1.54

0.77

0.77

0.000000010

X

3

Sugarcaneirrigation

1.54

1.54

0.95

0.95

0.00000008

X

4

Otheragriculture(sod)irrigation
1.54

1.54

0.77

0.77

0.000000010

X

5

Peatuse

1.07

1.07

420

420

0.00000029

X

6

Pfertilizer

4140

4140

0.014

0.014

1

0.0048

7

Beefminerals

8.1

8.1

0.017

0.017

0.08

0.00035

8

Beefmolasses

8.1

8.1

0.27

0.27

0.005

0.00013

9

Dairyfeed

6.8

6.8

0.23-0.25

0.24

0.0047

0.00027

PRODUCTS:
10

Citrusyield

10.4

10.4

1.26

1.26

0.00017

0.000047

11

Beeflivestocksold

142-393

267.5

2.5-6.89

4.7

0.0067

0.0021

12

Dairymilkyield

61.7-66.1

63.9

1.39-1.49

1.44

0.00093

0.00028

13

Dairyliveweightsold

371-409

390

6.54-7.21

6.87

0.0067

0.0096

14

Dairyforageproduction
57.4-356

206.7

2.99-21.31

12.15

0.0028

0.0028

15

Dairycompost

11.7-14.5

13.1

1.59-1.97

1.78

0.0008

0.00028

16

Dairywetlandproduction
440-574

507

26.26-34.24

30.25

0.0028

0.017

17

Sugarcaneyield

4.04-4.40

4.22

4.23-4.60

4.42

0.00016

0.00004

18

Sweetconiyield

76

76

9.12

9.12

0.0014

0.00095

19

Riceyield

21.7

21.7

1.82

1.82

0.002

0.00015

20

Otheragriculture(sod)yield
1.7

1.7

0.38

0.38

0.00074

0.000012

21

Timber

9.24

9.24

6.97

6.97

0.0002

0.000029
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Footnotes to Table 3-13. Emergy Evaluation SuHillary for Phosphorus-Containing Sources and Products.

1. Rainfall. Refer to Appendix B, Tables B-l and B-2.
2. Citrus irrigation. Refer to Appendix B, Tables B-l and B-2.
3. Sugarcane irrigation. Refer to Appendix B, Tables B-l4 and B-l5.
4. Other agriculture (sod) irrigation. Refer to Appendix B, Table B-16.
5. Peat use. Refer to Appendix B, Tables B-l4 and B-l5.
6. P fertilizer. Refer to Appendix B, Tables B-l through B-7, and B-14 through B-16
7. Beef minerals. Refer to Appendix B, Tables B-3 through B-6.
8. Beef molasses. Refer to Appendix B, Tables B-3 through B-6.
9. Dairy feed. Refer to Appendix B, Tables B-7 through B-13.
10. Citrus yield. Refer to Appendix B, Tables B-l and B-2.
11. Beef livestock sold. Refer to Appendix B, Tables B-3 through B-6.
12. Dairy milk yield. Refer to Appendix B, Tables B-7 through B-13.
13. Danyr hveweight sold. Refer to Appendix B, Tables B-7 through B-13.
14. Dairy forage production. Refer to Appendix B, Tables B-8 through B-13.
15. Dairy compost. Refer to Appendix B, Tables B-l 1 and B-13.
16. Dairy wetland production. Refer to Appendix B, Tables B-9 and B-13.
17. Sugarcane yield. Refer to Appendix B, Tables B-14 and B-l5.
18. Sweet com yield. Refer to Appendix B, Table B-14.
19. Rice yield. Refer to Appendix B, Table B-15.
20. Other agriculture (sod) yield. Refer to Appendix B, Table B-16.
21. Timber. Refer to Appendix B, Table B-17.
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cows using recycled phosphorus as well as a phosphorus management system.

Comparison with the transformity of purchased dairy feed (estimated as the

transformity of industrial corn production) indicates an order of magnitude increase in

energy intensity for production of the onsite feed source. In order to evaluate the

potential substitutability of feedstuff's, the nutritive values would also need to be

compared. Phosphorus emergy/mass ratios were greatest for dairy forage and wetland

production. According to Odum (1992), the materials with higher ratios can and

should be used for greater effect. Perhaps this reflects the potential for use as

feedstuffs.

Two other observations may be made concerning the data. First, it is

interesting to notice that transformity of an input, phosphorus fertilizer, is much greater

than any of the product transformities. The industrial process of fertilizer

manufacturing is more intensive than even the most emergy consumptive agricultural

production practices in the region. Secondly, since sweet corn or rice are secondary

products in the production of sugarcane biomass, their transform ities are 5 to 20 times

greater even though the emergy of all products is the same. The phosphorus

emergy/mass of sugarcane is intermediate between sweet corn and rice.

Several relationships were suggested by the data presented in Table 3-13. A

graph of the distribution of phosphorus-containing substances by transformity (Figure

3-24) supports the theory that self-organizing systems utilize transformities at a

hierarchical position commensurate with their value (Odum, 1992). Most activities in

this rural agricultural watershed generate transformities in the order of 1 to 10E4 sej/J.
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Transformities of Phosphorus-Containing Materials (E4 sej/J)

Figure 3-24. Number of Phosphorus-Containing Materials as a Function
of Their Transformities.
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The distribution is skewed toward the lower range with a few substances at the higher

end.

In comparison, urban activities, in which phosphorus use is less important,

operate in the range of 1E7 sej/J and greater transformities. Activities that process or

transform phosphorus-containing substances without consuming phosphorus, such as

fertilizer plants, sugar mills, and milk refineries, are usually located in urban centers.

These activities would most likely add a few data points, if available, to the higher end

of the range of transformities.

Figure 3-25 indicates that there is a positive trend in the average phosphorus

content of substances with increasing transformity. It takes more emergy per joule of

product to concentrate phosphorus, or conversely, products that concentrate energy also

concentrate phosphorus.

The emergy per mass of phosphorus shows a declining trend when plotted

against phosphorus content (Figure 3-26). This would be expected, since phosphorus

mass is in the denominator of the emergy/mass ratio. A similar relationship is

observed from a spatial perspective as indicated in Figure 3-27. The emergy per gram

of phosphorus decreases as the intensity or concentration of phosphorus use in the

watershed increases. This may give some indication of the efficiency of phosphorus

use across the landscape.

Economic Analysis

Economic analysis of phosphorus management initially included only the dollar

costs of implementing a management alternative for cost effectiveness comparisons.
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Figure 3-25. Average Phosphorus Content of Materials as a Function
of Their Transformities.
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Figure 3-26. Relationship between the Entergy per Mass of Phosphorus-Containing
Materials and their Phosphorus Content.
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Figure 3-27. Relationship between the Emergy per Gram of Phosphorus in Materials
and their Spatial Distribution.
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Further analysis to include the comparison of service dollars and emdoliars required the

collection of baseline economic data on the costs of production of alternative

agricultural systems. The costs of phosphorus control are first addressed, followed by

an analysis of the cost effectiveness of alternative phosphorus management scenarios.

Finally, a comparison of service dollars and emdoliars is presented.

Economics of Phosphorus Control

Under the base case scenario, changes in dairying as a result of the Dairy Rule

regulations cost the dairy farmers remaining in the basin an estimated $3.8 million

annually. An additional one-time cost of $4.2 million was spent by the public to

purchase dairy easements to remove roughly 7000 milk cows ($600/cow). The baseline

cost for drip irrigation of citrus was estimated at $6.1 million/yr. Sweet corn produced

in rotation with sugarcane cost $3.7 million/yr. The total annualized investment and

operating costs of the base case scenario was estimated to be $13.6 million/yr (not

including the public cost of dairy easements).

Although farmers did not manage phosphorus until after 1987, the dollar costs

associated with citrus irrigation and sugarcane rotation practices under the maximum

phosphorus use scenario are reported for comparative purposes. Citrus flood irrigation

was estimated to cost $6 million annually across all citrus polygons, and the cost of

producing sweet corn in rotation with cane was $3.7 million.

No dollar costs were associated with the predevelopment scenario, since human

activity was probably limited to indian trade.



Under the dispersed phosphorus management scenario, changes in the

investment and operating costs of citrus, improved beef pasture, sugarcane, and dairies

were observed as a result of changes in management on these land uses. Citrus costs

were for drip irrigation and impoundments; pasture costs were for fencing; and

sugarcane costs were associated with rice production. Investment and operating costs

associated with dairy design 1 were for the confinement system and sprayfield. Costs

of the ecoreactor were added for design 2. The total annual investment and operating

costs of the dispersed phosphorus management scenario were estimated to be $15.5

million/yr and $15.8 million/yr for designs 1 and 2, respectively.

Secondary costs associated with management changes on sugarcane acreage

were indicated by changes in yield: increased revenues for rice production, increased

revenues for enhanced sugarcane yield, and a loss of corn revenues. A gain (negative

cost) of $1.65 million/yr realized as a result of cultivating rice in rotation with

sugarcane was more than offset by a loss of nearly $4 million/yr in corn revenues.

Adoption of dairy design 1 across all dairies resulted in gross revenues of $78

million/yr from a milk yield of 52.4 lbs/cow-day for confined dairy cows. An

additional negative cost of $555,700 was realized from the sale of composted dairy

manure under dairy design 2. Secondary costs are most relevant when comparing

scenarios for cost-effectiveness analysis.

The investment cost of each chemical treatment plant plus retention basin under

the concentrated phosphorus management scenario was estimated to be $52.1 million

(DER, 1986). This value was annualized over 20 years at a rate of 10 percent. The
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total annual investment and operating costs of six chemical treatment plants was an

estimated $59.5 million. Costs of treatment at the basin level would more likely be

incurred by the public, rather than distributed spatially across private landowners.

Cost Effectiveness Comparisons

Phosphorus management costs and basin phosphorus outflows are summarized

for each of five scenarios in Table 3-14. These data were used to calculate the cost

effectiveness, or dollars spent per pound of phosphorus removed from basin outflow,

when comparing two scenarios. Comparisons were made between the maximum

phosphorus use and the base case scenarios, the base case and the dispersed phosphorus

management scenarios, and the base case and the concentrated phosphorus management

scenarios. Results are presented in Table 3-15.

Changes in management from the maximum phosphorus use scenario to the base

case had the lowest cost per pound phosphorus removal. The cost of phosphorus

removal was 15 times greater when comparing the concentrated phosphorus

management scenario to the base case. The water quality standards could be met with

this large additional dollar input. Application of basin scale chemical treatment at

fewer subbasin outlets would improve the cost effectiveness of the concentrated

phosphorus management scenario. A reduction of 60 tons in basin phosphorus outflow

could be achieved by applying treatment at two subbasin outlets: S-191 and S-154.

Total annualized costs would be estimated at $19.8 million, or a cost per pound of

phosphorus removal of $165.



Table3-14.PhosphorusManagementCostsandBasinPhosphorusOutflowforAlternativeScenarios. PhosphorusManagementCosts AnnualizedAnnualTotalBasin
InvestmentInvestmentO&MAnnualOutflow

Scenario(E6$) BaseCasePhosphorusManagement52 MaximumPhosphorusUse22.4 DispersedPhosphorusManagement,Design183.1 DispersedPhosphorusManagement,Design283.8 ConcentratedPhosphorusManagement364.6
(E6$/yr)(E6$/yr)(E6$/yr)(tonsP/yr)

6.83

6.85

13.68

228

2.94

6.75

9.69

388

10.93

4.57

15.5

195

11.03

4.8

15.83

185

43.55

29.63

73.18

71



Table3-15.CostEffectivenessComparisonofPhosphorusManagementScenarios. ScenarioChange

Changein Costs (E6$/yr)

Changein BasinOutflow (tonsP/yr)

Cost Effectiveness ($/lbPreduction)

WithoutSecondaryCosts: MaximumPhosphorusUse—BaseCase
3.99

160

12.48

BaseCase—DispersedPhosphorusManagement,Design1
1.82

33

27.55

BaseCase—DispersedPhosphorusManagement,Design2
2.15

43

24.97

BaseCase—ConcentratedPhosphorusManagement
59.52

157

189.55

WithSecondaryCosts: MaximumPhosphorusUse—BaseCase
3.63

160

11.36

BaseCase—DispersedPhosphorusManagement,Design1
3.25

33

49.29

BaseCase—DispersedPhosphorusManagement,Design2
3.03

43

35.19

to

ON
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The dispersed phosphorus management scenario, designs 1 and 2 were more

cost effective than the concentrated, but fell short of meeting the 170 ton P/yr average

basin outflow standard. Like most treatment processes, it becomes more costly to

remove nutrients as the quantity remaining diminishes.

Scenario comparisons were made with and without estimated secondary costs,

or costs associated with changes in production. Secondary costs had the greatest impact

on the cost of phosphorus removal associated with the dispersed phosphorus

management scenario. Gains in production due to changes in dairying were more than

offset by losses due to changing the sugarcane rotation crop from sweet corn to rice.

Changes in costs of production overshadowed increased revenues from product sales

changes. The cost per pound of phosphorus reduction increased by $21 for design 1

and $10 for design 2. Sale of compost improved the cost effectiveness of design 2 over

design 1. Potential secondary costs associated with the concentrated phosphorus

management scenario, such as use or disposal of the precipitate, were not estimated.

Relating Service Dollars and Emdollars

The basic costs of operating and maintaining alternative production systems

were quantified in addition to the costs associated with phosphorus management. The

total costs of production plus phosphorus management, which are referred to here as

service dollars, are monies paid to people for their services associated with the

production systems-no money is paid directly to the land. Emdollars, on the other

hand, are a measure that reflect the total services provided by the system, not just the

human services, as a percentage of the Gross National Product (GNP) of the U.S.
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Annual emdollars were estimated by multiplying the emergy/currency ratio for the

U.S. (1.55E12 sej/S in 1990) times the total emergy flux of the system (sej/yr).

Service dollars and emdollars are reported for each land use/management

practice under the base case scenario (Table 3-16). The greatest difference between the

two measures is observed for unimproved and undeveloped land uses. The

environment is providing services even though people may not be. A graph of the

relationship between service dollars and emdollars is presented in Figure 3-28. A

positive relationship may be explained by the fact that human services are also

contributing emergy. Developed systems are likely to have large contributions of

purchased energy with related human service inputs.

The ratio of emdollars to service dollars may be compared for each phosphorus

management scenario (Table 3-17). The base case and dispersed phosphorus

management scenarios all have ratios of about 42. The value of environmental services

is 42 times greater than services provided by people. The ratio is lowest for the

concentrated phosphorus management scenario, indicating that more human services

were provided relative to the same amount of environmental services. Since human

service inputs were minor under the predevelopment scenario, the ratio is not relevant.

The emdollar contribution of the environment alone was 314E6 EM$/yr. Purchased

goods and services for current activities have increased the emdollar contribution to the

watershed nearly 25 times.
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Table 3-16. Service Dollars and Emdollars by Land Use for the Base Case Scenario.

Approximate
Area Service Dollars Emdollars

Land Use/Management (acres) (E6 $/yr) (E6 EM$/yr)

Beef pasture-improved
Beef pasture-unimproved
Citrus
Commercial forest

Dairy-confinement
Dairy-low tech
Dairy-low tech w/ecoreactor
Dairy-semiconfinement
Dairy-semiconfinement w/composting
Forested uplands
Other agriculture
Sugarcane
Urban
Wetlands

480000 64.70 366

350000 5.66 96
32000 27.90 83

24000 0.23 7

1500 2.23 7

9500 19.90 64

500 1.92 6
16000 27.10 86

4200 10.50 33
98000 0 25

7300 3.02 45

9500 10.80 93
37000 X 6294

190000 0 47
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Figure 3-28. Relationship between Emdollars and Service Dollars for Land Uses under
the Base Case Scenario.
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Table 3-17. Comparison of Total Service Dollars and Total Emdollars by Scenario
for Approximately 1.2 Million Acres in the North Okeechobee Basin.

Service
Dollars Emdollars Emdollars

Scenario (E6 $/yr) (E6 EMS/yr) Service Dollars

Base Case
Maximum Phosphorus Use
Predevelopment
Dispersed Phosphorus Management, 1
Dispersed Phosphorus Management, 2
Concentrated Phosphorus Management

174 7271 41.8
192 7681 40.0

X 314 X
175 7294 41.7
175 7294 41.7
234 7396 31.6



CHAPTER 4
DISCUSSION

In this final chapter, an aggregate overview of the regional system and its

phosphorus cycle is given in order to synthesize the relationship between the

biogeochemistry of an element, its contribution to regional emergy, and its economic

use. Figure 4-1 shows the essence of the phosphorus cycle, with inputs, outputs and

internal cycling, which is compared for different scenarios. By relating an elemental

cycle to environmental and economic measures, the origin of a new field of study is

suggested, referred to here as biogeoeconomics.

Relating the Phosphorus Cycle to Emergy and Economics

Keeping in mind the overview model of the regional system containing the

phosphorus cycle in Figure 1-1, and simplified in Figure 4-1, mass flows of

phosphorus and associated flows of emergy and money, are related for different

scenarios of phosphorus use and management. Table 4-1 summarizes totals for the

whole cycle and for the product flows, and Table 4-2 summarizes the totals of each

associated with the residual, or runoff, component of the cycle.

Figure 4-1 indicates that more emdollars are contributed to the economy from

the output of products that contain phosphorus than dollars are paid for those products.

Also, the environment contributes more emdollars to production in phosphorus-

132
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Purchased

Figure 4-1. Diagram Showing the Full Phosphorus Cycle of the Region
(Heavy Black Lines) with Inputs and Outputs and Internal Cycling
under the Base Case Phosphorus Management Scenario. Dashed Line
Represents Flow of Money Associated with Phosphorus.
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Table 4-1. Comparison of Annual Emergy, Service Dollars, and Emdollars per Gram
of Phosphorus by Scenario for the Study Region.

Whole Phosphorus Cycle

Scenario
Emergy/Mass $/Mass
(E12 sej/g P) ($/g P)

EM$/Mass
(EM$/g P)

Base Case Phosphorus Management 2.48 0.038 1.60

Maximum Phosphorus Use 1.94 0.03 1.25

Predevelopment 1.62 0 1.05

Dispersed Phosphorus Management 2.52 0.039 1.63
Concentrated Phosphorus Management 2.52 0.05 1.63

Phosphorus in Products

Product EM$/

Phosphorus
Scenario

Mass Flow
E8 g P/yr

Emergy/Mass $/Mass
(E12 sej/g P) ($/g P)

Mass

(EM$/g P)

Base Case Management 9.05 12.5 .19 8.06
Maximum Phosphorus Use 9.06 13.1 .21 8.47

Dispersed Management 1 9.92 11.3 .18 7.32

Dispersed Management 2 11.1 10.2 .16 6.58
Concentrated Management 9.05 12.7 .26 8.19

EM$ based on 1990 emergy/currency ratio of 1.55E12 sej/$.
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Table 4-2. Comparison of Total Annual Phosphorus, Emergy, and Emdollars Lost as
Runoff from the Study Region.

Comparison by Land Use

Land Use

Emdollar
Mass Flow Emergy Flow Flow EM$/
E7 g P/yr (El7 sej/yr) (E6 EMS/yr) acre

Other Agriculture 1.34 6.43 0.41 56

Dairy 5.32 25.5 1.6 51

Sugarcane 1.19 5.71 0.37 39

Improved Beef Pasture 41.3 198 12.8 27

Citrus 2.31 11.1 0.72 23

Urban 1.68 8.06 0.52 17

Unimproved Beef Pasture 10.2 49 3.2 9.50

Commercial Forest 0.67 3.22 0.21 8.74

Upland Forest 2.07 9.94 0.64 6.53

Comparison by Scenario

Scenario

Emdollar
Mass Flow Emergy Flow Flow
E8 g P/yr (E19 sej/yr) (E6 EM$/yr)

Base Case Phosphorus Management
Maximum Phosphorus Use
Predevelopment
Dispersed Phosphorus Management 1
Dispersed Phosphorus Management 2
Concentrated Phosphorus Management

6.6 3.17 20
11 5.28 34
.3 0.14 0.9

5.6 2.69 17

5.4 2.59 17

6.6 3.17 20
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containing inputs (418E6 EM$/yr) than are purchased from the economy (170E6

EM$/yr), indicating a large renewable environmental subsidy of phosphorus.

However, total inputs purchased for the production of goods (554E6 EM$) exceeded

environmental inputs (418E6 EM$). Runoff of phosphorus to the environment

represents only 2 percent of the emdollar value of phosphorus leaving the region.

Table 4-1 indicates that the emergy/mass ratio increases with management

effort—it takes more emergy per gram to control a material for economic use than the

natural system requires to regulate it when not coupled to the economic system.

