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PREFACE

Among the most important problems humanity faces today are the sound management of natural resources
and the integration of human and natural processes. There is a need to understand both human and natural
domains, each in the context of the other, and it is important to develop management strategies which
acknowledge and promote the vital interconnections between the two,

Traditionally, a reductionist approach to the study of humanity and nature has been taken. By comparison,
very little attention has been given to studying the biosphere at the ecosystem level of organization. It is at the
ecosystem level, however, where many of nature’s benefits are derived and where the impacts of humanity are
being felt.

Neither economics nor ecology alone adequately address the problems society presently faces: a unifying
concept or common denominator is needed which embodies both the natural and human domains. Energy flows
through and is stored by both systems. Evaluating energy flow, energy quality and embodied energy enables
one to quantify and compare various resource uses and to determine which development strategies maximize the
energetics of both human and natural systems. The appropriate use will be the one which maximizes the flow
and storage of energy for both humanity and nature.

In the Sea of Cortez, it is the upper Gulf where the great forces of nature combine to nurture both nature
and humanity. The Colorado River carries sediments and nutrients from the continental heartland to fertilize the
upper Gulf. In addition, it is here where tides and upwelling make their contribution, creating the highest rates
of productivity found in the Sea of Cortez. This productivity is responsible for Mexico’s most important
fishery, providing both food and economic benefit to society.

In view of the imprtance of the upper Gulf region to the entire Sea of Cortez, we have invited Dr. H. T.
Odum and his team to employ their energy analysis techniques to study this region in conjunction with the
Cousteau Sea of Cortez Expedition. The objective of The Cousteau Society is to educate and to communicate
on & global scale so as to protect and improve the quality of life for present and future generations. We hope
the Odum methods, and the contents of this document, will provide some interesting insights about important

processes in the Gulf and will help foster better resource management for the future.

Richard C. Murphy
Vice President for Science and Education
The Cousteau Society
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INTRODUCTION

Valuable, unique, and important to the local economies, the Sea of Cortez in Northwestern Mexico
(Figure 1) is becoming increasingly joined to the main economy of Mexico and the United States. As a
microcosm of international resource use in developing countries, the Sea of Cortez provides an example for
application of new methods for determining public policies that maximize sustainable economies symbiotic with
the sea. In this study, emergy analysis (spelled with an "M") is used to facilitate the process that may
determine which future alternatives maximize public benefit.

Originally, the Colorado River had strong flow into the upper end of the Sea; but starting in 1935, water
was diverted, with some flow restored in 1940 and 1984. Figure 2 shows the large changes in the discharge in
this century. More recently, there has been expansion of fisheries with larger shrimp trawlers and international
markets replacing local fishermen with local markets. In this study emergy analyses are made to evaluate the

importance of the changes in the past and anticipated in the future.

Public Policy: The Interface of Ecology and Economics.

The interface of ecology and economics is often in the marketplace where resources are exploited and
sold. In the process, the environment sustains some transformations that may or may not lead to long-term
stability. As the population expands, it is increasingly important that humans consider the long-term
environmental consequences of their economic decisions. A long-term perspective and IMACIOSCOpIC View are
needed in order to adequately factor in questions of long-term sustainability in our public policy decision
process.

Too often, economics, with its short time horizon and its small, closed value system, is the guiding
rationale behind public policy decisions. Its value system is small by virtue of the fact that it considers utility as
the means for determining value, and it is closed because it does not extend beyond the marketplace. Thus,
public policy decisions made under the assumption of maximizing some monetary value (increased sales, profits,
marginal rate of return) are, in reality, basing the decision on individual human utility. Societal needs or
environmental concerns are often not factored in because they are generally outside the realm of individual

human preferences.



Figure 1.

Colorado

j.PUERTO PENASCO
3 STUDY AREA

Pacific

Ocean
CA. | 2 !
! AZ,
~. :
~.ddrT
Guif of
MEXICO Mexico
Pacific
Ocean

Map of the Sea of Cortez showing the northern study area.

2



(1000 cfs)

FLOW

Figure 2.