Service dollars and emdollars per gram of phosphorus indicate the same trend. The

predevelopment "value" of phosphorus in terms of its contribution to current GNP was

1.05 EM$ per gram. Under managed conditions, this increased to 1.60 EM$/g P,

indicating the phosphorus cycle is contributing more to the regional economy per unit

than it did prior to development, or under conditions of maximum phosphorus use.

Thus, managed self-organization increased the emdollar contribution of phosphorus to

the region.

Phosphorus Uses. Feedbacks, and Products

The major components of the phosphorus cycle are uses or inputs, feedbacks,

and outputs including products plus leakage as runoff (Figure 4-1). Phosphorus use in

the region is primarily as feed and fertilizer; feedbacks include forage production on

dairies and nutrient recycling in soil and biomass; major products include crops,

livestock, milk, and timber, plus compost production as a secondary product. Changes
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in management alter all three components through such mechanisms as input

substitution, enhancement of feedbacks, and changes in production.

The bar graph in Figure 4-2 shows how phosphorus is distributed in various

material imports and outputs of the region. The intensity of phosphorus use and

production is represented as the grams of phosphorus per acre. Phosphorus in fertilizer

had the lowest estimated emergy/mass ratio, most likely because it had the highest

concentration of phosphorus (100 percent). The emergy/mass ratio of phosphorus in

residuals such as runoff and compost were also at the lower end of the range. The ratio

was greatest for agricultural commodities produced in the region, with phosphorus in

liveweight having the highest emergy/mass ratio.

Phosphorus feedbacks

Residual phosphorus from the dairy production process may be recycled through

wastewater irrigation and manure spreading to produce forage crops. Forage grown

onsite as replacement for purchased dairy feed may be evaluated in terms of its

transformity and emergy/mass ratio. Dairy feed, with a transformity of 6.8E4 sej/J,

took 0.24E12 sej/g P. The transformity and emergy/mass ratio of the forage crop

grown using recycled phosphorus ranged from 2.1 to 5.1E6 sej/J and 12 to 30E12 sej/g

P, respectively (refer to Table 3-13). Variations are due to differences in management

practices. Taken in context at this scale alone, it would not seem emergy efficient to

produce recycled feedstuffs at nearly two orders of magnitude greater transformity and

emergy/mass ratio so long as purchased feedstuffs were available. When considering



PhosphorusIntensity(gP/acre)

138

50,000

40.000

30.000

20.000

10.000

0
0.014 0.048 0.18 0.24 0.38 1.26 1.44 4.42 4.7

Phosphorus Emergy/Mass Ratio of Materials (E12 sej/g P)

Figure 4-2. Distribution of Phosphorus-Containing Material Inputs and Outputs
Based on the Emergy/Mass Ratios and Spatial Intensity of Phosphorus in the
Materials.

Liveweight
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the emergy costs of alternative phosphorus control in addition to the value of forage as

substitute feed, the recycle alternative becomes more attractive.

The emergy value of compost also produced from residuals of the dairy

operation may be compared to that of phosphorus fertilizer. The transformity of

phosphorus fertilizer is two orders of magnitude larger than that of compost since

phosphorus is concentrated into a more purified material during the fertilizer production

process. Emergy is directed into processing the phosphorus for use as fertilizer,

whereas compost is more of a soil conditioner with only secondary value as a

phosphorus fertilizer. Again, the reduction in phosphorus pollution achieved by

manure management and compost production improves its systems value as a fertilizer

substitute. Thus, products generated from residual phosphorus have value as substitutes

for purchased phosphorus imports while contributing to the increased efficiency of

phosphorus use and its spatial distribution.

Phosphorus products

A material cycle converges as it is incorporated into products. The emergy

required per gram of product is that required to concentrate it or bind it into a structure

at a concentration higher than its background level (at background level there is no

available energy in phosphorus and thus no emergy previously used to concentrate it).

Total grams of phosphorus generated as saleable products varied among

scenarios from least under base case phosphorus management to greatest under

dispersed phosphorus management, design 2 with all dairies selling compost and

growing forage (Table 4-1). Emergy per gram, service dollars per gram, and
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emdollars per gram of phosphorus showed the opposite trend with emergy and dollars

being directed more into phosphorus processing with increasing management effort.

The emergy of the whole phosphorus cycle was used to calculate emergy/mass ratios of

products since the systems were designed to generate products. The lower the

emergy/mass ratio, the more efficient the system of production. In the scenarios under

study, management improved the coupling of emergy to phosphorus.

Phosphorus in Runoff

Runoff is first water and has its emergy contribution (stream water transformity

multiplied by grams of water and Gibbs free energy). The runoff emergy is that of

water not used by the landscape system. The runoff also carries phosphorus which has

available energy and emergy relative to the background. The runoff phosphorus

includes some from rainwater and some leakage from the landscape's internal

phosphorus cycle. When phosphorus leaks out of a productive cycle, whether natural,

agricultural, or human settlement, it has emergy as well as an emdollar value of

phosphorus in the runoff. Phosphorus in runoff is a residual of the production

processes of the region rather than a primary product. The emergy in runoff is that

required to bring phosphorus from background to runoff concentration, or conversely

the energy lost when the runoff is mixed with background water.

Emergy per unit phosphorus in dilute runoff

Emergy may be related to an efficient phosphorus cycle using the simplified

regional overview given in Figure 4-1. Under predevelopment conditions when the

landscape was covered with photosynthetically-based ecosystems, the phosphorus cycle
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was a necessary main component of the energy system. Under these conditions, the

whole emergy may be assigned to the mass cycle of phosphorus to obtain an

emergy/mass value for the fairly dilute concentrations of phosphorus in its recycle and

runoff. The ratio of annual regional emergy flow per gram of dilute phosphorus

cycling was estimated to be 4.8E10 sej/g P. Alternatively, the emergy/mass ratio of

phosphorus in runoff could have been interpolated as a value between the ratio for

organic soil and the background of the mineral (e.g., sand, marl) input to the soil.

Because regional ecosystems were self-organized under predevelopment

conditions, this relationship of emergy and phosphorus mass may be considered an

"efficient" baseline for comparison with later developments and alternative scenarios

for management. If one assumes that systems resulting from self-organization have

utilized long-term competition among alternative designs to process and store nutrients

so that they contribute to maximum productivity (Odum, 1990), then the downstream

emergy contribution in runoff is at least 4.8E10 sej/g P.

Scenario comparisons

The emergy/mass ratio of dilute runoff estimated above was used for all runoff

calculations. It served as the basis for estimating the total emergy lost in runoff under

each scenario, which were then converted to emdollar values of runoff.

Comparison across land uses under the base case scenario indicated that the total

emdollar value of phosphorus lost as runoff was greatest for improved beef pasture and

least for commercial forestry (Table 4-2). When normalized spatially across the

landscape, the emdollar per acre value of runoff phosphorus ranged from 56 EM$/ac
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for intensive agriculture to about 6.50 EM$/ac for natural areas. Midrange values of

phosphorus runoff were estimated for improved beef pasture, citrus, and urban land

uses.

Scenarios were also compared in terms of the total emdollars lost from the

system as phosphorus leaks out in runoff (Table 4-2). The emergy contribution lost as

a fraction of GNP was twice as great under the maximum phosphorus use scenario than

under dispersed phosphorus management. The reference value of runoff phosphorus

prior to development was 0.9E6 EM$/yr.

Phosphorus Assimilation in Wetlands

When phosphorus leaves a land area as runoff, it is transported through a

system of wetland streams and canals toward Lake Okeechobee. The hydrographic

network is adapted to assimilate phosphorus and recycle it as biomass or sediment

storage. Wetlands use the phosphorus to build peat which has some future value in its

storage potential. The natural system, which has been somewhat altered through

channelization, is performing the work of phosphorus removal without receiving any

service dollars paid by humans. The cost of an alternative system to remove an

equivalent amount of phosphorus from basin runoff was calculated as an estimate of the

opportunity cost of basin phosphorus assimilation.

Under the base case scenario, 499 tons of phosphorus (4.5E8 g P), or 68

percent of the runoff phosphorus was assimilated along the network of streams and

canals annually. Assuming that basin scale treatment would be necessary at five major

outlets to Lake Okeechobee (Fisheating Creek, Indian Prairie, Harney Pond, Lower
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Kissimmee, and Taylor Creek/Nubbin Slough), the opportunity cost of assimilation

would be $50 million/yr. Treatment at the outlets of other smaller contributing basins

such as S-133 and S-135 would increase the cost by about $10 million per basin per

year.

This estimate gives a rough value in service dollars of the complexity of the

basin's hydrologic network. One could also calculate the emdollar contribution of the

natural system for phosphorus uptake under each management scenario. Using the

emergy/mass ratio of phosphorus in peat and multiplying by the total grams of

phosphorus assimilated, gives the total emergy of assimilated phosphorus. When

converted to emdollars using the 1990 emergy/currency ratio of 1.55E12 sej/$

(Pritchard, 1992), the emdollar value of phosphorus assimilation ranged from 5E9

EM$/yr for predevelopment to nearly 200E9 EM$/yr for maximum phosphorus use,

with phosphorus management scenarios in the neighborhood of 100E9 EM$/yr. These

emdollar values may be interpreted as the long-term value of peat accumulation. Under

managed conditions, the environment is contributing less to phosphorus processing and

may therefore expend more emergy on other activities such as building structure.

The emdollar contribution to Lake Okeechobee as phosphorus in basin outflow

was estimated at 6.4 million EM$/yr under the base case scenario, 20 times greater

than predevelopment outflow from the watershed. In order to determine if this

increased potential use has a positive or negative effect on downstream system

productivity, one should examine the next larger system which includes the Lake

Okeechobee ecosystem — beyond the scope of the current research. Refer to Gayle
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(1975) who adopted a systems approach in his study of eutrophication in Lake

Okeechobee.

Effects of Management on Regional Spatial Characteristics

Management of a chemical cycle across the landscape can alter the spatial

characteristics of a region. Estimation of the Shannon-Wiener diversity index (El)

across more than 7000 land use polygons indicated several findings. First, the

landscape was most homogeneous prior to development (H = .48). Note that the very

low diversity of polygons (in comparison to species diversity measures) under

predevelopment conditions is in part due to the way they were classified. For example,

many categories of wetland types were lumped into one general wetlands classification.

Though this measure may be appropriate for a relative comparison of changes with

management, the natural species diversity of the landscape is not captured.

Results also indicated that addition of resources to the region from the economy

increased polygon diversity to a maximum under conditions of maximum phosphorus

use (H = 1.13); polygon diversity decreased from the maximum with increasing

management effort (H = .98 under base case), thus following the trend in phosphorus

use. Management may therefore be considered as a way to reorganize the landscape,

tightening the interface between an elemental cycle and its economic role.

Another way to express this relationship is to examine the trend in the variance

of phosphorus runoff concentration with changes in management. Phosphorus

management decreased the variance in runoff concentration from a maximum of 131

under conditions of maximum phosphorus use to a range from 0.8 to 1.2. The variance
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in runoff concentration was only 0.0005 prior to development. The variance in basin

phosphorus outflow was not appreciably different under managed conditions. Since

basin outflow takes into account the locational position of a polygon and its distance

upstream, this may have had a neutralizing effect on the variance in outflow from the

basin.

Empower density, which is a spatial measure of the emergy flux of a region,

increased more than 20 times since predevelopment conditions. Empower density did

not change appreciably with management when viewed as a basinwide average. On an

areal basis, there was little change in the average distribution of emergy from the

maximum phosphorus use scenario (9.6E15 sej/ac-yr) to the base case phosphorus

management scenario (9.0E15 sej/ac-yr). Given the vastness of wetland and rangeland

areas in the basin, they overshadowed any significant localized shifts in the spatial

distribution of emergy.

Local shifts in emergy use did, however, occur spatially as a result of

management. The largest localized change was due to closure of dairies and

subsequent land use conversion to mainly improved or unimproved beef pasture.

Empower density on these sites fell from 990E13 sej/ac-yr to between 44 and 118E13

sej/ac-yr. Changes in management on dairies from preDairy Rule to dispersed

management increased empower density per cow by 10 percent (only by 1 percent on a

per acre basis), and changes in sugarcane management resulted in an 18 percent

increase in areal empower density. The greatest effect on the emergy flux of the region

was thus attributed to land use change and not management.
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Comparing Measures of Success for Phosphorus Management

In order for the management of a chemical element to be successful at the basin

scale, specific goals must be set which are flexible enough to be responsive to new

information about the watershed system as it becomes available.

Physical Goals

Traditionally, physical goals have been popular, including target load reductions

to a receiving water body or target runoff concentration standards from specific land

uses. The latter measures are difficult to enforce due to restrictive monitoring costs

and requirements. These physical goals assume that the downstream impact of a

chemical element is well understood which is not always the case. Controversy still

abounds concerning the role that phosphorus from the watershed is playing toward

Lake Okeechobee's degradation, affecting its provisions of potable water and

recreational opportunities (Canfield and Hoyer, 1988). The debate between the

significance of phosphorus contributions from internal cycling versus external loading,

and the role of water level fluctuations have still not been resolved completely.

Assuming that phosphorus does play a role in eutrophication, regardless of the

source, the question of setting a specific average annual target load for the lake arises.

The method applied for Lake Okeechobee as specified in its SWIM Plan was the

modified Vollenweider nutrient loading model (Vollenweider, 1976), which estimates a

critical nutrient loading as a function of the hydraulic loading rate and water residence

time. Applying this model, Federico et al. (1981) estimated that phosphorus inputs to

Lake Okeechobee should be reduced to 397 tons/yr basinwide (north and south of the
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lake). This loading rate provided the basis for setting an average annual total

phosphorus concentration performance standard of .18 mg P/1 for all inflows to the

lake. By applying the phosphorus assimilation algorithm specified in the SWIM Plan, a

maximum allowable phosphorus runoff concentration performance standard of 1.2 mg/1

was backcalculated for existing land uses.

Recalling from the results of this study (Table 3-14), only the concentrated

phosphorus management scenario was capable of meeting or exceeding the phosphorus

loading standard (adjusted for the north Okeechobee basin only). Yet, the dispersed

phosphorus management scenarios were within 15 percent of the goal. Additional

modification such as changing pasture management (e.g., fertilizing every other year)

might improve the success of these options.

Economic Goals

The economic values of water quality and other services provided by Lake

Okeechobee are not reflected in a market demand function. As a result, there is no

market determination of an "optimal" level of water quality based on equating the

marginal cost of providing lake services with the marginal willingness to pay for lake

services. In such cases, Baumol and Oates' (1975) concept of a second best solution is

relevant, and recognizes the fact that, in the absence of a market based determination

of social economic efficiency (i.e., the first best solution), the government acting as

society's agent must determine the "desired" level of water quality. The second best

solution then entails the economic goal of achieving this level at minimum cost. The

idea of minimizing the cost of achieving a specific level of water quality is known as
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cost effectiveness. This approach has in essence been adopted for the Lake Okeechobee

SWIM planning process.

In most cost effectiveness analyses, lack of information about key processes

(e.g., physical, biological, behavioral) and their interactions, and lack of control over

stochastic inputs results in significant levels of risk and uncertainty which generate

important cost concerns. One is the cost of being wrong when establishing the target

level. Related is the reliability with which the target level is achieved; costs increase

in relation to the reliability of achieving a given water quality target (McSweeney and

Shortle, 1990). A political concern is associated with the effects of changes in

production practices on the variability of producer's profits (i.e., secondary costs).

Recapping results from this study, changes in investment and operation and

maintenance costs associated with phosphorus management ranged from $4 to 60

million annually (Table 3-14). Secondary costs associated with changes in inputs and

yields accounted for an additional $1 million/yr from base case to dispersed phosphorus

management. Secondary costs were actually negative due to an increase in returns

from compost sale when switching from the maximum phosphorus use scenario to the

base case. The net effect was a cost of $11.36 per lb of phosphorus removed from

basin outflow (Table 3-15). An additional $35 to 49 per lb was required for dispersed

phosphorus management, and $ 190/lb for concentrated management. The base case

scenario had the lowest cost per lb phosphorus removal, but did not meet the target.

These findings also indicate a positive relationship between the water quality goal and

the cost of attainment.
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Though indirect costs associated with changes in management (e.g., regional

impacts and administrative costs) were not evaluated in this study, they may be very

significant. An example is the regional multiplier effect associated with closure of

dairies in the basin. Mulkey and Clouser (1991) estimated that roughly $50 million

were lost annually in Okeechobee county sales as a result of 19 dairies ceasing

operation. This value did not account for gains associated with the activities replacing

the dairies nor the increase in output of the remaining dairies.

Expanding the boundaries of analysis to include the lake ecosystem, nonmarket

valuation techniques could be applied to estimate the economic benefits of water quality

improvement. As an alternative economic goal, the costs of achieving a desired level

of water quality could then be equated with expected benefits, assuming the physical

linkages are accurate.

Energetic Goals

The above measures of the success of phosphorus management were based on

very specific goals related to the assumption that control of the outflow of a single

chemical element is sufficient to meet the multiple objectives of watershed resource

management. A more holistic approach to managing a nutrient could be taken which

accounts for its cycling, including uses, feedbacks, products, as well as residuals; its

role in the environment; and as a productive part of the economy. The key to this

approach is to apply the appropriate technology which couples the economic, energetic,

and material use of the element. Though indices are useful for comparison, it is
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important to retain a system's view to understand effects on flows, storages, and

interactions.

Table 4-3 summarizes and allows comparison of the annual emdollar flows of

the regional phosphorus cycle under different scenarios. The whole cycle, storages,

and flows are evaluated in emdollars which may then be compared to the total service

dollars circulating through the region, or to the service dollars spent annually to control

phosphorus.

Emdollars of the whole phosphorus cycle increased with management.

However, the annual flow of emdollars associated with phosphorus imports, exports,

and changes in storage declined with management. Savings in imported emdollars

could perhaps be used elsewhere more productively. The decline in emdollars of

phosphorus storage may be viewed as a loss in the long-run if there is some future

potential value associated with this build-up of phosphorus. This emdollars savings

may also have greater effect used elsewhere. The emdollar value of phosphorus in

exported products was greatest prior to management even though the product mass flow

was lower (Table 4-1). New phosphorus-containing products generated under managed

conditions were recycled and used within the region rather than exported.

Emdollars of phosphorus in storage and runoff are depicted spatially in Figure

4-3. The areal distributions indicate the intensity of phosphorus use throughout the

landscape. Emdollars stored and in runoff represent potential value if contributed



Table4-3.SummaryofAnnualDollarFlowsandEmdollarFlowsoftheRegionalPhosphorusCyclebyScenario. Scenario

Whole Phosphorus Cycle (E12)

Imported Phosphorus (E8)

EM$/yr—
Onsite Phosphorus Storage (Ell)

Phosphorus
inProducts (E8)

Phosphorus
inRunoff (E6)

Assimilated Phosphorus (Ell)

Basin Outflow Phosphorus (E6)

Total Service Dollars (E10)

-$/yr
Costof Phos. Control (E6)

BaseCaseP Management

3.97

1.80

8.45

8.86

20

1.23

6.4

9.42

13.68

MaximumPUse
2.43

2.12

11.4

9.41

34

1.95

10.8

5.82

9.69

Predevelopment
1.70

----

0.66

....

0.9

0.05

0.3

—

DispersedP Management1

4.11

1.79

8.39

5.90

17

1.04

5.4

9.83

15.50

DispersedP Management2

4.11

1.79

7.92

5.90

17

1.01

5.2

9.83

15.83

ConcentratedP Management

4.11

1.80

8.45

8.86

20

1.23

2.0

12.6

73.18



Figure4-3.EmdollarFlowperAcreAssociatedwiththeAnnualChangeinOnsitePhosphorusStorageandAnnualRunoff PhosphorusundertheBaseCaseScenario.
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toward productive use. However, it is value lost if exported from the system without

equitable return.

One way to determine whether a phosphorus management technology is

appropriate is to compare the service dollar cost of management to the emdollars saved

as runoff diverted to potentially more productive uses elsewhere in the system. This is

another kind of measure of "cost effectiveness" incorporating the energy embodied in

runoff. Comparison of scenarios based on this measure indicated that roughly 4 EM$

were saved as runoff per service dollar spent on control when switching from

conditions of maximum phosphorus use to base case phosphorus management. An

additional savings of 0.9 and 1.0 EMS/service $ could be achieved under dispersed

phosphorus management designs. Again, the greatest savings per dollar was realized

with base case phosphorus management. The concentrated phosphorus management

scenario manages for basin outflow rather than runoff, and is not comparable in this

context.

Comparison at the dairy land use level indicated that 2.33 to 3.67 EM$ were

invested for each emdollar saved as runoff, with bioreactors at the lower end of the

range and confinement systems at the high end. At this scale, phosphorus management

does not appear to be energetically cost effective. If an actual savings in emdollars of

purchased imports could be achieved by substituting recycled products, these savings

could be counted as a credit which would improved the viability of the dairy

management options.
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The emdollar value of phosphorus assimilated along the flow path to Lake

Okeechobee and contributed directly to the lake declined by 50 percent with

management. Again, the next larger system which includes the lake must be analyzed

to determine whether this decline is beneficial in terms biogeoeconomic (i.e., physical,

biological, and social) impacts on the downstream system..

Net emergy yield ratios and emergy investment ratios are also useful

comparative measures of the effects of phosphorus management. Management

increased the emergy investment ratio basinwide, indicating more purchased inputs

were required for production per unit environmental input (refer to Figure 3-22).

Management had the greatest effect on dairies, increasing the ratio by as much as 20

percent. There was no appreciable impact on the net emergy yield ratio of the region

due to phosphorus management. Since there were no major shifts away from

agriculture, the yield ratios remained in the typical range of 1 to 2 as observed for

agricultural products.

Comparison of the transformities of products generated under alternative

management scenarios may give a measure of the effect of management on the

efficiency of system productivity. The higher the transformity to produce the same

product the less effective the system is at production. If, however, alternative services

are provided by the system (e.g., reducing phosphorus runoff, generating new products

from residuals), they should be counted to measure the whole system's effectiveness.

Systems have been shown by Odum and Pinkerton (1955) to maximize power at 50

percent efficiency. As an example, sugarcane was produced under the base case
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scenario with a transformity of 4E4 sej/J (Appendix B, Table B-14). Changing

management to the dispersed scenario increased the transformity by 10 percent

(Appendix B, Table B-15). However, annual yield also increased by 23 percent, and

runoff phosphorus was reduced by more than one-third. Another example was

observed for dairy milk production. A 10 percent increase in transformity was

accompanied by a 75 percent decrease in phosphorus runoff, plus production of an

alternative forage crop. A decline in milk production efficiency was perhaps offset by

gains in phosphorus runoff control, resulting in a net increase in system effectiveness

toward power maximization.

Unnecessary use of resources may be prevented by processing and using the

value of residuals onsite, leaving emergy previously imported for better use elsewhere.

A system may therefore be reorganized through management to achieve multiple

objectives from the next larger systems view.

Summary Comparison of Goals

In summary, from a purely physical standpoint, the concentrated phosphorus

management scenario was by far the most successful, exceeding the target physical goal

for annual lake phosphorus loading by 58 percent. Since both dispersed management

scenarios (designs 1 and 2) reached within 15 percent of the target, they may also be

considered successful with respect to the physical criterion. This deviation from the

average annual target may be assumed to lie within the range of uncertainty associated

with the modeling process. At 34 percent above the target, the base case scenario was

unsuccessful at reaching the physical goal.
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The economic criterion of minimizing the cost of achieving the physical target

goal would rank the dispersed phosphorus management scenario, design 2 as the most

successful (i.e., the most cost effective with or without secondary costs), followed by

dispersed management design 1, and then the concentrated phosphorus management

scenario. Under dispersed management, most costs of control would be incurred by the

private landowners who were responsible for the increased loading. It is possible that

the cost of concentrated phosphorus management could be passed on to the public since

control occurs at basin outlets and not on private lands. Since the base case scenario

did not meet the target physical goal, it cannot be considered cost effective even though

the cost per pound of phosphorus reduction was least under this scenario.

Based on the energetic criterion of maximizing regional emergy without regard

to phosphorus limitations, the maximum phosphorus use scenario resulted in the

greatest emergy flux to the basin annually (119E20 sej/yr). The emdollar value of

saleable phosphorus-containing products generated under conditions of maximum

phosphorus use was also at a maximum.

Given the imposition of the physical goal for phosphorus management, the most

energetically successful scenario is that which wastes the least emergy or emdollars in

runoff. Both dispersed phosphorus management scenarios resulted in the lowest annual

emdollars of phosphorus runoff basinwide (17E6 EM$/yr). In order to assess whether

the emergy devoted to phosphorus management is beneficial to the region, one should

examine the tradeoff between emergy lost from the region in order to save phosphorus

in runoff. Under dispersed phosphorus management, 387 million EM$/yr were
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foregone in order to save 17 million EM$/yr of runoff phosphorus and 5.5 million

EMS/yr of basin outflow phosphorus. Under concentrated management, 285 million

EM$ were lost from the basin annually to save 8.8 million EM$ of basin outflow

phosphorus. At the basin scale, the tradeoffs do not appear to be energetic, though

concentrated management appears to be more beneficial. Again, the phosphorus

management goal was set with consideration of the next larger system and must be

evaluated in this context.

General Principles of Biogeoeconomics

The science of ecological economics has had a long history of development

beginning with physicists and chemists in the 19th century (Martinez-Allier, 1990).

The discipline focuses on the role played by the flow of materials and energy through

the economy. General issues related to the interface between material and economic

systems are often addressed. More specifically, the field of biogeoeconomics,

proposed in this study, examines the interactions of one or more chemical elements

with the environment and economy. Biogeoeconomics may be thought of as a "branch"

of ecological economics developed for the specific purpose of managing at this

interface to maximize regional empower. There are also strong linkages to the field of

ecological engineering.

Five key principles are proposed to guide the study of biogeoeconomics as an

outcome of insights gained from the current research.

(1) Where appropriate, couple the biogeochemical cycle of a chemical element to its

economic use across the landscape. It is often necessary to observe the next larger
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scale to determine whether the cycles are well coupled. Part of a cycle is economic and

part environmental, and the health of both systems is facilitated by good circulation

between them. Good circulation implies that the economy is providing feedbacks to

enhance the use and recycle of the element.

An example of this coupling of economic and material cycles is through the

application of manure management techniques on dairies. Designs to enhance the reuse

of phosphorus through collection and redistribution provided opportunities for the

production of substitutes for phosphorus intensive inputs.

(2) Apply management to redistribute an element throughout the self-organizing

landscape in order to maximize its biogeoeconomic productivity. Let the lower

transformity environment work by doing the low transformity part of the cycle with

free resources such as sun, wind, and rain.

Phosphorus management through the use of ecoreactors (i.e., wetlands) on

dairies provided means to capitalize on the environment's ability to perform the service

of nutrient filtration onsite, also with potential for producing an input substitute. Such

methods stimulate the use of localized resources which contribute to the overall

biogeoeconomic productivity of the landscape.

(3) Design management systems to enhance the spatial heterogeneity of the landscape.

Cycles up and down the energy transformation hierarchy have a spatial pattern

converging into hierarchical centers defined by high empower density and then

diverging out to the lower empower density environments.
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As an alternative to phosphorus management applied onsite or at the basin

outlet, the natural ability of the system of wetlands, streams, and man-made canals to

absorb phosphorus could be enhanced through the design of "mesoscale" wetland

filtration systems. The theory of arrested succession suggests that self-organization of

the landscape will force eutrophic zones of net production to develop downstream from

nutrient-rich flows (Odum, 1989). These zones could be identified spatially on a map

as junctures of high phosphorus concentration and wetland habitat. Rerouting

phosphorus to these wetland filtration areas, increasing the retention time, perhaps

introducing suitable vegetation, and managing for arrested succession are potential

methods to maximize phosphorus uptake at the mesoscale.

(4) Use the appropriate technology to match the hierarchical position of the element

being managed. Define each technology by the appropriate transformity ranges, and

define the spatial location by the appropriate empower density.

Referring back to Figure 1-3, phosphorus and services interact suitably within a

given range of transformity. The appropriate level of services devoted to phosphorus

management should overlap the range where phosphorus operates in the basin. In other

words, it would not be energetically feasible to invest in a human service intensive

technology of high transformity (i.e., > 1E8 sej/J) to control phosphorus runoff with a

transformity of 8E6 sej/J (Beyers and Odum, 1993). More work should be contributed

from the natural system to manage this element.

(5) Design incentive/disincentive systems that apply to the whole elemental cycle in

the landscape and not just its parts. Monetary and regulatory incentives and
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disincentives can be used to adjust the high transformity end of the cycle, but incentives

based on emdollar evaluation of a larger matching area are needed to maintain the

lower end of the cycle.

Economic incentive/disincentive approaches include property entitlements,

taxes, and subsidies. Property entitlement incentives in the form of dairy easements

and floodplain buyouts have been used in the basin by District managers. Taxes on

emissions are usually difficult to enforce for nonpoint pollution, but may be possible

for the north Okeechobee basin since the infrastructure for monitoring is already

available at the District. Input taxation (e.g., fertilizer tax) is a viable policy option

since fertilizer and feed account for over 90 percent of the purchased inputs of

phosphorus to the basin. Cost sharing toward the implementation of a new technology

is an example of a subsidy based approach requiring public funds that has already been

implemented in the basin.

Regulatory incentives applied in the basin include technology based standards

defined in the Dairy Rule legislation, and performance standards as discussed

previously. Input restriction through bans (e.g., detergent legislation) or quotas (e.g.,

ceiling on ration phosphorus content) is an example of a regulatory incentive that can

impact the use and distribution of phosphorus basinwide.

More recent policy efforts have introduced the concept of the exchange of

pollution entitlements in which participants may trade their pollution permits or rights

based upon their own productivity (i.e., high value producers have more incentive to
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pollute). Initial endowments are commonly set based upon historical pollution levels,

though this approach assumes that producers have the "right to pollute".

Phosphorus pollution allowances could perhaps be adjusted based on the emergy

value of phosphorus use which varies spatially across the landscape, based on the

overall objective of maximizing regional empower with respect to phosphorus use.

Marketable pollution rights might be transferred to land areas with lower emergy

investment ratios, thus providing incentives for producers to enhance their use of

environmental inputs. Incentives, particularly subsidies, based on spatial or locational

effect could be designed to encourage activities, systems designs and production where

phosphorus has the greatest positive effect in the landscape. Policy incentives could

therefore consider the whole phosphorus cycle and its interactions with the environment

and the economy.

Suggestions for Future Research

The outcome of this study suggest several avenues for additional research. The

current analysis is over a twenty year time horizon in which phosphorus availability is

assumed to be stable. Simulation modeling of the interactions between phosphorus and

the economy could provide insight into the causality of both long-run and short-run

shifts in the regional phosphorus cycle. For example, the impact of phosphorus

scarcity, as indicated by a model of the global phosphorus cycle and reflected as an

increase in the price of phosphorus-containing inputs, could tighten the local cycle and

force some redistribution. Changes in demand for products as exhibited by price

fluctuations could affect production systems and thus phosphorus use. One could also
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examine the effects of a change in the distribution of land use, perhaps greater

urbanization or a broader spectrum of agricultural production systems. Finally,

simulation would be useful to examine the long-term physical, environmental, and

economic impacts of regulatory and other incentive programs designed to control

phosphorus.

The scenarios analyzed in this study served as a limited example of possible

alternatives for phosphorus management. Spatial optimization across all land use areas

in the north Okeechobee basin would allow for more choices and more specific

objectives to be tested. Maximizing phosphorus reduction in basin outflow, minimizing

the cost of achieving target phosphorus reduction goals, and maximizing regional

empower are examples of such objective functions. This approach would account not

only for differences in land use types but also for spatial location in the watershed.

There are several other ways to expand the current analysis. One is to broaden

the boundaries to include wetlands and Lake Okeechobee, or even beyond to follow

phosphorus to tide where large quantities of phosphorus can be absorbed. Emergy

evaluation at this scale would allow for new management goals to be set so that

regional emergy maximization would include the environmental services and

productivity of these systems and greater consideration of their opportunity costs.

Behavioral, economic, and regulatory incentives could incorporate these new goals for

regional management. Finally, multiple elements and their interactions could be

examined from a biogeoeconomic perspective. Though phosphorus may currently be



limiting, the ratio of essential elements (e.g., carbon:nitrogemphosphorus) may be

more critical from a management perspective in the long run.



APPENDIX A
ASSUMPTIONS AND DATA SOURCES FOR

PHOSPHORUS BUDGETING AND
ECONOMIC ANALYSIS

Beef Pasture

Assumptions(1)Improved pasture cow density = f (fertilization rate)

Fertilizer rate Cow density
(lbs P/ac/yr) (cows/acre)

0 1/7.0
11 1/2.5
17 1/2.0
22 1/1.0

Source: Personal communication: Hendry, Okeechobee, and Osceola County extension
agents.

(2) Unimproved pasture cow density = 1 cow/16 acres
Source: Fonyoetal., 1991

(3) Calving rate = 69 % \ 47.6 % sold @ 470 lbs/calf
Source: Fonyo et al., 1991

(4) Culling rate = 10 % @ 1100 lbs/cow
Source: Fonyoetal., 1991

(5) Average stream density of pastureland = 10 ft/acre
Source: U.S. Army Corp of Engineers, 1991
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(6) Average feed supplements
Minerals - 20 lbs/cow/yr
Molasses - 300 lbs/cow/yr
Source: Fonyoetal., 1991

(7) Fencing
Effectiveness - 20 percent reduction in P load per acre
Source: FL. Dept, of Environmental Regulation, 1986

Investment Costs

TOTAL INVESTMENT COSTS ($/ac) = (FM + FL) * SD * 2
where:

FM = fencing materials, $/ft
FL = fencing labor, $/ft
SD = stream density, ft/ac

(1) Fencing
Materials (5-strand barb wire) - $ 0.44/ft
Labor (installation) - $ 0.27/ft
Source: Doane's Agricultural Report, Vol. 54, No. 39-6, 1991
Assume fence life = 15 years

Operations and Maintenance Costs

ANNUAL O&M COSTS ($/ac) = FMN * SD * 2
where:

FMN = fence maintenance, $/ft/yr
SD = stream density, ft/ac

(1) Fencing
Maintenance (assume 10 % of capital) = $ 0.07/ft/yr
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Secondary Costs

ANNUAL SECONDARY COSTS ($/ac/yr) = (CD * MIS * MIP) + (CD * MOS
* MOP) + (FA + FM * FP) - (CD * CUR * CUW * CUP) - (CD * CAR * CAW
*CAP)

where:
CD = cow density, cows/ac
MIS = minerals, lbs/cow/yr
MIP = mineral price, $/lb
MOS = molasses, lbs/cow/yr
MOP = molasses price, $/lb
FA = fertilizer application cost, $/ac
FM = fertilizer rate, lbs P/ac/yr
FP = fertilizer price, $/lb P
CUR = cull rate, %
CUW = cull cow weight, Ibs/cow
CUP = cull cow price, $/lb
CAR = calf rate, %
CAW = calf weight, lbs/calf
CAP = calf price, $/lb

(1) Feed supplements
Minerals - $ 0.16/lb
Molasses - $ 0.06/lb
Source: Personal communication: Okeechobee feed supplier

(2) Fertilizer
Application - $ 3.25/ac
Material (20-5-10) - $ 127/ton, or $ 2.73/lb P
Source: Personal communication: Okeechobee fertilizer supplier

(3) Cull cows

Liveweight - $ 0.45/lb
Source: Personal communication: Okeechobee livestock market

(4) Calves
Liveweight - $ 0.90/lb
Source: Personal communication: Okeechobee livestock market
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Dairy

Assumptions(1)Phosphorus partitioning

BARN MHP HIA
Pre Dairy rule 25% 35% 40%
Low tech 25% 35% 40%
Semiconfinement 25% 15% 60%
Confinement 25% 0% 75%

where:
MHP = milking herd pasture
HIA = high intensity area

Source: Soil Conservation Service dairy design plans

(2) Treatment efficiencies
Biochemical treatment (ecoreactor) - 97.6 %
Source: Bion Technologies, 1991

(3) Change in purchased dairy rations
Pre Dairy Rule Average 33 lbs/cow/day @0.5% P
Source: Fonyoetal., 1991
Post Dairy Rule Average 36 lbs/cow/day @ 0.45% P
Source: Boggess, Holt, and Smithwick, 1991

(4) Milk yield effect
Low tech - 0.22 lbs/cow/day increase
Semiconfinement and confinement - 2.4 lbs/cow/day increase
Source: Boggess, Holt, and Smithwick, 1991

(5) Solids production for sale
Semiconfinement - 45 % truckload/cow/yr
Confinement - 56 % truckload/cow/yr
Source: Estimates based on partitioning assumptions



169

Investment Costs

TOTAL INVESTMENT COSTS ($/cow) = SC + ETC
where:

SC = structural cost, $/cow
ETC = effluent treatment cost, $/cow

(1) Structural (including sprayfield)
Low tech $ 712/cow
Semiconfinement $ 977/cow
Confinement S 1773/cow
Source: Smithwick, 1992
Assume life = 20 years

(2) Effluent treatment
Ecoreactor $ 30/cow
Source: Bion Technologies, 1990
Assume life = 10 years

Operations and Maintenance Costs

ANNUAL O&M COSTS ($/cow/yr) = SM + ETM
where:

SM = structural maintenance cost, $/cow/yr
ETM = effluent treatment system maintenance, $/cow/yr

(1) Structural (including sprayfield)
Low tech $ 19/cow/yr
Semiconfinement $ 29/cow/yr
Confinement $ 34/cow/yr
Source: Assume 10 % of annualized capital, plus labor @ (.6 * $ 20,000) for low tech,
and (.75 * $ 20,000) for semiconfinement and confinement; Smithwick, 1992

(2) Effluent treatment
Ecoreactor $ 8.50/cow/yr
Source: Bion Technologies, 1990
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Secondary Costs

ANNUAL SECONDARY COSTS ($/cow/yr) = - (MY * MP) - (SS * SP)
where:

MY = milk yield, lbs/cow/yr
MP = milk price, $/lb
SS = solids sale, truckload/cow/yr
SP = solids price, $/truckload

(1) Milk sales
Raw milk - $ 15.50/cwt
Source: Smithwick, 1992

(2) Solids sale
Average $ 37.50/truckload; 18 tons/truckload
Source: Personal communication: Black Kow, Inc.

Citrus

Assumptions

(1) Tree density
Mature citrus - 120 trees/ac

Young citrus - 140 trees/ac
Source: Fonyoetal., 1991

(2) Yield
Mature citrus (Hamlin oranges) - 460 boxes/ac/yr
Source: Muraro and Holcomb, 1990
Young citrus (Hamlin oranges) - average for first 4 years

Fertilizer application rate
(lbs P/ac/yr)

Yield

(boxes/ac/yr)

22
44

56
67

Source: Muraro and Holcomb, 1990; assume 20 percent inrcease in yield when fertilizer
is doubled
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(3) Stormwater impoundment
Volume - 2 ac-in/acre
Effectiveness - 30 percent reduction in P load
Source: FL. Dept, of Environmental Regulation, 1986

Investment Costs

TOTAL INVESTMENT COSTS ($/ac) = IC + SWC
where:

IC = irrigation system cost, $/ac
SWC = stormwater impoundment cost, $/ac

(1) Irrigation system
Flood $ 700/ac

Drip $ 875/ac
Microjet $ 1000/ac
Assume life = 15 years
Source: Muraro and Holcomb, 1990

(2) Stormwater impoundment
Investment $ 26/ac
Assume life = 15 years
Source: Bottcher et al., 1983 (adjusted to 1990-91 dollars)

Operations and Maintenance Costs

ANNUAL O&M COSTS ($/ac/yr) - IM + SWM
where:

IM = irrigation maintenance, $/ac/yr
SWM = stormwater impoundment maintenance, $/ac/yr

(1) Irrigation system
Flood $ 95/ac/yr
Drip $ 77/ac/yr
Microjet S 94/ac/yr
Source: Muraro and Holcomb, 1990

(2) Stormwater impoundment
Maintenance $ 6.09/ac/yr
Source: Bottcher et al., 1983 (adjusted to 1990-91 dollars)
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Secondary Costs

ANNUAL SECONDARY COSTS ($/ac/yr) = (FA + FM * FP) - (TD * CY * CP)
where:

FA = fertilizer application cost, $/ac
FM = fertilizer rate, lbs P/ac/yr
FP = fertilizer price, $/lb P
TD = tree density, trees/ac
CY = citrus yield, boxes/tree/yr
CP = citrus price, $/box

(1) Fertilizer
Application - $ 6.84/ac
Material

Mature citrus (12-2-15) - $ 0.07/lb, or $ 7.95/lb P
Young citrus (8-4-8) - $ 0.08/lb, or $ 4.55/lb P

Source: Muraroetal., 1991

(2) Citrus Sales
On-tree price (4-yr average adjusted to 1990 dollars),
Hamlin oranges - $ 6.57/box
Source: Muraro and Holcomb, 1990

Assumptions

(1) Rotation practice
Sugarcane is grown in sequence for three years: plant cane, 1st ratoon, and 2nd ratoon,
followed by one year out of rotation. Thus, for a given acre of land classified as
sugarcane production, 75 percent is in cane (25 percent for each ratoon), and 25 percent
is either in rice or sweet corn production, or flooded fallow.
Source: Fonyoetal., 1991

(2) Crop yield
Sugarcane (avg. for 3 years) - 33 tons/ac/yr
Rice - 43.5 cwt/ac/yr
Sweet com - 250 crates/ac
Source: Fonyoetal., 1991