140

130

120

T 110

100

90

[:14]

70

&0

50

40

30

20

10

]

—— — —

FLOW BELOW HOGYER FER 1933 STORABE  JAY (941 LAKE  MAR 1963 STORAGE  JAMNE 1980 LAKE
1906 THRU 1984  BEGINS LIKE MEAD MEAD FTULS BEGINS LAKE POWELL  POMELL FILLS

| |

|
|
|
|
l
|
l
|
|
|
l
|

K

|

Jl L i 'l i

Q
1905

1915 192% 18935 1945 1955 1865 1975

TIME (YEARS)

Discharge of the Colorado River below Hoover Dam (from McCleary 1986).



Public policy decisions need to be made on the basis of the value system of the Earth, The new public
policy value system used here recognizes the difference between short-term individual human preference and
long-term macroscopic well-being and is capable of quantitatively determining value at the macroscopic scale of
society and environment. It can equate the value of natural resources, wildlife, and industrial production as a
means of determining relative importance and their contributions to overall well-being and long-term
sustainability. The system of evaluation used in this report measures value in units of emergy, a relatively new
concept, that measures the resources required for a product. Emergy is expressed in units of Solar EmJoules
(s¢j) as a means of expressing the values of diverse products like fishing boats and shrimp on an equivalent
scale. In a nutshell, the best system and the one which is eventually successful is one that uses the most
emergy.

The emergy system of value is based on concepts of system organization and optimization that have their
bases in the early work of Lotka (1922a, 1922b, 1945), in General System Theory (von Bertalanffy, 1968), and
in Systems Ecology (Odum, 1983). As a result of its foundations in ecology and general system theory, the
conceptual framework for an Emergy Theory of Value has longer time horizons and applicability than

marketplace economics.

Scope of the Study

As part of The Cousteau Sea of Cortez Expedition, the authors were invited to focus their attention on
resource management policy questions facing the people of the United States and Mexico. The productivity of
the Sea of Cortez is an important yet little recognized contribution to the economy of Mexico. Local economies
are sustained by productive near-shore fisheries, and increasingly the Mexican national economy has been
boosted by a highly capitalized export shrimp fishery. Combined, these contributions of natural productivity act
to stimulate the economy as the money that is received from exports of shrimp and local sales of fish ripple
through the economy "demanding" further exchanges and resource utilization.

While traditional economic "wisdom" would suggest that increasing exports and general exploitation of the
Sea of Cortez fishery are to be desired as a means of offsetting a balance of payments deficit and heavy external
debt, such economic advice does not consider that the resource base is limited and that overexploitation now
may lead to a collapse later. An additional concern is related to the relative value of exported products versus
the value of goods received in exchange. Balance of payments measured in dollars and those measured in
emergy are two distinctly different concepts and arrive at two distinctly different values. The former is a

measure of value to humans, the latter is a measure of value as a contribution to the economy as a whole. The



different value systems lead to differing points of view regarding public policy issues and often to opposing
solutions to questions of resource management.

Using techniques of emergy analysis that equate the work done in the human domain with work done in
domains considered to be cutside the human economy, this study evaluates the relative importance of the Sea of
Cortez to the economy of Mexico, the possible impact of Colorado River diversions, alternative methods of

shrimp fishing, and the equity of foreign trade involving fishery products.

The Northern Sea of Cortez

The Sea of Cortez (also known as the Guif of California) lies between the arid Baja California Peninsula
and the equally arid Mexican mainland States of Sinaloa and Sonora (Figure 3). Many have likened it to a large
evaporation basin with a southern opening to the ocean (Roden, 1958, 1964; Alvarez-Borrego, 1983). The Gulf
1s about 1000 km long and averages about 150 km wide. At its northern end is the Colorado River Delta.
Along the western shore the Baja coastline is very steep and flanked by numerous islands; while the
northeastern coast (State of Sonora) is less rugged with a wide shelf. Further south, along the Sinaloa coast, the
shoreline is characterized by tidal inlets and mangrove swamps with many streams draining the coastal plain,