(3) Rice effect
23 percent increase in ratoon cane yield following rice.
Source: Alvarez and Snyder, 1984

Investment Costs

TOTAL INVESTMENT COSTS ($/ac) = 0.25 * RPC
where:
RPC = rotation practice investment costs: rice or sweet corn, if applicable,
$/ac

(1) Rotation practice: Rice
Machinery

Grain drill $ 2880

Hopper trailer $ 7200
Combine S 73500

$ 83580/560 acres = $ 149.25/ac
Life = 10 years
Source: Alvarez, 1992

(2) Rotation practice: Sweet corn
Machinery

Corn planter $ 27.90/ac
Life = 10 years
Source: Smith and Taylor, 1991

Operations and Maintenance Costs

ANNUAL O&M COSTS ($/ac/yr) = 0.25 * RPM
where:

RPM = rotation practice maintenance costs: rice, sweet corn or
flooded fallow, $/ac/yr

(1) Rotation practice: Rice
Machine O&M

Preharvesting costs
Harvesting costs
Hauling and drying

$ 5.97/ac/yr
$ 199.15/ac/yr
$ 4.73/ac/yr
S 69.44/ac/vr
S 284.43/ac/yr

Source: Alvarez, 1992
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(2) Rotation practice: Sweet corn
Machine O&M $ 8.62/ac/yr
Preharvest $ 982.30/ac/yr
Harvest $ 587.50/ac/vr

$ 1569.80/ac/yr
Source: Smith and Taylor, 1991

(3) Rotation practice: Flooded fallow
Flooding $ 16/ac/yr
Source: Alvarez, 1992

Secondary Costs

ANNUAL SECONDARY COSTS ($/ac/yr) = (0.25 * FM1 + 0.25 * FM2 + 0.25 *
FM3) * FP + (0.75 * CY * CHP) - (0.75 * CY * CP) -(0.25 * RCY * RCP)

where:
FM1 = plant cane fertilizer rate, lbs P/ac/yr
FM2 = first ratoon cane fertilizer rate, lbs P/ac/yr
FM3 = second ratoon cane fertilizer rate, lbs P/ac/yr
FP = cane fertilizer price. S/lb P
CY = average cane yield, tons/ac/yr (includes rice effect, if
applicable)
CHP = cane harvesting cost, $/ton cane
CP = cane price, S/ton
RCY = rotation crop yield, lbs/ac/yr
RCP = rotation crop price, $/lb

(1) Fertilizer
Material

Cane (0-10-40) - $ 0.07/lb, or $ 1.60/lb P
Source: Alvarez and Schueneman, 1991

(2) Cane harvesting
$ 12.63/ton
Source: Alvarez and Schueneman, 1991

(3) Cane sales
$ 31.50/ton
Source: Florida Agricultural Statistics Service, 1992a
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(4) Rotation crop sales
Unprocessed rough rice - $ 10.30/cwt
Source: Personal communication: Semchi Rice Company
Sweet corn - $ 6.64/crate (5-year average)
Source: Florida Agricultural Statistics Service, 1992b

Point Source - Sewage Treatment Plant (STP)

Assumptions(1)Average operating parameters for Okeechobee STP
Avg. flow rate - 1 MGD (365 MGY)
Avg. influent TP concentration - 8 mg/1 (66 lbs/MG)
Avg. effluent TP concentration (surface discharge) - 4.9 mg/1 (40.4 lbs/MG)
Source: Personal communication: Okeechobee sewage treatment plant operator

Basin Scale - Chemical Treatment

Assumptions

(1) Apply at S-191 basin outlet

(2) Operating parameters
200 MGD alum precipitation plant
8800 acre in-lake retention basin
Source: FL. Dept, of Environmental Regulation, 1986

(3) Treatment efficiency
89 % TP removal
Source: FL. Dept, of Environmental Regulation, 1986

Investment Costs

TOTAL INVESTMENT COSTS ($) = TPC + RBC
where:

TPC = treatment plant investment cost, $
RBC = retention basin investment cost, $

(1) Alum precipitation plant
Investment (adjusted to 1990 dollars) - $ 34.9 million
Life = 20 years
Source: FL. Dept, of Environmental Regulation, 1986
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(2) In-lake retention basin, 8800 acres

Investment (adjusted to 1990 dollars) - $ 17.2 million
Life = 30 years
Source: FL. Dept, of Environmental Regulation, 1986

Operations and Maintenance Costs

ANNUAL O&M COSTS ($/yr) = TPM
where:

TPM = treatment plant O&M costs, $/yr

(1) Alum precipitation plant
O&M (adjusted to 1990 dollars) - $ 3.8 million/yr
Source: FL. Dept, of Environmental Regulation, 1986



APPENDIX B
PHOSPHORUS MANAGEMENT

EMERGY EVALUATION TABLES



TableB-l.EmergyEvaluationofanAcreofCams:MatureTrees;9lbsP/ac-yr;DnpIrrigation;withoutImpoundment. Note

Item

ValueRawUnit (ac-yr)-l

Solar

Transformity (sej/unit)

Solar Emergy
(El3sej/ac-yr)

Phosphorus Content
(gramsP/ac)

Phosphorus Emergy/Mass (E12sej/gP)

1

Sunlight

2.19E+13J

1

2

0

X

2

Ram,chemical

2.54E+10J

1.54E+04

39

514.0

0.76

3

Irrigationwater

4.32E+09J

1.54E+04

7

87.4

0.76

4

Fuel

2.07E+10J

6.6E+04

137

0

X

5

Electricity

1.9E+08J

1.6E+05

3

0

X

6

Pesticide

3.1IE+09J

6.6E+04

21

0

X

7

NFertilizer

1.82E+08J

1.69E+06

31

0

X

8

PFertilizer

1.42E+06J

4.14E+07

6

4080.0

0.014

9

KFertilizer

5.2E+07J

2.62E+06

14

0

X

10

Lime

9.7E+04g

1.00E+09

10

0

X

11

Services

874$

1.55E+12

135

0

X

12

401

13

Citrussold

3.85ET10J

1.04E+05

401

3190.0

1.26

14

Runoff

X

X

X

725.8

X

15

Basinoutflow

X

X

X

267.5

X



179

Footnotes to Table B-l. Citrus without Impoundment.

1

3.

4.

5

6

7

8.

9.

10

11

12

13

14

15

Sunlight. 129 kcal/cm2-yr (Odum et al., 1981)
(129 kcal/cm2-yr)(lE4 cm2/m2)(4047 nr/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
Transformity = 1*

Ram, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g.
(507yr)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
Transfomuty = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Irrigation water. 8.5 7yr (Hazen and Sawyer, 1994)
(8.57yr)(2.54 cm/m)(.01 m/cm)(4047 m:/ac)(lE6 g/m')(4.94 J/g) = 4.32E9 J/ac-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (assumed equal to rain water)
Fuel. 151.1 gal/ac-yr (Fluck et al., 1992); 137E6 J/gal (Odum and Ardmg, 1991)
(151.1 gal/ac-yr)(137E6 J/gal) = 2.07E 10 J/ac-yr
Transfomuty = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 52.7 kwh/ac-yr (Fluck et al., 1992)
(52.7 kwh/ac-yr)(3.6E6 J/kwh) = 1.9E8 J/ac-yr
Transformin'’ = 1.59E5 sej/J (Odum et al., 1987)
Insecticide and other chemicals. 20 lbs/ac-yr (Fluck et al. 1992); 87 kcal/g (Pimentel, 1980)
(20 lbs/ac-yr)(453.6 g/lb)(87 kcal/g)(4186 J/kcal) = 3.11E9 J/ac-yr
Transformity = 6.6E4 sej/J (Odum et al., 1983)
Nitrogen fertilizer. 162 lbs/ac-yr (Koo,1984); 2.48E3 J/gN (Odum et al., 1983)
(162 lbs/ac-yr)(453.6 g/lb)(2.48E3 J/g) = 1.82E8 J/ac-yr
Transformity = 1.69E6 sej/J (Odum et al., 1983)
Phosphorus fertilizer. 9 lbs/ac-yr (Koo, 1984); 348 J/gP (Odum et al., 1983)
(9 lbs/ac-yr)(453.6 g/lb)(348 J/g) = 1.42E6 J/ac-yr
Transfomuty = 4.14E7 sej/J (Odum et al., 1983)
Potash fertilizer. 162 lbs/ac-yr (Koo, 1984); 702 J/g (Odum et al., 1983)
(162 lbs/ac-yr)(453.6 g/lb)(7(J2 J/g) = 5.16E7 J/ac-yr
Transformity = 2.62E6 sej/J (Odum et al., 1983)
Lime. 214 lbs/ac-yr (Fluck et al., 1992)
(214 lbs/ac-yr)(453.6 g/lb) = 9.7E4 g/ac-yr
Transfomuty = 1E9 sej/g (Odum, 1992)
Annual costs for human services. $874/ac-yr (Muraro and Holcomb, 1993)
1990 emergy/currency ratio = 1.55E12 sej/$ (Pntchard, 1992)
Emergy total = sum of 2 through 11 above
Citrus sold. 460 boxes/ac-yr @ 90 lbs/box (Muraro and Holcomb, 1993); .49 kcal/g (Pimentel,
1980)
(41400 lbs/ac-yr)(453.6 g/lb)(.49 kcal/g)(4186 J/kcal) = 3.85E10 J/ac-yr
Phosphorus content = .017 % (Watt and Merrill, 1985)
Runoff. Average runoff volume = 9.34 7yr (CREAMS-WT results, this study)
(9.347yr)(2.54 cm/in)(.01 m/cm)(4047 m2/ac)(lE6 g/m')(4.94 J/g) = 4.74E9 J/ac-yr
Phosphorus in runoff = 1.6 lbs/ac-yr (CREAMS-WT results, this study)
Basin outflow. Same volume as runoff

Phosphorus outflow = .59 lbs/ac-yr



TableB-2.EmergyEvaluationofanAcreofCitrus:MatureTrees;9lbsP/ac-yr;DripIrrigation;withImpoundment. Note

Item

ValueRawUnit (ac-yr)-l

Solar

Transformity (sej/unit)

Solar Emergy
(El3sej/ac-yr)

PhosphorusPhosphorus ContentEmergy/Mass
(gramsP/ac)(El2sej/gP)

1

Sunlight

2.19E+13J

1

2

0

X

2

Rain,chemical

2.54E+10J

1.54E+04

39

514

0.76

3

Irrigationwater
4.32E+09J

1.54E+04

7

87.4

0.76

4

Fuel

2.07E+10J

6.6E+04

137

0

X

5

Electricity

1.9E+08J

1.6E+05

3

0

X

6

Pesticide

3.11E+09J

6.6E+04

21

0

X

7

NFertilizer

1.82E+08J

1.69E+06

31

0

X

8

PFertilizer

1.42E+06J

4.14E+07

6

4080.0

0.014

9

KFertilizer

5.2E+07J

2.62E+06

14

0

X

10

Lime

9.7E+04g

1.00E+09

10

0

X

11

Services

883S

1.55E+12

137

0

X

12

403

13

Citrussold

3.85E+10J

1.05E+05

403

3190.0

1.26

14

Runoff

X

X

X

508.0

X

15

Basinoutflow

X

X

X

187.2

X
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Footnotes to Table B-2. Citrus with Impoundment.

1

3.

4.

5.

6.

7.

8

9

10

11

12

13

14

15

Sunlight. 129 kcal/cm2-yr (Odum et al., 1981)
(129 kcal/cnr-yr)(lE4 cnr/m2)(4047 m2/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
Transfomuty = 1
Ram. chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g.
(507yr)(2.54 cm/in)(.01 m/cm)(4047 m2/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
Transfomuty = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Irrigation water. 8.5 7yr (Hazen and Sawyer, 1994)
(8.57yr)(2.54 cm/in)(.01 m/cm)(4047 m2/ac)(lE6 g/m3)(4.94 J/g) = 4.32E9 J/ac-yr
Transfomuty = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (assumed equal to ram water)
Fuel. 151.1 gal/ac-yr (Fluck et al., 1992); 137E6 J/gal (Odum and Arding, 1991)
(151.1 gal/ac-yr)(137E6 J/gal) = 2.07E10 J/ac-yr
Transfomuty = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 52.7 kwh/ac-yr (Fluck et al., 1992)
(52.7 kwh/ac-yr)(3.6E6 J/kwh) = 1.9E8 J/ac-yr
Transfomuty = 1.59E5 sej/J (Odum et al., 1987)
Insecticide and other chemicals. 20 lbs/ac-yr (Fluck et al. 1992); 87 kcal/g (Pimentel, 1980)
(20 lbs/ac-yr)(453.6 g/lb)(87 kcal/g)(4186 J/kcal) = 3.11E9 J/ac-yr
Transfomuty = 6.6E4 sej/J (Odum et al., 1983)
Nitrogen fertilizer. 162 lbs/ac-yr (Koo,1984); 2.48E3 J/gN (Odum et al., 1983)
(162 lbs/ac-yr)(453.6 g/lb)(2.48E3 J/g) = 1.82E8 J/ac-yr
Transfomuty = 1.69E6 sej/J (Odum et al., 1983)
Phosphorus fertilizer. 9 lbs/ac-yr (Koo, 1984); 348 J/gP (Odum et al., 1983)
(9 lbs/ac-yr)(453.6 g/lb)(348 J/g) = 1.42E6 J/ac-yr
Transfomuty = 4.14E7 sej/J (Odum et al., 1983)
Potash fertilizer. 162 lbs/ac-yr (Koo, 1984); 702 J/g (Odum et al., 1983)
(162 lbs/ac-yr)(453.6 g/lb)(702 J/g) = 5.16E7 J/ac-yr
Transfomuty = 2.62E6 sej/J (Odum et al., 1983)
Lime. 214 lbs/ac-yr (Fluck et al., 1992)
(214 lbs/ac-yr)(453.6 g/lb) = 9.7E4 g/ac-yr
Transfomuty = 1E9 sej/g (Odum, 1992)
Annual costs for human services. $874/ac-yr (Muraro and Holcomb, 1993) plus annualized
investment and O&M costs of impoundment $9/ac-yr (this study) = $883/ac-yr
1990 emergy/currency ratio = 1.55E12 sej/$ (Pntchard, 1992)
Emergy total = sum of 2 through 11 above
Citrus sold. 460 boxes/ac-yr @ 90 Ibs/box (Muraro and Holcomb, 1993); .49 kcal/g (Pimentel,
1980)
(41400 lbs/ac-yr)(453.6 g/lb)(.49 kcal/g)(4186 J/kcal) = 3.85E10 J/ac-yr
Phosphorus content = .017 % (Watt and Merrill, 1985)
Runoff. Average runoff volume = 9.34 7yr (CREAMS-WT results, this study)
(9.347yr)(2.54 cm/in)(.01 m/cm)(4047 m2/ac)(lE6 g/m3)(4.94 J/g) = 4.74E9 J/ac-yr
Phosphorus in runoff =1.12 lbs/ac-yr (CREAMS-WT results, this study)
Basin outflow. Same volume as runoff
Phosphorus outflow = .41 lbs/ac-yr



TableB-3.EmergyEvaluationofanAcreofImprovedBeefPasture:11lbsP/ac-yr;2.5ac/cow;NoFence. Note

Item

ValueRawUnit (ac-yr)-l

Solar

Transformity (sej/unit)

Solar Emergy
(El3sej/ac-yr)

PhosphorusPhosphorus ContentEmergy/Mass
(gramsP/ac)(E12sej/gP)

1

Sunlight

2.19E+13J

1

2

0

X

2

Rain,chemical
2.54E+10J

1.54E+04

39

514

0.76

3

Fuel

8.90E+08J

6.6E+04

6

0

X

4

Electricity

4.1E+08J

1.6E+05

6

0

X

5

NFertilizer

3.37E+07J

1.69E+06

6

0

X

6

PFertilizer

1.74E+06J

4.14E+07

7

5000.0

0.014

7

KFertilizer

9.6E+06J

2.62E+06

3

0

X

8

Lime

2.3E+05g

1.00E+09

23

0

X

9

Minerals

6.1E+07J

8.10E+04

0

290.3

0.017

10

Molasses

9.1E+08J

8.1E+04

7

272.2

0.27

11

Services

134.67$

1.55E+12

21

0

X

12

118

13

Livestocksold
7.17E+08J

1.65E+06

118

407.2

2.90

14

Runoff

X

X

X

861.8

X

15

Basinoutflow

X

X

X

265.7

X
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Footnotes to Table B-3. Improved Beef Pasture: 11 lbs P/ac; 2.5 ac/cow; No Fence.

3.

4.

5.

6.

7.

8.

9.

11.

12.
13.

14.

15.

Sunlight. 129 kcal/cnr-yr (Odum et al., 1981)
(129 kcal/cm:-yr)(lE4 cm:/nr)(4047 m:/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
Transformity = 1
Ram, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g.
(507yr)(2.54 cm/in)(.01 m/cm)(4047 nr/ac)(lE6 g/m')(4.94 J/g) = 2.54E10 J/ac-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Fuel. 6.5 gal/ac-yr (Giesy and Holt, 1993); 137E6 J/gal (Odum and Ardmg, 1991)
(6.5 gal/ac-yr)(137E6 J/gal) = 8.9E8 J/ac-yr
Transformity = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 113 kwh/ac-yr (Giesy and Holt, 1993)
(113 kwh/ac-yr)(3.6E6 J/kwh) = 4.07E8 J/ac-yr
Transformity = 1.59E5 sej/J (Odum et al., 1987)
Nitrogen fertilizer. 30 lbs/ac-yr (Gutierrez, 1978); 2.48E3 J/gN (Odum et al., 1983)
(30 lbs/ac-yr)(453.6 g/lb)(2.48E3 J/g) = 3.37E7 J/ac-yr
Transformity = 1.69E6 sej/J (Odum et al., 1983)
Phosphorus fertilizer. 11 lbs/ac-yr (this study); 348 J/gP (Odum et al., 1983)
(11 lbs/ac-yr)(453.6 g/lb)(348 J/g) = 1.74E6 J/ac-yr
Transformity = 4.14E7 sej/J (Odum et al., 1983)
Potash fertilizer. 30 lbs/ac-yr (Gutierrez, 1978); 702 J/g (Odum et al., 1983)
(30 lbs/ac-yr)(453.6 g/lb)(702 J/g) = 9.55E6 J/ac-yr
Transformity = 2.62E6 sej/J (Odum et al., 1983)
Lime. 500 lbs/ac-yr (Prevatt, 1981)
(500 lbs/ac-yr)(453.6 g/lb) = 2.27E5 g/ac-yr
Transformity = 1E9 sej/g (Odum, 1992)
Minerals. 20 lbs/cow-yr (this study); 4 kcal/g (assumed equal to sugar)
(20 lbs/cow-yr)(l cow/2.5 ac)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 6.08E7 J/ac-yr
Transformity (assumed equal to sugar) = 8.1E4 sej/J (Odum et al., 1983)
Phosphorus content = 8 % (product label)
Molasses. 300 lbs/cow-yr (this study); 4 kcal/g (assumed equal to sugar)
(300 lbs/cow-yr)( 1 cow/2.5 ac)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 9.11E8 J/ac-yr
Transformity (assumed equal to sugar) = 8.1E4 sej/J (Odum et al., 1983)
Phosphorus content = .5 % (product label)
Annual costs for human services. $134.67/ac-yr (Giesy and Holt, 1993; adjusted for cow density)
1990 emergy/currency ratio = 1.55E12 sej/$ (Pntchard, 1992)
Emergy total = sum of 2 through 11 above
Livestock sold. 134 lbs/ac (this study); 2.82 kcal/g (Odum and Odum, 1987)
(134 lbs/ac-yr)(453.6 g/lb)(2.82 kcal/g)(4186 J/kcal) = 7.17E8 J/ac-yr
Phosphorus content = .67 % (Khasawneh et al., 1986)
Runoff. Average runoff volume = 10.5 7yr (CREAMS-WT results, this study)
(10.57yrK2.54 cm/in)(.01 m/cm)(4047 m7ac)(lE6 g/m3)(4.94 J/g) = 5.33E9 J/ac-yr
Phosphorus in runoff = 1.9 lbs/ac-yr (CREAMS-WT results, this study)
Basin outflow. Same volume as runoff

Phosphorus outflow = .59 lbs/ac-yr



TableB-4.EmergyEvaluationofanAcreofImprovedBeefPasture:11lbsP/ac-yr;2.5ac/cow;Fenced. Note

Item

SolarSolarPhosphorusPhosphorus
ValueRawUnitsTransformityEmergyContentEmergy/Mass (ac-yr)-l(sej/unit)(El3sej/ac-yr)(gramsP/ac)(El2sej/gP)

1

Sunlight

2.19E+13J

1

2

0

X

2

Rain,chemical
2.54E+10J

1.54E+04

39

514

0.76

3

Fuel

8.90E+08J

6.6E+04

6

0

X

4

Electricity

4.1E+08J

1.6E+05

6

0

X

5

NFertilizer

3.37E+07J

1.69E+06

6

0

X

6

PFertilizer

1.74E+06J

4.14E+07

7

5000.0

0.014

7

KFertilizer

9.6E+06J

2.62E+06

3

0

X

8

Lime

2.3E+05g

1.00E+09

23

9

Minerals

6.1E+07J

8.10E+04

0

290.3

0.017

10

Molasses

9.1E+08J

8.1E+04

7

272.2

0.27

11

Fencing

1.4E+05J

1.8E+07

0

0

X

12

Services

137.4$

1.55E+12

21

0

X

13

119

14

Livestocksold
7.17E+08J

1.66E+06

119

407.2

2.92

15

Runoff

X

X

X

689.5

X

16

Basinoutflow

X

X

X

212.6

X
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Footnotes to Table B-4. Improved Beef Pasture: 11 lbs P/ac; 2.5 ac/cow; Fenced.

3.

4.

5.

6.

7.

8.

9.

11.

12.

13.
14.

15.

16.

Sunlight. 129 kcal/cm:-yr (Odum et al., 1981)
(129 kcal/cm:-yr)(lE4 cm:/nr)(4047 m2/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
Transformity = 1
Ram, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g.
(507yr)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Fuel. 6.5 gal/ac-yr (Giesy and Holt, 1993); 137E6 J/gal (Odum and Arding, 1991)
(6.5 gal/ac-yr)(137E6 J/gal) = 8.9E8 J/ac-yr
Transformity = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 113 kwh/ac-yr (Giesy and Holt, 1993)
(113 kwh/ac-yr)(3.6E6 J/kwh) = 4.07E8 J/ac-yr
Transformity = 1.59E5 sej/J (Odum et al., 1987)
Nitrogen fertilizer. 30 lbs/ac-yr (Gutierrez, 1978); 2.48E3 J/gN (Odum et al., 1983)
(30 lbs/ac-yr)(453.6 g/lb)(2.48E3 J/g) = 3.37E7 J/ac-yr
Transformity = 1.69E6 sej/J (Odum et al., 1983)
Phosphorus fertilizer. 11 lbs/ac-yr (this study); 348 J/gP (Odum et al., 1983)
(11 lbs/ac-yr)(453.6 g/lb)(348 J/g) = 1.74E6 J/ac-yr
Transformity = 4.14E7 sej/J (Odum et al., 1983)
Potash fertilizer. 30 lbs/ac-yr (Gutierrez, 1978); 702 J/g (Odum et al., 1983)
(30 lbs/ac-yr)(453.6 g/lb)(702 J/g) = 9.55E6 J/ac-yr
Transformity = 2.62E6 sej/J (Odum et al., 1983)
Lime. 500 lbs/ac-yr (Prevatt, 1981)
(500 lbs/ac-yr)(453.6 g/lb) = 2.27E5 g/ac-yr
Transformity = 1E9 sej/g (Odum, 1992)
Minerals. 20 lbs/cow-yr (this study); 4 kcal/g (assumed equal to sugar)
(20 lbs/cow-yr)(l cow/2.5 ac)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 6.08E7 J/ac-yr
Transformity (assumed equal to sugar) = 8.1E4 sej/J (Odum et al., 1983)
Phosphorus content = 8 % (product label)
Molasses. 300 lbs/cow-yr (this study); 4 kcal/g (assumed equal to sugar)
(300 lbs/cow-yr)(l cow/2.5 ac)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 9.11E8 J/ac-yr
Transformity (assumed equal to sugar) = 8.1E4 sej/J (Odum et al., 1983)
Phosphorus content = .5 % (product label)
Fencing. 10 ft/ac (this study); .31bs/ft (estimate); 90.4E6 J/toive (Odum et al., 1983)
(10 ft/ac)(.3 lb/ft)(ton/2000 lbs)(90.4E6 J/ton) = 1.36E5 J/ac-yr
Transformity of iron and steel = 1.84E7 sej/J (Odum et al., 1983)
Annual costs for human services. $134.67/ac-yr (Giesy and Holt, 1993; adjusted for cow density)
plus $2.73/ac-yr fencing costs (Doane’s Agricultural Report, 1991) = $137.40/ac-yr
1990 emergy/currency ratio = 1.55E12 sej/$ (Pritchard, 1992)
Emergy total = sum of 2 through 12 above
Livestock sold. 134 lbs/ac (this study); 2.82 kcal/g (Odum and Odum, 1987)
(134 lbs/ac-yr)(453.6 g/lb)(2.82 kcal/g)(4186 J/kcal) = 7.17E8 J/ac-yr
Phosphorus content = .67 % (Khasawneh et al., 1986)
Runoff. Average runoff volume = 10.5 7yr (CREAMS-WT results, this study)
(10.57yr)(2.54 cm/in)(.01 m/cm)(4047 m7ac)(lE6 g/m3)(4.94 J/g) = 5.33E9 J/ac-yr
Phosphorus in runoff = 1.52 lbs/ac-yr (CREAMS-WT results, this study)
Basin outflow. Same volume as runoff

Phosphorus outflow = .47 lbs/ac-yr



TableB-5.EmergyEvaluationofanAcreofImprovedBeefPasture:17lbsP/ac-yr;2ac/cow;NoFence. Note

Item

SolarSolarPhosphorusPhosphorus
ValueRawUnitsTransformityEmergyContentEmergy/Mass (ac-yr)-l(sej/unit)(E13sej/ac-yr)(gramsP/ac)(E12sej/gP)

1

Sunlight

2.19E+13J

1

2

0

X

2

Rain,chemical
2.54E+10J

1.54E+04

39

514

0.76

3

Fuel

8.90E+08J

6.6E+04

6

0

X

4

Electricity

4.1E+08J

1.6E+05

6

0

X

5

NFertilizer

3.37E+07J

1.69E+06

6

0

X

6

PFertilizer

2.68E+06J

4.14E+07

11

7710.0

0.014

7

KFertilizer

9.6E+06J

2.62E+06

3

0

X

8

Lime

2.3E+05g

1.00E+09

23

9

Minerals

7.6E+07J

8.10E+04

1

362.8

0.017

10

Molasses

1.1E+09J

8.1E+04

9

340.2

0.27

11

Services

153.17$

L55E+12

24

0

X

12

127

13

Livestocksold
8.94E+08J

1.42E+06

127

507.5

2.50

14

Runoff

X

X

X

1271.0

X

15

Basinoutflow

X

X

X

390.3

X
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Footnotes to Table B-5. Improved Beef Pasture: 17 lbs P/ac; 2 ac/cow; No Fence.

3.

4.

5.

6.

7.

8.

9.

12.
13.

14.

15.

Sunlight. 129 kcal/cm2-yr (Odum et al., 1981)
(129 kcal/cm2-yr)(lE4 cm2/m2)(4047 nr/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
Transformitv = 1

*

Ram, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g
(507yr)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Fuel. 6.5 gal/ac-yr (Giesy and Holt, 1993); 137E6 J/gal (Odum and Ardmg, 1991)
(6.5 gal/ac-yr)(137E6 J/gal) = 8.9E8 J/ac-yr
Transformity = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 113 kwh/ac-yr (Giesy and Holt, 1993)
(113 kwh/ac-yr)(3.6E6 J/kwh) = 4.07E8 J/ac-yr
Transformity = 1.59E5 sej/J (Odum et al., 1987)
Nitrogen fertilizer. 30 lbs/ac-yr (Gutierrez, 1978); 2.48E3 J/gN (Odum et al., 1983)
(30 lbs/ac-yr)(453.6 g/lb)(2.48E3 J/g) = 3.37E7 J/ac-yr
Transformity = 1.69E6 sej/J (Odum et al., 1983)
Phosphorus fertilizer. 17 lbs/ac-yr (this study); 348 J/gP (Odum et al., 1983)
(17 lbs/ac-yr)(453.6 g/lb)(348 J/g) = 2.68E6 J/ac-yr
Transformity = 4.14E7 sej/J (Odum et al., 1983)
Potash fertilizer. 30 lbs/ac-yr (Gutierrez, 1978); 702 J/g (Odum et al., 1983)
(30 lbs/ac-yr)(453.6 g/lb)(702 J/g) = 9.55E6 J/ac-yr
Transformity = 2.62E6 sej/J (Odum et al., 1983)
Lime. 500 lbs/ac-yr (Prevatt, 1981)
(500 lbs/ac-yr)(453.6 g/lb) = 2.27E5 g/ac-yr
Transformity = 1E9 sej/g (Odum, 1992)
Minerals. 20 lbs/cow-yr (this study); 4 kcal/g (assumed equal to sugar)
(20 lbs/cow-yr)(l cow/2 ac)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 7.6E7 J/ac-yr
Transformity (assumed equal to sugar) = 8.1E4 sej/J (Odum et al., 1983)
Phosphorus content = 8 % (product label)
Molasses. 300 lbs/cow-yr (this study); 4 kcal/g (assumed equal to sugar)
(300 lbs/cow-yr)(l cow/2 ac)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 1.14E9 J/ac-yr
Transformity (assumed equal to sugar) = 8.1E4 sej/J (Odum et al., 1983)
Phosphorus content = .5 % (product label)
Annual costs for human services. $153.17/ac-yr (Giesy and Holt, 1993)
1990 emergy/currency ratio = 1.55E12 sej/$ (Pntchard, 1992)
Emergy total = sum of 2 through 11 above
Livestock sold. 167 lbs/ac (this study); 2.82 kcal/g (Odum and Odui 1987)

(167 lbs/ac-yr)(453.6 g/lb)(2.82 kcal/g)(4186 J/kcal) = 8.94E8 J/ac-yr
Phosphorus content = .67 % (Khasawneh et al., 1986)
Runoff. Average runoff volume = 10.4 7yr (CREAMS-WT results, this study)
(10.47yr)(2.54 cm/in)(.01 m/cm)(4047 m2/ac)(lE6 g/m?)(4.94 J/g) = 5.28E9 J/ac-yr
Phosphorus in runoff = 2.8 lbs/ac-yr (CREAMS-WT results, this study)
Basin outflow. Same volume as runoff

Phosphorus outflow = .86 lbs/ac-yr



TableB-6.EmergyEvaluationofanAcreofUnimprovedBeefPasture:NoFertilizer;16ac/cow;NoFence. Note

Item

ValueRawUnits (ac-yr)-l

Solar

Transformity (sej/unit)

SolarPhosphorusPhosphorus EmergyContentEmergy/Mass
(E13sej/ac-yr)(gramsP/ac)(E12sej/gP)

1

Sunlight

2.19E+13J

1

2

0

X

2

Rain,chemical
2.54E+10J

1.54E+04

39

514

0.76

3

Fuel

1.11E+08J

6.6E+04

1

0

X

4

Electricity

5.1E+07J

1.6E+05

1

0

X

5

Minerals

9.5E+06J

8.10E+04

0

45.4

0.017

6

Molasses

1.4E+08J

8.1E+04

1

42.5

0.27

7

Services

16.83$

1.55E+12

3

0

X

8

44

9

Livestocksold
1.12E+08J

3.93E+06

44

63.8

6.89

10

Runoff

X

X

X

303.9

X

11

Basinoutflow

X

X

X

81.6

X
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Footnotes to Table B-6. Unimproved Beef Pasture: No Fertilizer; 16 ac/cow; No Fence.

1

3

4

5

6.

7.

8.
9.

10

11

Sunlight. 129 kcal/cnf-yr (Odum et al., 1981)
(129 kcal/cnr-yr)(lE4 cm:/nr)(4047 m:/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
Transfonnity = 1
Ram, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g.
(507yr)(2.54 cm/in)(.01 m/cm)(4047 ur/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Fuel. .63 gal/ac-yr (Giesy and Holt, 1993; adjusted for cow density); 137E6 J/gal (Odum and
Ardmg, 1991)
(.63 gal/ac-yr)(137E6 J/gal) = 1.11E8 J/ac-yr
Transformity = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 14.13 kwh/ac-yr (Giesy and Holt, 1993; adjusted for cow density)
(14.13 kwh/ac-yr)(3.6E6 J/kwh)(2/16) = 5.1E7 J/ac-yr
Transformity = 1.59E5 sej/J (Odum et al., 1987)
Minerals. 20 lbs/cow-yr (this study); 4 kcal/g (assumed equal to sugar)
(20 lbs/cow-yr)(l cow/16 ac)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 9.49E6 J/ac-yr
Transformity (assumed equal to sugar) = 8.1E4 sej/J (Odum et al., 1983)
Phosphorus content = 8 % (product label)
Molasses. 300 lbs/cow-yr (this study); 4 kcal/g (assumed equal to sugar)
(300 lbs/cow-yr)( 1 cow/16 ac)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 1.42E8 J/ac-yr
Transformity (assumed equal to sugar) = 8.1E4 sej/J (Odum et al., 1983)
Phosphorus content = .5 % (product label)
Annual costs for human services. $16.83/ac-yr (Giesy and Holt, 1993; adjusted for cow density)
1990 ernergy/currency ratio = 1.55E12 sej/$ (Pntchard, 1992)
Emergy total = sum of 2 through 7 above
Livestock sold. 21 lbs/ac (tins study); 2.82 kcal/g (Odum and Odum, 1987)
(21 lbs/ac-yr)(453.6 g/'lb)(2.82 kcal/g)(4186 J/kcal) = 1.12E8 J/ac-yr
Phosphorus content = .67 % (Khasawneh et al., 1986)
Runoff. Average runoff volume = 12 7yr (CREAMS-WT results, this study)
(127yr)(2.54 cm/m)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 6.09E9 J/ac-yr
Phosphorus m runoff = .67 lbs/ac-yr (CREAMS-WT results, this study)
Basm outflow. Same volume as runoff

Phosphorus outflow = .18 lbs/ac-yr



TableB-7.EmergyEvaluationofaPreDairyRuleDairy.
SolarSolarPhosphorusPhosphorus

NoteItemValueRawUnitsTransformityEmergyContentEmergy/Mass (cow-yr)-l(sej/unit)(El3sej/cow-yr)(gramsP/cow)(El2sej/gP)
1

Sunlight

2.39E+13J

1

2

0

X

2

Rain,chemical
2.77E+10J

1.54E+04

43

561

0.76

3

Fuel

6.90E+08J

6.6E+04

5

0

X

4

Electricity

1.6E+09J

1.6E+05

25

0

X

5

PFertilizer

4.74E+05J

4.14E+07

2

1361.0

0.014

6

Feed

9.7E+10J

6.8E+04

660

28974.0

0.23

7

Services

2152.94$

1.55E+12

334

0

X

8

1068

9

Milkyield

1.73E+11J

6.17E+04

1068

7699.0

1.39

10

Liveweightsold
2.88E+09J

3.71E+06

1068

1634.0

6.54

11

Runoff

X

X

X

8333.0

X

12

Basinoutflow

X

X

X

3302.0

X



Footnotes to Table B-7. PreDairy Rule Dairy.

1

3.

4.

5

6

7.

8.
9.

10

11

12

Sunlight. 129 kcal/cm:-yr (Odum et al., 1981)
(129 kcal/em:-yr)(lE4 cm2/nr)(4047 m:/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
(2.19E13 J/ac-yr)(36431 ac/33400 cows) = 2.39E13 J/cow-yr
Transformity = 1
Rain, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g.
(507yr)(2.54 cm/in)(.01 mycm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
( 2.54E10 J/ac-yr)(36431 ac/33400 cows) = 2.77E10 J/cow-yr
Transfomnty = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Fuel. 5.04 gal/cow-yr (Fluck et al., unpubhshed); 137E6 J/gal (Odum and Arding, 1991)
(5.04 gal/cow-yr)(137E6 J/gal) = 6.9E8 J/cow-yr
Transfomnty = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 440 kwh/cow-yr (Fluck et al., unpublished)
(440 kwh/cow-yr)(3.6E6 J/kwh) = 1.58E9 J/cow-yr
Transfomnty = 1.59E5 sej/J (Odum et al., 1987)
Phosphorus fertilizer. 3 lbs/cow-yr (this study); 348 J/gP (Odum et al., 1983)
(3 lbs/cow-yr)(453.6 g/lb)(348 J/g) = 4.74E5 J/cow-yr
Transfomnty = 4.14E7 sej/J (Odum et al., 1983)
Feed. 12775 lbs/cow-yr (this study); 4 kcal/g (Odum et al., 1983)
(12775 lbs/cow-yr)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 9.7E10 J/cow-yr
Transfomnty (assumed equal to com) = 6.8E4 sej/J (Odum et al., 1983)
Phosphorus content = .5 % (tins study)
Annual costs for human services. $2152.94/cow-yr (Fluck et al., unpublished)
1990 emergy/currency ratio = 1.55E12 sej/$ (Pritchard, 1992)
Emergy total = sum of 2 through 7 above
Milk yield. 18250 lbs/cow-yr (this study); 5 kcal/g (Odum et al., 1983)
(18250 lbs/cow-yr)(453.6 g/lb)(5 kcal/g)(4186 J/kcal) = 1.73E11 J/cow-yr
Phosphorus content = .093 % (this study)
Liveweight sold. 537.5 lbs/cow-yr (this study); 2.82 kcal/g (Odum and Odui
(537.5 lbs/cow-yr)(453.6 g/lb)(2.82 kcal/g)(4186 J/kcal) = 2.88E9 J/cow-yr
Phosphorus content = .67 % (Khasawneh et al., 1986)
Runoff. Average runoff volume = 10.77 ac-in/cow-yr (CREAMS-WT results, this study)
(10.77 ac-in/cow-yr)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 5.47E9 J/cow
Phosphorus in runoff = 18.37 lbs/cow-yr (CREAMS-WT results, this study)
Basin outflow. Same volume as runoff
Phosphorus outflow = 7.28 lbs/cow-yr

1987)



TableB-8.EmergyEvaluationofaLowTechDairy;withSprayfield;SolidsSpread. Note

Item

SolarSolarPhosphorusPhosphorus
ValueRawUnitsTransformityEmergyContentEmergy/Mass (cow-yr)-l(sej/unit)(E13sej/cow-yr)(gramsP/cow)(E12sej/gP)

1

Sunlight

2.62E+13J

1

3

0

X

2

Rain,chemical

3.04E+10J

1.54E+04

47

615

0.76

3

Irrigationwater

8.23E+08J

1.54E+04

1

3878.0

0.003

4

Fuel

8.60E+08J

6.6E+04

6

0

X

5

Electricity

1.6E+09J

1.6E+05

25

0

X

6

Feed

1.1E+11J

6.8E+04

714

28311.0

0.25

7

Services

2301.16$

1.55E+12

357

0

X

8

1150

9

Milkyield

1.74E+11J

6.61E+04

1150

7730.0

1.49

10

Liveweightsold

2.88E+09J

3.99E+06

1150

1634.0

7.04

11

Forageproduction
1.55E+10J

7.42E+05

1150

2540.0

4.53

12

Runoff

X

X

X

2077.0

X

13

Basinoutflow

X

X

X

653.2

X
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Footnotes to Table B-8. Low Tech Dairy; Sprayfield; Solids Spread.

1

3

4

5

6

7

8.
9.