The bathymetry of the Gulf is quite varied with a number of basins of varying depths throughout. The
basins and trenches, separated by transverse ridges, deepen from north to south (Byrne and Emery, 1960). The
median depth of the Gulf is about 460 meters, while the deepest basin is over 3300 meters (Shepard, 1950). A
shelf borders most of the Gulf that is widest in the northern portions and narrowest approaching the Pacific. In
contrast to depths of greater than 3000 meters in the southern extreme of the Gulf, the northern third of the
Gulf has depths that average about 250 meters. As shown in Figure 1, the Gulf can be divided by a line
running through the southern tip of Angel de la Guarda Island and the northern tip of Tiburon Island, This line
separates the northern Gulf, which is more estuarine in character (Zeitzschel, 1969), from the middle and
southern Gulf that are more dominated by the Pacific Ocean (Round, 1967). The area north of this line roughly
corresponds to two of the four zones identified by Zeitzschel (1969).

The climate of the Sea of Cortez is more continental than oceanic. The Sea is separated from the Pacific
Ocean by a chain of mountains from 1 to 3 km high running almost the entire length of the Baja Peninsula
greatly reducing the ocean’s moderating influence on the climate. Precipitation falls mostly during the summer
in the northern Gulf, varying from traces in the northernmost pait to 200 mm per year at Guaymas,

Evaporation is one of the most important factors affecting the Gulf. High surface salinities in the north, where
evaporation far exceeds precipitation, flow south and sink, possibly adding to upwelling through displacement.

Hurricanes may play an important role in both circulation and inputs of rain and runoff carrying sediments.



Wind-driven upwelling is one of the most dominant features of the Gulf (Figure 3). Upwelling is most intense
along the eastern coast of the Baja Peninsula during the winter’s northwesterly winds and during the summer’s
southeasterly winds along the western coast. Local areas of upwelling are located on the left sides of islands
and headlands (Roden, 1958). General circulation of the Gulf is very complex; however, temperature and
salinity data suggest that the southern Gulf is more thoroughly mixed with the Pacific while the northern Gulf is
somewhat more isolated (Alvarez-Borrego, 1983). Tidal mixing in the north is extensive where mean tidal
range is 6.6 meters (Byrne and Emery, 1960) and spring ranges of 10 meters have been reported
(Alvarez-Borrego, 1983).

Probably of great significance to the northern Guif is the discharge of the Colorado River. Historically,
average annual discharge was greater than 15 million acre feet (Thompson et al., 1969), transporting an average
of 150 to 200 million tonnes of sediments (McCleary, 1986). In its natural state, the river experienced extreme
flooding events during spring as a result of mountain snowpack melt and minor base flow during the autumn,
Flow varied from spring peaks with daily discharges as high as 250,000 cfs to autumn lows with daily
discharges less than 5000 cfs (Thompson et al., 1969). During the years 1905 to 1907 the entire flow of the
Colorado was diverted to form the present Salton Sea. The flow was rediverted from the Salton Sea following
1907 until the filling of Lake Meade at Hoover Dam. After 1935, with the construction of the Hoover Dam and
other smaller dams along the Colorado, discharge characteristics were greatly altered. Spring peaks were
markedly reduced through the storage in reservoirs and the release of waters over the remainder of the year
(Figure 2). In addition to the discharge characteristics of the river, the dams have also had a major effect on
the Guif by intercepting sediment loads. While the river used to carry a sediment load of about 180 miilion
tonnes per year (Thompson, 1965), recent measurements of sediment load by the United States Bureau of
Reclamation show many years within the last decade where the load is less than 160,000 tonnes per year
(McCleary, 1986).