10

11

12

Sunlight. 129 kcal/cm2-yr (Odum et al., 1981)
(129 kcal/cm2-yr)(lE4 cnr/nr)(4047 m:/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
(2.19E13 J/ac-yr)(31528 ac/26345 cows) = 2.62E13 J/cow-yr
Transformity = 1
Ram, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g
(507yr)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
( 2.54E10 J/ac-yr)(31528 ac/26345 cows) = 3.04E10 J/cow-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Sprayfield irrigation water. 11.6 ac-in/ac estimated from Larson 1 Dairy O&M plan as the ratio of
the 20 year average outflow voulme from the lagoon divided by the sprayfield area. Sprayfield area
per cow = 30 lbs P/cow-yr *.285 (proportion to the spray fie Id )/60 lb P/ac-yr sprayfield application
rate = . 14 ac/cow; Gibbs free energy of fresh water, 4.94 J/g
(11.6 ac-in/ac-yr)(. 14 ac/cow)(2.54 cm/in)(.01 m/cm)(4047 m2/ac)(lE6 g/m3)(4.94 J/g) = 8.23E8
J/cow-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = 8.55 lbs/cow-yr
Fuel. 5.04 gal/cow-yr baselme consumption (Fluck et al., unpublished) plus additonal fuel
estimated as the ratio of baseline tuel use/non-feed services times additional services for the

practice; 137E6 J/gal (Odum and Arding, 1991)
(5.04 gal/cow-yr)/($603/cow-yr)($148.22/cow-yr)(137E6 J/gal) = 8.6E8 J/cow-yr
Transformity = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 440 kwh/cow-yr baselme consumption (Fluck et al., unpublished) plus citrus irrigation
electricity consumption estimate
(440 kwh/cow-yr)(3.6E6 J/kwh) 4- (52.7 kwh/ac)(.l ac/cow)(3.6E6 J/kwh) = 1.6E9 J/cow-yr
Transformity = 1.59E5 sej/J (Odum et al., 1987)
Feed. 13870 lbs/cow-yr (this study); 4 kcal/g (Odum et al., 1983)
(13870 lbs/cow-yr)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 1.05E11 J/cow-yr
Transformity (assumed equal to com) = 6.8E4 sej/J (Odum et al., 1983)
Phosphorus content = .45 % (this study)
Annual costs for human services. $2152.94/cow-yr baselme cost (Fluck et al., unpublished), plus
$112.67/cow-yr for management practice investment and operations (this study), plus $107.74/ac-yr
partial forage production costs (estimated from Prevatt and Mislevy, 1990) times acreage sprayfield
plus spreadmg area per cow
($2152.94/cow-yr) 4- ($112.67/cow-yr) 4- ($107.74/ac-yr)(.33 ac/cow) = $2301.16/cow-yr
1990 emergy/currency ratio = 1.55E12 sej/$ (Pritchard, 1992)
Emergy total = sum of 2 through 7 above
Milk yield. 18323 lbs/cow-yr (this study); 5 kcal/g (Odum et al., 1983)
(18323 lbs/cow-yr)(453.6 g/lb)(5 kcal/g)(4186 J/kcal) = 1.74E11 J/cow-yr
Phosphorus content = .093 % (this study)
Liveweight sold. 537.5 lbs/cow-yr (this study); 2.82 kcal/g (Odum and Odum, 1987)
(537.5 lbs/cow-yr)(453.6 g/lb)(2.82 kcal/g)(4186 J/kcal) = 2.88E9 J/cow-yr
Phosphorus content = .67 % (Khasawneh et al., 1986)
Forage production. 6200 lbs/ac-yr forage sorghum (low end annual production from Dinkier,
1990); .33 acres sprayfield plus spreadmg area per cow (this study); 4 kcal/g (Odum et al., 1983)
(6200 lbs/ac-yr)(.33ac/cow)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 1.55E10 J/cow-yr
Phosphorus content = .28% (Dinkier, 1990)
Runoff. Average runoff volume = 12.34 ac-in/cow-yr (CREAMS-WT results, this study)
(12.34 ac-in/cow-yr)(2.54 cm/in)(.01 m/cm)(4047 m2/ac)(lE6 g/m3)(4.94 J/g) = 6.27E9 J/cow-yr
Phosphorus m runoff = 4.58 lbs/cow-yr (CREAMS-WT results, this study)
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Footnotes to Table B-8. Low Tech Dairy; Sprayfield; Solids Spread (continued).

13. Basin outflow. Same volume as runoff
Phosphorus outflow = 1.44 lbs/cow-yr



TableB-9.EmergyEvaluationofaLowTechDairy;withSprayfieldandEcoreactor;SolidsSpread. Note

Item

SolarSolarPhosphorusPhosphorus
ValueRawUnitsTransformityEmergyContentEmergy/Mass (cow-yr)-l(sej/unit)(E13sej/cow-yr)(gramsP/cow)(E12sej/gP)

1

Sunlight

2.62E+13J

1

3

0

X

2

Rain,chemical

3.04E+10J

1.54E+04

47

615

0.76

3

Irrigationwater
3.55E+07J

1.54E+04

0.05

154.2

0.004

4

Fuel

8.56E+08J

6.6E+04

6

0

X

5

Electricity

1.6E+09J

1.6E+05

25

0

X

6

Feed

1.1E+11J

6.8E+04

714

28311.0

0.25

7

Services

2297.58$

1.55E+12

356

0

X

8

1148

9

Milkyield

1.74E+11

6.60E-I-04

1148

7730.0

1.49

10

Liveweightsold
2.88E+09i

3.99E+06

1148

1634.0

7.03

11

Forageproduction
8.95E+09J

1.28E+06

1148

1496.0

7.67

12

Wetlandproduction
2.00E+09J

5.74E+06

1148

335.3

34.24

13

Runoff

X

X

X

1397.0

X

14

Basinoutflow

X

X

X

417.3

X
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Footnotes to Table B-9. Low Tech Dairy; Sprayfield plus Ecoreactor; Solids Spread.

8.

9.

10.

11.

12.

Sunlight. 129 kcal/cm2-yr (Odum et al., 1981)
(129 kcal/cnr-yr)( 1E4 cnr/m:)(4047 nr/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
(2.19E13 J/ac-yr)(31528 ac/26345 cows) = 2.62E13 J/cow-yr
T rails fomuty = 1
Rain, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g
(507yr)(2.54 cm/in)(.01 m/cm)(4047 nr/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
( 2.54E10 J/ac-yr)(31528 ac/26345 cows) = 3.04E10 J/cow-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Sprayfield irrigation water. 11.6 ac-in/ac estimated from Larson 1 Dairy O&M plan as the ratio of
the 20 year average outflow voulme from the lagoon divided by the sprayfield area. Sprayfield area
per cow = 30 lbs P/cow-yr *.285 *.04 (proportion to the spray fie Id )/60 lb P/ac-yr sprayfield
application rate = .006 ac/cow; Gibbs free energy of fresh water, 4.94 J/g
(11.6 ac-in/ac-yr)(.006 ac/cow)(2.54 cm/m)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 3.55E7
J/cow-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .34 lbs/cow-yr
Fuel. 5.04 gal/cow-yr baseline consumption (Fluck et al., unpublished) plus additonal fuel
estimated as the ratio of baseline fuel use/non-feed services times additional services for the

practice; 137E6 J/gal (Odum and Ardmg, 1991)
(5.04 gal/cow-yr)/($603/cow-yr)($144.64)/cow-yr)(137E6 J/gal) = 8.56E8 J/cow-yr
Transformity = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 440 kwh/cow-yr baselme consumption (Fluck et al., unpublished) plus citrus irrigation
electricity consumption estimate
(440 kwh/cow-yr)(3.6E6 J/kwh) 4- (52.7 kwh/ac)(.l ac/cow)(3.6E6 J/kwh) = 1.6E9 J/cow-yr
Transformity = 1.59E5 sej/J (Odum et al., 1987)
Feed. 13870 lbs/cow-yr (this study); 4 kcal/g (Odum et al., 1983)
(13870 lbs/cow-yr)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 1.05E11 J/cow-yr
Transformity (assumed equal to com) = 6.8E4 sej/J (Odum et al., 1983)
Phosphorus content = .45 % (this study)
Annual costs for human services. $2152.94/cow-yr baseline cost (Fluck et al., unpublished), plus
$124.17/cow-yr for management practice investment and operations (this study), plus $107.74/ac-yr
partial forage production costs (estimated from Prevatt and Mislevy, 1990) times acreage sprayfield
plus spreading area per cow

($2152.94/cow-yr) + ($124.17/cow-yr) T ($ 107.74/ac-yr)(. 19 ac/cow) = $2297.58/cow-yr
1990 emergy/currency ratio = 1.55E12 sej/$ (Pritchard, 1992)
Emergy total = sum of 2 through 7 above
Milk yield. 18323 lbs/cow-yr (this study); 5 kcal/g (Odum et al., 1983)
(18323 lbs/cow-yr)(453.6 g/lb)(5 kcal/g)(4186 J/kcal) = 1.74E11 J/cow-yr
Phosphorus content = .093 % (this study)
Liveweight sold. 537.5 lbs/cow-yr (this study); 2.82 kcal/g (Odum and Odum, 1987)
(537.5 lbs/cow-yr)(453.6 g/lb)(2.82 kcal/g)(4186 J/kcal) = 2.88E9 J/cow-yr
Phosphorus content = .67 % (Khasawneh et al., 1986)
Forage production. 6200 lbs/ac-yr forage sorghum (low end annual production from Dinkier,
1990); .19 acres sprayfield plus spreadmg area per cow (this study); 4 kcal/g (Odum et al., 1983)
(6200 lbs/ac-yr)(.19ac/cow)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 8.95E9 J/cow-yr
Wetland production. Approximately .01 acre ecoreactor/cow (Bion, 1991); Typha net primary
production 30 Mg/ha (Lakshman, 1987) = 26400 lbs/ac * .01 ac/cow = 264 Ibs/cow
(264 lbs/cow)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 2E9 J/cow-yr
Phosphorus content = .28% (assume equal to forage sorghum P content)



Footnotes to Table B-9. Low Tech Dairy; Sprayfield plus Ecoreactor; Solids Spread (continued).

13. Runoff. Average runoff volume = 9.33 ac-in/cow-yr (CREAMS-WT results, this study)
(9.33 ac-inycow-yr)(2.54 cm/in)(.01 m/cm)(4047 m2/ac)(lE6 g/m3)(4.94 J/g) = 4.74E9 J/cow
Phosphorus in runoff = 3.08 lbs/cow-yr (CREAMS-WT results, this study)
Basm outflow. Same volume as runoff

Phosphorus outflow = .92 lbs/cow-yr
14.



TableB-10.EmergyEvaluationofaSemiconfinementDairy;withSprayfield;SolidsSpread. Note

Item

SolarSolarPhosphorusPhosphorus
ValueRawUnitsTransformityEmergyContentEmergy/Mass (cow-yr)-l(sej/unit)(El3sej/cow-yr)(gramsP/cow)(El2sej/gP)

1

Sunlight

2.62E+13J

1

3

0

X

2

Rain,chemical

3.04E+10J

1.54E+04

47

615

0.76

3

Irrigationwater
1.06E+09J

1.54E+04

2

4967.0

0.003

4

Fuel

9.23E+08J

6.6E+04

6

0

X

5

Electricity

1.6E+09J

1.6E+05

25

0

X

6

Feed

1.1E+11J

6.8E+04

714

28311.0

0.25

7

Services

2356.19$

1.55E+12

365

0

X

8

1159

9

Milkyield

1.82E+11J

6.37E+04

1159

8068.0

1.44

10

Liveweightsold
2.88E+09J

4.02E+06

1159

1634.0

7.09

11

Forageproduction
2.02E+10J

5.74E+05

1159

3386.0

3.42

12

Runoff

X

X

X

1996.0

X

13

Basinoutflow

X

X

X

979.8

X
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Footnotes to Table B-10. Senuconlinement Dairy; Spraytield; Solids Spread.

1

3

4

5

6

7

8.
9.

10.

11.

12.

Sunlight. 129 kcal/cm:-yr (Odum et al., 1981)
(129 kcal/cm2-yr)(lE4 cm2/m2)(4047 m2/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
(2.19E13 J/ac-yr)(31528 ac/26345 cows) = 2.62E13 J/cow-yr
Transfomnty = 1
Ram, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g
(507yr)(2.54 cm/in)(.01 m/cm)(4047 nr/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
( 2.54E10 J/ac-yr)(31528 ac/26345 cows) = 3.04E10 J/cow-yr
Transfomnty = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Sprayfield lmgation water. 11.6 ac-in/ac estimated from Larson 1 Dairy O&M plan as the ratio of
the 20 year average outflow voulme from the lagoon divided by the sprayfield area. Sprayfield area
per cow = 30 lbs P/cow-yr *.365 (proportion to the sprayfield)/60 lb P/ac-yr sprayfield application
rate = .18 ac/cow; Gibbs free energy of fresh water, 4.94 J/g
(11.6 ac-in/ac-yr)(.18 ac/cow)(2.54 cm/in)(.01 m/cm)(4047 m2/ac)(lE6 g/m3)(4.94 J/g) = 1.06E9
J/cow-yr
Transfomnty = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = 10.95 lbs/cow-yr
Fuel. 5.04 gal/cow-yr baseline coasumption (Fluck et al., unpublished) plus additonal fuel
estimated as the ratio of baseline fuel use/non-feed services tunes additional services for the

practice; 137E6 J/gal (Odum and Arding, 1991)
(5.04 gal/cow-yr)/($603/cow-yr)($203.25/cow-yr)(137E6 J/gal) = 9.23E8 J/cow-yr
Transfomnty = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 440 kwh/cow-yr baseline consumption (Fluck et al., unpublished) plus citrus irrigation
electricity consumption estimate
(440 kwh/cow-yr)(3.6E6 J/kwh) + (52.7 kwh/ac)(.l ac/cow)(3.6E6 J/kwh) = 1.6E9 J/cow-yr
Transfomnty = 1.59E5 sej/J (Odum et al., 1987)
Feed. 13870 lbs/cow-yr (this study); 4 kcal/g (Odum et al., 1983)
(13870 lbs/cow-yr)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 1.05E11 J/cow-yr
Transfomnty (assumed equal to com) = 6.8E4 sej/J (Odum et al., 1983)
Phosphorus content = .45 % (this study)
Annual costs for human services. $2152.94/cow-yr baselme cost (Fluck et al., unpublished), plus
$156.92/cow-yr for management practice investment and operations (this study), plus $107.74/ac-yr
partial forage production costs (estimated from Prevatt and Mislevy, 1990) tunes acreage sprayfield
plus spreadmg area per cow
($2152.94/cow-yr) 4- ($156.92/cow-yr) + ($107.74/ac-yr)(.43 ac/cow) = $2356.19/cow-yr
1990 emergy/currency ratio = 1.55E12 sej/$ (Pntchard, 1992)
Emergy total = sum of 2 through 7 above
Milk yield. 19126 lbs/cow-yr (this study); 5 kcal/g (Odum et al., 1983)
(19126 lbs/cow-yr)(453.6 g/lb)(5 kcal/g)(4186 J/kcal) = 1.82E11 J/cow-yr
Phosphorus content = .093 % (this study)
Liveweight sold. 537.5 lbs/cow-yr (this study); 2.82 kcal/g (Odum and Odum, 1987)
(537.5 lbs/cow-yr)(453.6 g/lb)(2.82 kcal/g)(4186 J/kcal) = 2.88E9 J/cow-yr
Phosphorus content = .67 % (Khasawneh et al., 1986)
Forage production. 6200 lbs/ac-yr forage sorghum (low end annual production from Dinkier,
1990); .43 acres sprayfield plus spreadmg area per cow (this study); 4 kcal/g (Odum et al., 1983)
(6200 lbs/ac-yr)(.43ac/cow)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 2.02E10 J/cow-yr
Phosphorus content = .28% (Dinkier, 1990)
Runoff. Average runoff volume = 10.83 ac-in/cow-yr (CREAMS-WT results, this study)
(10.83 ac-in/cow-yr)(2.54 cm/in)(.01 m/cm)(4047 m2/ac)(lE6 g/m?)(4.94 J/g) = 5.5E9 J/cow-yr
Phosphorus in runoff = 4.4 lbs/cow-yr (CREAMS-WT results, this study)
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Footnotes to Table B-10. Semiconfinement Dairy; Sprayfield; Solids Spread (continued).

13. Basin outflow. Same volume as runoff

Phosphorus outflow = 2.16 lbs/cow-yr



TableB-l1.EmergyEvaluationofaSem¡confinementDairy;withSprayfield;SolidsComposted. Note

Item

SolarSolarPhosphorusPhosphorus
ValueRawUnitsTransformityEmergyContentEmergy/Mass (cow-yr)-l(sej/unit)(E13sej/cow-yr)(gramsP/cow)(E12sej/gP)

1

Sunlight

2.62E+13J

1

3

0

X

2

Rain,chemical

3.04E+10J

1.54E+04

47

615

0.76

3

Irrigationwater
1.06E+09J

1.54E+04

2

4967.0

0.003

4

Fuel

9.21E+08J

6.6E+04

6

0

X

5

Electricity

1.6E+09J

1.6E+05

25

0

X

6

Feed

1.1E+11J

6.8E+04

714

28311.0

0.25

7

Services

2353.67$

1.55E+12

365

0

X

8

1158

9

Milkyield

1.82E+11J

6.36E+04

1158

8068.0

1.44

10

Liveweightsold
2.88E+09J

4.02E+06

1158

1634.0

7.09

11

Compost

8.00E+10J

1.45E+05

1158

5879.0

1.97

12

Forageproduction
1.18E+10J

9.81E+05

1158

1969.0

5.88

13

Runoff

X

X

X

2127.0

X

14

Basinoutflow

X

X

X

1084.1

X
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Footnotes to Table B-l 1. Semiconfinement Dairy; Sprayfield; Solids Composted.

1

3

4.

5

6

7.

8.
9.

10

11

Sunlight. 129 kcal/cm2-yr (Odum et al., 1981)
(129 kcal/cm2-yr)(lE4 cm:/nr)(4047 m2/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
(2.19E13 J/ac-yr)(31528 ac/26345 cows) = 2.62E13 J/cow-yr
Transformity = 1
Ram, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g
(507yr)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
( 2.54E10 J/ac-yr)(31528 ac/26345 cows) = 3.04E10 J/cow-yr
Transfornuty = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Sprayfield irrigation water. 11.6 ac-in/ac estimated from Larsonl Dairy O&M plan as the ratio of
the 20 year average outflow voulme from the lagoon divided by the sprayfield area. Sprayfield area
per cow = 30 lbs P/cow-yr *.365 (proportion to the spray fie Id )/60 lb P/ac-yr sprayfield application
rate = . 18 ac/cow; Gibbs free energy of fresh water, 4.94 J/g
(11.6 ac-m/ac-yr)(.18 ac/cow)(2.54 cm/in)(.01 m/cm)(4047 m2/ac)(lE6 g/m3)(4.94 J/g) = 1.06E9
J/cow-yr
Transfornuty = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = 10.95 lbs/cow-yr
Fuel. 5.04 gal/cow-yr baselme consumption (Fluck et al., unpublished) plus additonal fuel
estimated as the ratio of baselme fuel use/non-feed services tunes additional services for the

practice; 137E6 J/gal (Odum and Ardrng, 1991)
(5.04 gal/cow-yr)/($603/cow-yr)($200.73/cow-yr)(137E6 J/gal) = 9.21E8 J/cow-yr
Transfornuty = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 440 kwh/cow-yr baselme consumption (Fluck et al., unpublished) plus citrus irrigation
electricity consumption estimate
(440 kwh/cow-yr)(3.6E6 J/kwh) -I- (52.7 kwh/ac)(. 1 ac/cow)(3.6E6 J/kwh) = 1.6E9 J/cow-yr
Transfornuty = 1.59E5 sej/J (Odum et al., 1987)
Feed. 13870 lbs/cow-yr (this study); 4 kcal/g (Odum et al., 1983)
(13870 lbs/cow-yr)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 1.05E11 J/cow-yr
Transfornuty (assumed equal to com) = 6.8E4 sej/J (Odum et al., 1983)
Phosphorus content = .45 % (this study)
.Annual costs for human services. $2152.94/cow-yr baselme cost (Fluck et al., unpublished), plus
$173.79/cow-yr for management practice investment and operations (this study), plus $107.74/ac-yr
partial forage production costs (estimated from Prevatt and Mislevy, 1990) tunes acreage sprayfield
plus spreadmg area per cow
($2152.94/cow-yr) 4- ($ 173.79/cow-yr) 4- ($107.74/ac-yr)(.25 ac/cow) = $2353.67/cow-yr
1990 emergy/currency ratio = 1.55E12 sej/$ (Pritchard, 1992)
Emergy total = sum of 2 through 7 above
Milk yield. 19126 lbs/cow-yr (this study); 5 kcal/g (Odum et al., 1983)
(19126 lbs/cow-yr)(453.6 g/lb)(5 kcal/g)(4186 J/kcal) = 1.82E11 J/cow-yr
Phosphorus content = .093 % (this study)
Liveweight sold. 537.5 lbs/cow-yr (this study); 2.82 kcal/g (Odum and Odum, 1987)
(537.5 lbs/cow-yr)(453.6 g/lb)(2.82 kcal/g)(4186 J/kcal) = 2.88E9 J/cow-yr
Phosphorus content = .67 % (Khasawneh et al., 1986)
Compost. 16200 lbs/cow (this study); assume same characteristics as peat 5.2 kcal/g dry
(Odum, 1992)
(16200 lbs/cow)((453.6 g/lb)((.5)(5.2 kcal/g)(4186 J/kcal) = 8E10 J/cow-yr
Phosphorus content = .08% (this study)

m .5 dry
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Footnotes to Table B-ll. Semiconfinement Dairy; Sprayfield; Solids Composted (contmued).