The overall effects of these changes in the discharge characteristics are not well understood. Carlson and
Thompson (1969) speculate that the diminished flow of the Colorado into the Gulf has undoubtedly influenced
the productivity of its headwaters, but conclude since there are no past and present data available, their
speculations have no sound basis. From data collected on three 1968 cruises of the E. B. Scripps, Zeitzschel
(1869) reported average integrated primary productivity for two zones in the northern half of the Gulf of 0.53 g
C/m® day and 0.677 g C/m® day and an average integrated rate of primary productivity for all stations within
the Gulf of 0.382 g C/m? day. He concluded that primary productivity in the Sea of Cortez is comparable to
that in other areas of upwelling like those off the coast of North Africa and in the Bay of Bengal, and that
productivity in the Gulf is two to three times that found in the open Atlantic or Pacific oceans at similar

latitudes.
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By considering the potential importance of the Colorado River to the Sea of Cortez and the importance of
the upper Gulf shrimp fishery to Mexico, we have endeavored to address these two subject areas using
techniques of energy analysis. Using existing data in the literature, and limited data collection in the field, we
have attempted to evaluate the importance of the Colorado River to the whole system of the upper Sea of
Cortez. In addition, we use these methods to evaluate the resident shrimp fishery, focusing on differences
between panga (small boat), and trawler fisheries and relating this fishery to Mexico’s energy/economic
situation. Finally, we hope this study will serve to introduce the emergy analysis method to the scientists and
resource managers of Mexico and that it may assist them in making important policy decisions fostering

sustainable resource use.



METHODS

The method of analysis employed in this study provides an overview of the interactions and resource base
of the systems of humanity and nature in the Sea of Cortez. This is accomplished by first gathering as much
relevant information about the complete system as one can find. Then the system is diagrammed using the
energy language symbols illustrated in Figure 4, creating a visual inventory of components and interactions.
Next, aggregate diagrams are created emphasizing the subsystems of interest. Finally, the emergy of the
subsystems (the resource base in terms of equivalent solar input) is calculated so that comparisons can be made
and indices can be calculated to provide perspective on trends and policy,

This study is organized in a hierarchical manner. First, to place the Sea of Cortez in perspective relative
to the overall economy of Mexico, an emergy analysis of the national economy of Mexico is presented. Then,
an emergy analysis of the Sea of Cortez for three different time periods (1920s, 1960s, and 1980s) is presented
to better understand the changes that have occurred as a result of the manipulation of Colorado River discharge;
and finally, emergy analysis of the very productive shrimp fishing that is currently being exploited is presented.

Everything is part of a system and systems are composed of units that are interrelated. As a result of
these interrelationships, it is difficult to understand the functions and values of individual units without first
having a general idea of how all the units fit together to form the whole. We start with the whole economy in
overview. This "top-down" approach facilitates a better understanding of the system and helps to place public
policy issues in a broader perspective. Policy decisions regarding the exploitation of natural resources almost
invariably require the integration of both economic (bigger scale system) and ecologic (smaller scale system)
implications. For instance, resource management decisions regarding the shrimp fishery of the northern Sea of
Cortez, while having local implications on the lives of fishermen and their families and on the sustainability of
the fishery, simultaneously have an impact on the national economy of Mexico and its balance of payments. All
too often policy decisions on the local level are made without sufficient information concerning the implications
at the next larger system level. The reverse is also true; decisions made at the regional or national level have
serious impacts on local economies and resource systems. The hierarchical systems approach presented in the
analysis lends insight and allows for the public policy process to integrate both the economic and ecologic
implication of decisions and management alternatives. There are several terms and concepts that are used in
this report that are not in common usage or that may be unfamiliar to the reader. They are defined next:

The Maximum Emergy Principle: A main principle that offers some clear criteria for how systems are

organized and why some prevail and others do not is the Maximum Emergy Principle.



Figure 4,
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The Maximum Emergy Principle suggests systems which develop and prevail are those that increase and
take maximum advantage of the emergy that is available. Generally, this means that the system organization
which can develop uses for the most emergy in the shortest time will displace other patterns that do not use
resources as effectively. Social, economic, and political systems, as well as ecologic systems, prevail in a
competitive environment only if they can develop more emergy inflows and use them more effectively than their
competitors. The pattern that prevails links all its parts in a symbiotic array using all by-products.

Emergy (spelled with an "M"): Emergy in a resource, product, or service is the sum of the solar energies
that are required both directly and indirectly in its production. In this report, all resources, products, and
services are given as solar emergy expressed in solar emjoules. Emjoules are so named to distinguish the units
of emergy from units of energy expression in joules. As and example, Figure 5 shows that the emergy of a fish
sold at market includes the prorated share of emergy spent for goods and services necessary to run and maintain
the fishing vessel, the emergy of the fuel that was burned, the emergy value of goods and services consumed by
the fishermen, and all the emergy from direct sunlight and tidal action that was necessary to provide essential
ecological support for the fish prior to it being caught.