12. Forage production. 6200 lbs/ac-yr forage sorghum (low end annual production from Dinkier,
1990); .25 acres sprayfield plus spreading area per cow (this study); 4 kcal/g (Odum et al., 1983)
(6200 lbs/ac-yr)(.25ac/cow)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 1.18E10 J/cow-yr
Phosphorus content = .28% (Dinkier, 1990)

13. Runoff. Average runoff volume = 12.22 ac-in/cow-yr (CREAMS-WT results, this study)
(12.22 ac-in/cow-yr)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) =6.21E9 J/cow-yr
Phosphorus in runoff = 4.69 lbs/cow-yr (CREAMS-WT results, tins study)

14. Basin outflow. Same volume as runoff
Phosphorus outflow = 2.39 lbs/cow-yr



TableB-12.EmergyEvaluationofaConfinementDairy;withSprayfield;SolidsSpread. Note

Item

SolarSolarPhosphorusPhosphorus
ValueRawUnitsTransformityEmergyContentEmergy/Mass (cow-yr)-l(sej/unit)(El3sej/cow-yr)(gramsP/cow)(El2sej/gP)

1

Sunlight

2.62E+13J

1

3

0

X

2

Rain,chemical

3.04E+10J

1.54E+04

47

615

0.76

3

Irrigationwater
1.24E+09J

1.54E+04

2

5783.0

0.003

4

Fuel

1.06E+09J

6.6E+04

7

0

X

5

Electricity

1.6E+09J

1.6E+05

25

0

X

6

Feed

1.1E+11J

6.8E+04

714

28311.0

0.25

7

Services

2473.87$

1.55E+12

383

0

X

8

1178

9

Milkyield

1.82E+11J

6.47E+04

1178

8068.0

1.46

10

Liveweightsold
2.88E+09J

4.09E+06

1178

1634.0

7.21

11

Forageproduction
2.35E+10J

5.01E+05

1178

3937.0

2.99

12

Runoff

X

X

X

1851.0

X

13

Basinoutflow

X

X

X

811.9

X
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Footnotes to Table B-12. Confinement Dairy; Sprayfield; Solids Spread.

1.

3.

4

5

6

7

8.
9.

10.

11.

12.

Sunlight. 129 kcal/cm:-yr (Odum et al., 1981)
(129 kcal/cnr-yr)(lE4 cnr/nr)(4047 m:/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
(2.19E13 J/ac-yr)(31528 ac/26345 cows) = 2.62E13 J/cow-yr
T rails tomu ty = 1
Ram, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g
(507yr)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
( 2.54E10 J/ac-yr)(31528 ac/26345 cows) = 3.04E10 J/cow-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Sprayfield irrigation water. 11.6 ac-in/ac estmiated from Larson 1 Dairy O&M plan as the ratio of
the 20 year average outflow voulme from the lagoon divided by the sprayfield area. Sprayfield area
per cow = 30 lbs P/cow-yr *.425 (proportion to the sprayfield)/60 lb P/ac-yr sprayfield application
rate = .21 ac/cow; Gibbs free energy of fresh water, 4.94 J/g
(11.6 ac-in/ac-yr)(.21 ac/cow)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 1.24E9
J/cow-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = 12.75 lbs/cow-yr
Fuel. 5.04 gal/cow-yr baseline consumption (Fluck et al., unpublished) plus additonal fuel
estimated as the ratio of baseline fuel use/non-feed services times additional services for die
practice; 137E6 J/gal (Odum and Arding, 1991)
(5.04 gal/cow-yr)/($603/cow-yr)($320.94/cow-yr)(137E6 J/gal) = 1.06 E9 J/cow-yr
Transformity = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 440 kwh/cow-yr baseline consumption (Fluck et al., unpublished) plus citrus irrigation
electricity consumption estimate
(440 kwh/cow-yr)(3.6E6 J/kwh) 4- (52.7 kwh/ac)(. 1 ac/cow)(3.6E6 J/kwh) = 1.6E9 J/cow-yr
Transformity = 1.59E5 sej/J (Odum et al., 1987)
Feed. 13870 lbs/cow-yr (this study); 4 kcal/g (Odum et al., 1983)
(13870 lbs/cow-yr)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 1.05E11 J/cow-yr
Transformity (assumed equal to com) = 6.8E4 sej/J (Odum et al., 1983)
Phosphorus content = .45 % (this study)
Annual costs for human services. $2152.94/cow-yr baseline cost (Fluck et al., unpublished), plus
$267.07/cow-yr for management practice investment and operations (this study), plus $107.74/ac-yr
partial forage production costs (estimated from Prevatt and Mislevy, 1990) times acreage sprayfield
plus spreading area per cow
($2152.94/cow-yr) 4 ($267.07/cow-yr) 4 ($ 107.74/ac-yr)(.5 ac/cow) = $2473.87/cow-yr
1990 emergy/currency ratio = 1.55E12 sej/$ (Pntchard, 1992)
Emergy total = sum of 2 through 7 above
Milk yield. 19126 lbs/cow-yr (this study); 5 kcal/g (Odum et al., 1983)
(19126 lbs/cow-yr)(453.6 g/lb)(5 kcal/g)(4186 J/kcal) = 1.82E11 J/cow-yr
Phosphorus content = .093 % (this study)
Liveweight sold. 537.5 lbs/cow-yr (this study); 2.82 kcal/g (Odum and Odum, 1987)
(537.5 lbs/cow-yr)(453.6 g/lb)(2.82 kcal/g)(4186 J/kcal) = 2.88E9 J/cow-yr
Phosphorus content = .67 % (Khasawneh et al., 1986)
Forage production. 6200 lbs/ac-yr forage sorghum (low end annual production from Dinkier,
1990); .5 acres sprayfield plus spreading area per cow (this study); 4 kcal/g (Odum et al., 1983)
(6200 lbs/ac-yr)(.5ac/cow)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 2.35E10 J/cow-yr
Phosphorus content = .28% (Dinkier, 1990)
Runoff. Average runoff volume = 9.69 ac-in/cow-yr (CREAMS-WT results, this study)
(9.69 ac-in/cow-yr)(2.54 cm/in)(.01 m/cm)(4047 m2/ac)(lE6 g/m3)(4.94 J/g) = 4.92E9 J/cow-yr
Phosphorus in runoff = 4.08 lbs/cow-yr (CREAMS-WT results, this study)



II otes to Table B-12. Confinement Dairy ; Sprayfiekl; Solids Spread (continued).

Basin outflow. Same volume as runoff

Phosphorus outflow = 1.79 lbs/cow-yr



TableB-13.EmergyEvaluationofaConfinementDairy;withSprayfieldandEcoreactor;SolidsComposted. Note

Item

SolarSolarPhosphorusPhosphorus
ValueRawUnitsTransformityEmergyContentEmergy/Mass (cow-yr)-l(sej/unit)(E13sej/cow-yr)(gramsP/cow)(E12sej/gP)

1

Sunlight

2.62E+13J

1

3

0

X

2

Rain,chemical

3.04E+10J

1.54E+04

47

615

0.76

3

Irrigationwater
4.57E+07J

1.54E+04

0.07

231.3

0.003

4

Fuel

1.04E+09J

6.6E+04

7

0

X

5

Electricity

1.6E+09J

1.6E+05

25

0

X

6

Feed

1.1E+11J

6.8E+04

714

28311.0

0.25

7

Services

2461.14$

1.55E+12

381

0

X

8

1174

9

Milkyield

1.82E+11J

6.45E+04

1174

8068.0

1.46

10

Liveweightsold
2.88E+09J

4.08E+06

1174

1634.0

7.18

11

Compost

1.00E+11J

1.17E+05

1174

7348.0

1.60

12

Forageproduction
3.30E+09J

3.56E+06

1174

551.0

21.31

13

Wetlandproduction
2.67E+09J

4.40E+06

1174

447.1

26.26

14

Runoff

X

X

X

1102.0

X

15

Basinoutflow

X

X

X

494.4

X
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Footnotes to Table B-13. Confinement Dairy; Sprayfield plus Ecoreactor; Solids Composted.

8.

9.

10.

11.

Sunlight. 129 kcal/cm:-yr (Odum et al., 1981)
(129 kcal/cm:-yr)(lE4 cnr/nr)(4047 m2/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
(2.19E13 J/ac-yr)(31528 ac/26345 cows) = 2.62E13 J/cow-yr
Transformity = 1
Rain, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g
(507yr)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m?)(4.94 J/g) = 2.54E10 J/ac-yr
( 2.54E10 J/ac-yr)(31528 ac/26345 cows) = 3.04E10 J/cow-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Sprayfield irrigation water. 11.6 ac-in/ac estimated from Larson 1 Dairy O&M plan as the ratio of
the 20 year average outflow voulme from the lagoon divided by the sprayfield area. Sprayfield area
per cow = 30 lbs P/cow-yr *.425 *.004 (proportion to die sprayfield)/60 lb P/ac-yr sprayfield
application rate = .008 ac/cow; Gibbs free energy of fresh water, 4.94 J/g
(11.6 ac-in/ac-yr)(.008 ac/cow)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 4.57E7
J/cow-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .51 lbs/cow-yr
Fuel. 5.04 gal/cow-yr baseline consumption (Fluck et al., unpublished) plus additonal fuel
estimated as the ratio of baseline fuel use/non-feed services times additional services for the

practice; 137E6 J/gal (Odum and Ardmg, 1991)
(5.04 gal/cow-yr)/($603/cow-yr)($308.20/cow-yr)(137E6 J/gal) = 1.04 E9 J/cow-yr
Transformity = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 440 kwh/cow-yr baseline consumption (Fluck et al., unpublished) plus citrus ímgation
electricity consumption estimate
(440 kwh/cow-yr)(3.6E6 J/kwh) 4- (52.7 kwh/ac)(. 1 ac/cow)(3.6E6 J/kwh) = 1.6E9 J/cow-yr
Transformity = 1.59E5 sej/J (Odum et al., 1987)
Feed. 13870 lbs/cow-yr (this study); 4 kcal/g (Odum et al., 1983)
(13870 lbs/cow-yr)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 1.05E11 J/cow-yr
Transformity (assumed equal to coni) = 6.8E4 sej/J (Odum et al., 1983)
Phosphorus content = .45 % (this study)
Annual costs for human services. $2152.94/cow-yr baseline cost (Fluck et al., unpublished), plus
$300.66/cow-yr for management practice investment and operations (this study), plus $107.74/ac-yr
partial forage production costs (estimated from Prevatt and Mislevy, 1990) tunes acreage sprayfield
plus spreading area per cow
($2152.94/cow-yr) + ($300.66/cow-yr) + ($107.74/ac-yr)(.07 ac/cow) = $2461.14/cow-yr
1990 emergy/currency ratio = 1.55E12 sej/$ (Pntchard, 1992)
Emergy total = sum of 2 through 7 above
Milk yield. 19126 lbs/cow-yr (this study); 5 kcal/g (Odum et al., 1983)
(19126 lbs/cow-yr)(453.6 g/lb)(5 kcal/g)(4186 J/kcal) = 1.82E11 J/cow-yr
Phosphorus content = .093 % (this study)
Liveweight sold. 537.5 lbs/cow-yr (this study); 2.82 kcal/g (Odum and Odum, 1987)
(537.5 lbs/cow-yr)(453.6 g/lb)(2.82 kcal/g)(4186 J/kcal) = 2.88E9 J/cow-yr
Phosphorus content = .67 % (Khasawneh et al., 1986)
Compost. 20250 lbs/cow (this study); assume same charactenstics as peat 5.2 kcal/g dry
(Odum, 1992)

m .5 dry

(20250 lbs/cow)((453.6 g/lb)((.5)(5.2 kcal/g)(4186 J/kcal) = 1E11 J/cow-yr
Phosphorus content = .08% (this study)
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Footnotes to Table B-13. Confinement Dairy ; Sprayfield plus Ecoreactor; Solids Composted (continued).

12. Forage production. 6200 lbs/ac-yr forage sorghum (low end annual production from Dinkier,
1990); .07 acres sprayfield plus spreading area per cow (this study); 4 kcal/g (Odum et al., 1983)
(6200 lbs/ac-yr)(.07ac/cow)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 3.3E9 J/cow-yr
Phosphorus content = .28% (Dinkier, 1990)

13. Wetland production. Approximately .01 acre ecoreactor/cow (Bion, 1991); Typha net primary
production 30 Mg/ha (Lakshman, 1987) 4- 1/3 additional production associated with phosphorus
load = 35200 lbs/ac * .01 ac/cow = 352 lbs/cow

(352 lbs/cow)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 2.67E9 J/cow-yr
Phosphorus content = .28% (assume equal to forage sorghum P content)

14. Runoff. Average runoff volume = 9.69 ac-in/cow-yr (CREAMS-WT results, this study)
(9.69 ac-in/cow-yr)(2.54 cm/in)(.01 m/cm)(4047 nr/ac)(lE6 g/m3)(4.94 J/g) = 4.92E9 J/cow-yr
Phosphorus in runoff = 2.43 lbs/cow-yr (CREAMS-WT results, this study)

15. Basin outflow. Same volume as runoff
Phosphorus outflow = 1.09 lbs/cow-yr



TableB-14.EmergyEvaluationofanAcreofSugarcane:17lbsP/ac-yr;SweetCorninRotation;61lbsP/ac-yr. Note

Item

ValueRawUnit (ac-yr)-l

Solar

Transformity (sej/unit)

Solar Emergy
(El3sej/ac-yr)

PhosphorusPhosphorus ContentEmergy/Mass
(gramsP/ac)(El2sej/gP)

1

Sunlight

2.19E+13J

1

2

0

X

2

Rain,chemical

2.54E+10J

1.54E+04

39

514

0.76

3

Irrigationwater
6.94E+09J

1.54E+04

11

112.5

0.95

4

Peatuse

1.12E+12J

1.07E+04

1198

28.5

420.49

5

Fuel

4.20E+09J

6.6E+04

28

0

X

6

Pesticide

5.86E+09J

6.6E+04

39

0

X

7

PFertilizer

4.42E+06J

4.14E+07

18

12700.0

0.014

S

KFertilizer

4.3E+07J

2.62E+06

11

0

X

9

Services

1136.61$

1.55E+12

176

0

X

10

1520

11

Sugarcaneyield
3.76E+11J

4.04E+04

1520

3593.0

4.23

12

Sweetcornyield
2.00E+10J

7.60E+05

1520

1667.0

9.12

13

Runoff

X

X

X

1256.0

X

14

Basinoutflow

X

X

X

172.4

X
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Footnotes to Table B-14. Sugarcane with Sweet Com in Rotation.

1.

3.

4.

5.

6.

7.

8

9

10
11

12

13

14

Sunlight. 129 kcal/cm:-yr (Odum et al., 1981)
(129 kcal/cm:-yr)(lE4 cm2/m2)(4047 m2/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
Trans formitv = 1

Ram, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g.
(507yr)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Irrigation water. 14.5'Vyr for sugarcane and 11.27yr for sweet com (CH2MHill, 1978)
(.75*14.57yr 4- .25*11.27yr)(2.54 cm/in)(.01 m/cm)(4047 nr/ac)(lE6 g/m3)(4.94 J/g) = 6.94E9
J/ac-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .08 mg/1 (CH2MHÜ1, 1978)
Peat use. 17yr; 5.2 kcal/g dry @ .5 dry (Odum, 1992)
(1 ac-in/ac-yr)(lft/12 in)(43560 ft3/ac-ft)(.02832 m3/ft3)(lE6 g/m3)(.5dry)(5.2 kcal/g dry)(4186
J/kcal) = 1.12E12 J/ac-yr
Transformity of unharvested peat = 1.07E4 sej/J (Odum, 1992)
Soil solution phosphorus content = .29 mg/1 (CH2MHÍ11, 1978)
Fuel. 35.72 gal/ac-yr for sugarcane (Pimentel, 1980); 5.04E5 kcal/ac-yr for sweet com (Odum et
al., 1983); 137E6 J/gal (Odum and Ardmg, 1991)
(.75*35.72 gal/ac-yr)(137E6 J/gal) 4- (.25*5.04E5 kcal/ac-yr)(4186 J/kcal) = 4.2E9 J/ac-yr
Transformity = 6.6E4 sej/J (Odum et al., 1987)
Pesticide. 25.6 lbs/ac-yr for sugarcane (CH2MHÜ1, 1978); 65 lbs/ac-yr for sweet com (IFAS,
unpublished data); 87 kcal/g (Pimentel, 1980)
(.75*25.6 -i- .25*65 lbs/ac-yr)(453.6 g/lb)(87 kcal/g)(4186 J/kcal) = 5.86E9 J/ac-yr
Transformity = 6.6E4 sej/J (Odum et al., 1983)
Phosphorus fertilizer. 17 lbs/ac-yr for sugarcane and 61 lbs/ac-yr for sweet com (this study); 348
J/gP (Odum et al., 1983)
(.75*17 4- .25*61 lbs/ac-yr)(453.6 g/lb)(348 J/g) = 4.42E6 J/ac-yr
Transformity = 4.14E7 sej/J (Odum et al., 1983)
Potash fertilizer. 120 lbs/ac-yr for sugarcane (CH2MHÜ1, 1978); 180 lbs/ac-yr for sweet com
(Showalter, 1988); 702 J/g (Odum et al., 1983)
(.75*120 4- .25*180 lbs/ac-yr)(453.6 g/lb)(702 J/g) = 4.3E7 J/ac-yr
Transformity = 2.62E6 sej/J (Odum et al., 1983)
Annual costs for human services. $882.70/ac-yr for sugarcane (Alvarez and Schueneman, 1991);
$l898.35/ac-yr for sweet com (Smith and Taylor, 1993)
(.75*882.70 4- .25*1898.35) = $1136.61/ac-yr
1990 emergy/currency ratio = 1.55E12 sej/$ (Pntchard, 1992)
Emergy total = sum of 2 through 9 above
Sugarcane yield. 33 tons/ac-yr (this study); 4 kcal/g (Odum, 1992)
(.75*66000 lbs/ac-yr)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 3.76E11 J/ac-yr
Phosphorus content = .016 % (Izuno and Bottcher, 1987)
Sweet com yield. 2625 lbs/ac-yr (this study); 4 kcal/g (Odum, 1992)
(2625 lbs/ac-yr)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 2E10 J/ac-yr
Phosphorus content = .14 % (IFAS, unpublished data)
Runoff. Average runoff volume = 6.4 Vyr (CREAMS-WT results, this study)
(6.47yr)(2.54 cm/in)(.01 m/cm)(4047 m7ac)(lE6 g/m3)(4.94 J/g) = 3.25E9 J/ac-yr
Phosphorus in runoff =2.77 lbs/ac-yr (CREAMS-WT results, this study)
Basin outflow. Same volume as runoff

Phosphorus outflow = .38 lbs/ac-yr



TableB-15.EmergyEvaluationofanAcreofSugarcane:17lbsP/ac-yr;withRiceinRotation;NoPFertilizer. Note

Item

ValueRawUnits (ac-yr)-l

Solar

Transformity (sej/unit)

SolarPhosphorusPhosphorus EmergyContentEmergy/Mass
(El3sej/ac-yr)(gramsP/ac)(El2sej/gP)

1

Sunlight

2.19E+13J

1

2

0

X

2

Rain,chemical
2.54E+10J

1.54E+04

39

514

0.76

3

Irrigationwater
7.34E+09J

1.54E+04

11

118.8

0.95

4

Peatuse

8.39E+11J

1.07E+04

898

21.38

419.89

5

Fuel

5.65E+09J

6.6E+04

37

0

X

6

Drying

3.69E+08J

6.6E+04

2

0

X

7

Electricity

1.07E+07J

1.6E+05

0

0

X

8

Pesticide

3.17E+09J

6.6E+04

21

0

X

9

PFertilizer

2.00E+06J

4.14E+07

8

5783.0

0.014

10

KFertilizer

2.9E+07J

2.62E+06

8

0

X

11

CalciumSilicate
1.6E+08J

4.14E+07

654

0

X

12

Services

748.07$

1.55E+12

116

0

X

13

1795

14

Sugarcaneyield
4.08E+11J

4.40E+04

1795

3898.0

4.60

15

Riceyield

8.26E+10J

2.17E+05

1795

9867.0

1.82

16

Runoff

X

X

X

802.9

X

17

Basinoutflow

X

X

X

113.4

X
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Footnotes to Table B-15. Sugarcane with Rice in Rotation.

1

3

4

5.

6.

7.

8.

9.

10

11

12

13

14

Sunlight. 129 kcal/cm2-yr (Odum et al., 1981)
(129 kcal/cm:-yr)(lE4 cm:/nr)(4047 nr/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
Transformity = 1
Rain, chenucal. 50 H/yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g.
(507yr)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Irrigation water. 14.5'Vyr for sugarcane (CH2MHÜ1, 1978); 14.37yr for nee (Pimentel, 1980)
(.75*14.57yr + .25*14.3 7yr)(2.54 cm/in)(.01 m/cm)(4047 m7ac)(lE6 g/m3)(4.94 J/g) = 7.34E9
J/ac-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .08 mg/1 (CH2MHU1, 1978)
Peat use. .757yr; 5.2 keal/g dry @ .5 dry (Odum, 1992)
(.75 ac-in/ac-yr)(lft/12 m)(43560 ft3/ac-ft)(.02832 m3/ft3)(lE6 g/m3)(.5dry)(5.2 keal/g dry)(4186
J/kcal) = 8.39E11 J/ac-yr
Transformity of unharvested peat = 1.07E4 sej/J (Odum, 1992)
Soil solution phosphorus content = .29 mg/1 (CH2MHÜ1, 1978)
Fuel. 35.72 gal/ac-yr for sugarcane and 57.9 gal/ac-yr for nee (Pimentel, 1980); 137E6 J/gal
(Odum and Ardmg, 1991)
(.75*35.72 + .25*57.9 gal/ac-yr)(137E6 J/gal) = 5.65E9 J/ac-yr
Transformity = 6.6E4 sej/J (Odum et al., 1987)
Drying. 352,160 kcal/ac-yr (Pimentel, 1980)
(.25*352160 kcal/ac-yr)(4186 J/kcal) = 3.69E8 J/kcal
Assume transformity of fuel = 6.6E4 sej/J
Electncity. 11.88 kwh/ac-yr for nee (Pimentel, 1980)
(.25*11.88 kwh/ac-yr)(3.6E6 J/kwh) = 1.07E7 J/ac-yr
Transformity = 1.59E5 sej/J (Odum et al., 1987)
Pesticide. 25.6 lbs/ac-yr for sugarcane (CH2MHÜ1, 1978); 87 keal/g (Pimentel, 1980)
(.75*25.6 lbs/ac-yr)(453.6 g/lb)(87 keal/g)(4186 J/kcal) = 3.17E9 J/ac-yr
Transformity = 6.6E4 sej/J (Odum et al., 1983)
Phosphorus fertilizer. 17 lbs/ac-yr for sugarcane (this study); 348 J/gP (Odum et al., 1983)
(.75*17 lbs/ac-yr)(453.6 g/lb)(348 J/g) = 2E6 J/ac-yr
Transformity = 4.14E7 sej/J (Odum et al., 1983)
Potash fertilizer. 120 lbs/ac-yr for sugarcane (CH2MHill, 1978); 702 J/g (Odum et al., 1983)
(.75*120 lbs/ac-yr)(453.6 g/lb)(702 J/g) = 2.87E7 J/ac-yr
Transformity = 2.62E6 sej/J (Odum et al., 1983)
Calcium silicate. 2 tons/ac-yr for rice (Alvarez, 1992); 348 J/g (assume equal to P fertilizer smee
its a by-product)
(.25*4000 lbs/ac-yr)(453.6 g/lb)(348 J/g) = 1.58E8 J/ac-yr
Transformity = 4.14E7 sej/J (assume equal to P fertilizer)
Annual costs for human services. $882.70/ac-yr for sugarcane (Alvarez and Schueneman, 1991);
$344.18/ac-yr for nee (Alvarez, 1992)
Emergy total = sum of 2 through 12 above
(.75*882.70 + .25*344.18) = $748.07/ac-yr
1990 emergy/currency ratio = 1.55E12 sej/$ (Pritchard, 1992)
Sugarcane yield. 33 tons/ac-yr plus nee effect (this study); 4 keal/g (Odum, 1992)
(53715 lbs/ac-yr)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 4.08E11 J/ac-yr
Phosphorus content = .016 % (Izuno and Bottcher, 1987)



Footnotes to Table B-15. Sugarcane with Rice in Rotation (continued).

15. Rice yield. 43.5 cwt/ac-yr (this study); 4 kcal/g (Odum, 1992)
(.25*43500 lbs/ac-yr)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 8.26E10 J/ac-yr
Phosphorus content = .2 % (DeDatta, 1981)

16. Runoff. Average runoff volume = 6.4 7yr (CREAMS-WT results, this study)
(6.47yr)(2.54 cm/in)(.01 m/cm)(4047 nr/ac)(lE6 g/m3)(4.94 J/g) = 3.25E9 J/ac
Phosphorus in runoff = 1.77 lbs/ac-yr (CREAMS-WT results, this study)

17. Basm outflow. Same volume as runoff

Phosphorus outflow = .25 lbs/ac-yr



TableB-16.EmergyEvaluationofanAcreofOtherAgriculture(EstimatedasSodProduction). Note

Item

ValueRawUnit (ac-yr)-l

Solar

Transformity (sej/unit)

Solar Emergy
(El3sej/ac-yr)

PhosphorusPhosphorus ContentEmergy/Mass
(gramsP/ac)(E12sej/gP)

1

Sunlight

2.19E+13J

1

2

0

X

2

Rain,chemical

2.54E+10J

1.54E+04

39

514

0.76

3

Irrigationwater
1.62E+10J

1.54E+04

25

329

0.76

4

Soilusedup

6.00E+11J

1.07E+04

642

15160

0.42

5

Fuel

9.66E+09J

6.6E+04

64

0

X

6

Electricity

6.0E+07J

1.6E+05

1

0

X

7

Pesticide

2.68E+08J

6.6E+04

2

0

X

8

NFertilizer

1.12E+08J

1.69E+06

19

0

X

9

PFertilizer

6.95E+06J

4.14E+07

29

20000.0

0.014

10

KFertilizer

5.09E+07J

2.62E+06

13

0

X

11

Lime

4.57E+05g

1.00E+09

46

0

X

12

Services

410.5$

1.55E+12

64

0

X

13

943

14

Sodyield

5.56E+11J

1.70E+04

943

24566.0

0.38

15

Runoff

X

X

X

1578.0

X

16

Basinoutflow

X

X

X

422.2

X
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Footnotes to Table B-16. Other Agriculture (Estimated as Sod Production).

1.

3

4

5.

6.

7.

8.

9.

10

11

12.

13.
14.

15

16

Sunlight. 129 kcal/cm2-yr (Odum et al., 1981)
(129 kcal/cm:-yr)(lE4 cm:/nr)(4047 nr/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
Transformity = 1
Ram, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g.
(507yr)(2.54 cm/m)(.01 m/cm)(4047 m2/ac)(lE6 g/m5)(4.94 J/g) = 2.54E10 J/ac-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Irrigation water. 32 7yr (Hazen and Sawyer, 1994)
(327yr)(2.54 cm/m)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 1.62E10 J/ac-yr
Transfomnty = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (assumed equal to ram water)
Soil use. 60746 lbs/ac-yr, or 83 % of total dry weight harvested (this study); 5.2 kcal/g dry
(Odum, 1992)
(60746 lbs/ac-yr)(453.6 g/lb)(5.2 kcal/g dry)(4186 J/kcal) = 6E11 J/ac-yr
Transformity of unharvested peat = 1.07E4 sej/J (Odum, 1992)
Phosphorus content = 15160 g/ac (this study)
Fuel. 70.48 gal/ac-yr (Fluck et al., unpublished); 137E6 J/gal (Odum and Arding, 1991)
(70.48 gal/ac-yr)(137E6 J/gal) = 9.66E9 J/ac-yr
Transformity = 6.6E4 sej/J (Odum et al., 1987)
Electricity. 16.76 kwh/ac-yr (Fluck et al., unpublished)
(16.76 kwh/ac-yr)(3.6E6 J/kwh) = 6.03E7 J/ac-yr
Transformity = 1.59E5 sej/J (Odum et al., 1987)
Pesticide. 1.62 lbs/ac-yr (Fluck et al., unpublished); 87 kcal/g (Punentel, 1980)
(1.62 lbs/ac-yr)(453.6 g/lb)(87 kcal/g)(4186 J/kcal) = 2.68E8 J/ac-yr
Transformity = 6.6E4 sej/J (Odum et al., 1983)
Nitrogen fertilizer. 100 lbs/ac-yr (Sartam,1988); 2.48E3 J/gN (Odum et al., 1983)
(10 lbs/ac-yr)(453.6 g/lb)(2.48E3 J/g) = 1.12E8 J/ac-yr
Transformity = 1.69E6 sej/J (Odum et al., 1983)
Phosphorus fertilizer. 44 lbs/ac-yr (this study); 348 J/gP (Odum et al., 1983)
(44 lbs/ac-yr)(453.6 g/lb)(348 J/g) = 6.95E6 J/ac-yr
Transformity = 4.14E7 sej/J (Odum et al., 1983)
Potash fertilizer. 160 lbs/ac-yr (Sartain, 1988); 702 J/g (Odum et al., 1983)
(160 lbs/ac-yr)(453.6 g/lb)(702 J/g) = 5.09E7 J/ac-yr
Transformity = 2.62E6 sej/J (Odum et al., 1983)
Lime. 1008 lbs/ac-yr (Fluck et al., unpublished)
(1008 lbs/ac-yr)(453.6 g/lb) = 4.57E5 g/ac-yr
Transformity = 1E9 sej/g (Odum, 1992)
Annual costs for human services. $410.50/ac-yr (Fluck et al., unpublished)
1990 emergy/currency ratio = 1.55E12 sej/$ (Pritchard, 1992)
Emergy total = sum of 2 through 12 above
Sod yield (incl. soil). 73188 dry lbs/ac-yr (this study); 4 kcal/g (Odum, 1992)
(73188 lbs/ac-yr)(453.6 g/lb)(4 kcal/g)(4186 J/kcal) = 5.56E11 J/ac-yr
Phosphorus content = .074 % (this study)
Runoff. Average runoff volume = 7.44 7yr (CREAMS-WT results, this study)
(7.447yr)(2.54 cm/in)(.01 m/cm)(4047 m7ac)(lE6 g/m?)(4.94 J/g) = 3.78E9 J/ac-yr
Phosphorus in runoff = 3.48 lbs/ac-yr (CREAMS-WT results, this study)
Basin outflow. Same volume as runoff

Phosphorus outflow = .93 lbs/ac-yr



TableB-17.EmergyEvaluationofanAcreofCommercialForest(PlantationPine). Note

Item

ValueRawUnits (ac-yr)-l

Solar

Transformity (sej/unit)

Solar Emergy
(El3sej/ac-yr)

Phosphorus Content
(gramsP/ac)

Phosphorus Emergy/Mass (El2sej/gP)

1

Sunlight

2.19E+13J

1

2

0

X

2

Rain,chemical
2.54E+10J

1.54E+04

39

514

0.76

3

Fuel

1.13E+08J

6.6E+04

1

0

X

4

Services

9.37$

6.00E+12

6

0

X

5

45

6

Timber

4.87E+09J

9.24E+04

45

64.6

6.97

7

Runoff

X

X

X

281.2

X

8

Basinoutflow

X

X

X

109.4

X
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Footnotes to Table B-17. Commercial Forestry (Pine Plantation).

1

2

3.

4.

5.
6.

7.

8.

Sunlight. 129 kcal/cm:-yr (Odum et al., 1981)
(129 kcal/cm:-yr)(lH4 cnr/m:)(4047 m:/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
Transformity = 1
Rain, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g.
(507yr)(2.54 cm/m)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Fuel for site preparation, harvesting, and transpon. 215E6 J/m3 (New Zealand pine, Odum et al..
1983); 137E6 J/gal (Odum and Arding, 1991)
(215E6 J/m3)(18.5 tt3/ac-yr)(.02832 m3/ft3) = 1.13E8 J/ac-yr
Transformity = 6.6E4 sej/J (Odum et al., 1987)
Annualized costs for human services. $9.37/ac-yr (1975$, Odum and Brown, 1975)
1975 emergy/currency ratio = 6E12 sej/$ (Odum, 1992)
Emergy total = sum of 2 through 4 above
Timber harvest. 712 dry lbs/ac-yr (this study); 3.6 kcal/g (Odum et al., 1983)
(712 lbs/ac-yr)(453.6 g/lb)(3.6 kcal/g)(4186 J/kcal) = 4.87E9 J/ac-yr
Phosphorus content = .02 % (this study)
Runoff. Average runoff volume = 9.36 7yr (CREAMS-WT results, this study)
(9.367yr)(2.54 cm/m)(.01 m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 4.75E9 J/ac-yr
Phosphorus in runoff = .62 lbs/ac-yr (CREAMS-WT results, this study)
Basin outflow. Same volume as runoff

Phosphorus outflow = .24 lbs/ac-yr



TableB-18.EmergyEvaluationofanAcreofUrbanLand.
SolarSolarPhosphorusPhosphorus

NoteItemValueRawUnitsTransformityEmergyContentEmergy/Mass (ac-yr)-l(sej/unit)(E13sej/ac-yr)(gramsP/ac)(E12sej/gP)
Urbanresidential:

1

Allinputs

2.93E+12CEJ

4E+04

11720

X

X

2

Runoff

X

X

X

195.0

X

3

Basinoutflow

X

X

X

73.5

X

Otherurban:
4

Allinputs

1.22E+13CEJ

4E+04

48800

X

X

5

Runoff

X

X

X

585.0

X

6

Basinoutflow

X

X

X

239.7

X
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Footnotes to Table B-18. Urban Land.

1

2

3

4

5

6

All inputs. Average 700E6 kcal CE/ac-yr to single family and mobile home land uses (Brown,
1980)
(700E6 kcalCE/ac-yr)(4186 J/kcal) = 2.93E12 CEJ/ac-yr
Transformity = 4E4 sej/CEJ (Odum, 1992)
Runoff. Average runoff volume = 12 7yr (this study)
(127yr)(2.54 cm/in)(.01 m/cm)(4047 nr/ac)(lE6 g/m3)(4.94 J/g) = 6.09E9 J/ac-yr
Phosphorus in runoff = .43 lbs/ac-yr (CREAMS-WT results, this study)
Basin outflow. Same volume as runoff

Phosphorus outflow = .16 lbs/ac-yr
All inputs. Average 2916E6 kcal CE/ac-yr to commercial, industrial, and 2-story business land
uses (Brown, 1980)
(2916E6 kcalCE/ac-yr)(4186 J/kcal) = 1.22E13 CEJ/ac-yr
Transformity = 4E4 sej/CEJ (Odum, 1992)
Runoff. Average runoff volume = 38 7yr (this study)
(387yr)(2.54 cm/in)(.01 m/cm)(4047 m:/ac)(lE6 g/m )(4.94 J/g) = 1.93E10 J/ac-yr
Phosphorus in runoff = 1.29 lbs/ac-yr (CREAMS-WT results, this study)
Basin outflow. Same volume as runoff

Phosphorus outflow = .53 lbs/ac-yr



TableB-19.EmergyEvaluationofanAcreofForestedUplands,GrassyScrubland,orMixedWetlandAreas. SolarSolarPhosphorusPhosphorus
NoteItemValueRawUnitsTransformityEmergyContentEmergy/Mass (ac-yr)-l(sej/unit)(El3sej/ac-yr)(gramsP/ac)(El2sej/gP)

Foresteduplands:
1Sunlight

2.19E+13J

1

2

0

X

2Rain,chemical
2.54E+10J

1.54E+04

39

514

0.76

3

39

4Runoff

X

X

X

208.7

X

5Basinoutflow

X

X

X

63.5

X

Foresteduplands(predevelopment):
1Sunlight

2.19E+13J

1

2

0

X

6Rain,chemical
2.54E+10J

1.54E+04

39

241.6

1.62

7

39

8Runoff

X

X

X

45.4

X

9Basinoutflow

X

X

X

9.1

X

Grassyscrubland(predevelopment):
1Sunlight

2.19E+13J

1

2

0

X

6Rain,chemical
2.54E+10J

1.54E+04

39

241.6

1.62

7

39

10Runoff

X

X

X

59

X

11Basinoutflow

X

X

X

18.1

X

Mixedwetlandareas:
1Sunlight

2.19E+13J

1

2

0

X

2Rain,chemical
2.54E+10J

1.54E+04

39

514

0.08

3

39

Mixedwetlandareas(predevelopment):
1Sunlight

2.19E+13J

1

2

0

X

6Rain,chemical
2.54E+10J

1.54E+04

39

241.6

0.16

7

39
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Footnotes to Table B-19. Forested Uplands, Grassy Scrublands, Mixed Wetland Areas.

3.
4.

5.

6.

7.

8.

Sunlight. 129 kcal/cm2-yr (Odum et al., 1981)
(i29 kcal/cm2-yr)( 1E4 cnr/nr)(4047 m:/ac)(4186 J/kcal) = 2.19E13 J/ac-yr
Transformity = 1*

Ram, chemical. 50 7yr (SFWMD, 1989); Gibbs free energy of fresh water, 4.94 J/g.
(507yr)(2.54 cm/in)(.01 m/cm)(4047 nr/ac)(lE6 g/m3)(4.94 J/g) = 2.54E10 J/ac-yr
Transformity = 1.54E4 sej/J (Odum et al., 1987)
Phosphorus content = .047 mg/1 (Sculley, 1986)
Emergy total = 2 above
Runoff from forested uplands. Average runoff volume = 7.12 7yr (CREAMS-WT results, this
study)
(7.127yr)(2.54 cm/in)(.()l m/cm)(4047 m:/ac)(lE6 g/m3)(4.94 J/g) = 3.62E9 J/ac-yr
Phosphorus in runoff = .46 lbs/ac-yr (CREAMS-WT results, this study)
Basm outflow from forested uplands. Same volume as runoff
Phosphorus outflow = .14 lbs/ac-yr
Runoff from predevelopment forested uplands. Average runoff volume = 9.29 7yr (CREAMS-
WT results, tins study)
(9.297yr)(2.54 cm/in)(.01 m/cm)(4047 m7ac)(lE6 g/m3)(4.94 J/g) = 4.72E9 J/ac-yr
Phosphorus in runoff = .10 lbs/ac-yr (CREAMS-WT results, this study)
Basm outflow from predevelopment forested uplands. Same volume as runoff
Phosphorus outflow = .02 lbs/ac-yr
Runoff from predevelopment grassy scrublands. Average runoff volume = 12.42 7yr (CREAMS-
WT results, this study)
(12.427yr)(2.54 cm/in)(.01 m/cm)(4047 m7ac)(lE6 g/m3)(4.94 J/g) = 6.31E9 J/ac-yr
Phosphorus m runoff = .13 lbs/ac-yr (CREAMS-WT results, this study)
Basm outflow from predevelopment grassy scrublands. Same volume as runoff
Phosphorus outflow = .04 lbs/ac-yr

i



TableB-20.EmergyEvaluationofBasinScaleChemicalTreatmentattheS-191BasinOutlet. Note

Item

ValueRawUnits yr-i

Solar

Transformity (sej/unit)

Solar Emergy
(El3sej/yr)

PhosphorusPhosphorus ContentEmergy/Mass (gramsP)(El2sej/gP)

1

Dischargefrombasin
5.77E+14J

4.10E+04

2367450

45800000

X

2

Electricity

1.02E+14J

1.6E+05

1632000

0

X

3

Alum

5.8E+10J

1.32E+07

75900

0

X

4

Services

9.92E+06$

1.55E+12

1537600

0

X

5

5612950

6

Sludge

X

X

X

40800000

X

7

Basinoutflow

X

X

X

5040000

X

223
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Footnotes to Table B-20. Basin Scale Chemical Treatment at S-191 Basin Outlet.

1. Discharge from basin. 9.34'Vyr (CREAMS-WT results, this study)
(9.34'7yr)(2.54 cm/in)(.()l m/cm)(4047 nr/ac)( 1E6 g/m3)(4.94 J/g) = 4.74E9 J/ac-yr* 121820 ac =
5.77E14 J/yr
Transfomuty = 4.1E4 sej/J (Odum et al., 1987)
Phosphorus content = 101,051 lbs/yr (CREAMS-WT results, this study)

2. Electricity. 28,351,913 kwh/yr (DER, 1986)
(28351913 kwh/vr)(3.6E6 J/kwh) = 1.02E14 J/ac-yr
Transfomuty = 1.59E5 sej/J (Odum et al., 1987)

3. Alum. 1.94E6 lbs/yr (DER, 1986); 65.3 J/g (assume equal to bauxite; Odum et al., 1983)
(1.94E6 lbs/yr)(453.6 g/lb)(65.3 J/g) = 5.7E10 J/ac-yr
Transfomuty = 1.32E7 sej/J (assume equal to bauxite; Odum etal., 1983)

4. Annual costs for human services. $6.12 milhon/yr annualized capital plus $3.8 million/yr operating
costs (DER, 1986 adjusted to 1990 dollars) = $9.92 million/yr
1990 emergy/currency ratio = 1.55E12 sej/$ (Pntchard, 1992)

5. Emergy total = sum of 1 through 4 above
6. Sludge. 1795 tons/yr (DER, 1986)

(1795 tons/yr)(2000 lbs/ton)(453.6 g/lb) = 1.63E9 g/yr
Phosphorus content = 89,935 lbs/yr (tins study)

7. Basin outflow. 9.34 7yr (this study)
(9.347yr)(2.54 cm/in)(.01 m/cm)(4047 m7ac)(lE6 g/m3)(4.94 J/g) = 4.74E9 J/ac-yr* 121820 ac =
5.77E14 J/yr
Phosphorus in outflow = 11,116 lbs/yr (this study)
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