Attempts to evaluate environmental and economic products or services in units of energy must recognize
that all forms of energy do not accomplish equivalent amounts of work. To express the energy value of sunlight
and fuel in joules of heat and then to suggest that each Joule is equal in its ability to support work is not
accurate. The "form” or "quality” of each type of energy is quite different and is capable of supporting very
different types of work per unit of energy. To overcome this shortcoming, a measure of work potential based
on solar energy equivalence is used to describe all types of energy as solar emergy.

Transformity: Transformity is the energy of one type required to generate one unit of another type. Its
units are solar emjoules per joule (sej/J). To convert energy of one type to solar emergy, units of energy are
multiplied by the SOLAR TRANSFORMITY, converting them to solar emergy equivalents (see Figure 5).

The solar transformity of an object or resource is the equivalent solar energy that would be required to
generate a unit of that object or resource efficiently and rapidly. A solar transformity of a resource is the ratio
of the total amount of solar energy required to create it (solar emergy) to the energy of that resource. It is
obtained by dividing the total solar emergy of the system that "creates” the resource by the energy in the
resource output. As an example, the transformity for a fish would be calculated by dividing the solar emergy
required to support the environmental system that “produces” the fish by the energy of the fish (measured as

caloric value) (see Figure 5),
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RESULTS

The data and calculations upon which this report is based are given in Figures 6 through 13, Tables 1
through 7 and supporting Appendices. The plan was to evaluate the resource base of the national economy of
Mexico and the resource base of the northern Sea of Cortez study area, to investigate the implications of the
Colorado River diversion, and, using emergy analysis, to evaluate the shrimp fishery of the northern Guilf.

National Emergy Table. A cursory evaluation of the overall resource base of the Mexican economy in
1983 is given in emergy Table 1. The main inputs to the economy of the country are listed including exports
and imports. The total annual emergy use is given in line 10, which is then used to evaluate an emergy ratio to
the U.S. International Dollar for 1983. Almost 16% of the emergy use was imported goods and services.
Counting the very large oil and gas export (item 8), twice as much emergy was exported as imported.

With a 1983 population of 72 million people, per capita emergy utilization was approximately 5 E15
sej/person. The per capita emergy in the United States in the same year was 34 E15 sej/person. Emergy per
capita is a measure of standard of living. Comparison with the U.S. average suggests that Mexico’s standard is
about 1/9 that of the United States.

The ratio of emergy to dollars (a measure of buying power) was 2.86 E12 s¢j/$ in Mexico, while in the
same year the ratio in the U.S. was 2.4 E12 sej/$ (both expressed in U.S. dollars).

Overview Systems Diagram. The systems diagram in Figure 6 was developed to summarize what items
and relationships are important, based on written papers and local interviews. Items are arranged from left to
right in order of the solar transformity. This means that items on the left are abundant. Those on the right are
less in quantity but more important per unit, requiring more resources and having more controlling effects on
the items to the left. The many energy flows of the Sea of Cortez develop the food chain that ends on the right
in marketable shrimp and fish., The dashed lines on the right are the flows of money at the interface of the
economy with the ecosystem.

Water Budget and the Sea. In order to evaluate components and inflows, budgets were developed for the
Sea of Cortez including water in Figure 7 (top), organic matter in Figure 7 (bottom), phosphate-phosphorus in
Figure 8 (top), and nitrate-nitrogen in Figure 8 (bottom). These are for the period in the 1920s before water
from the Colorado River was diverted. Respectively, Figures 9 and 10, show average annual emergy inflowing
to the sea and to primary production in the sea. At the lower end of the study area marked in Figure 1, a

substantial tide slides water northward and then southward with each tide, about twice a day. This exchange is

13



Table 1. Emergy Evaluation of the Annual Resource Basis for Mexico in 1983 (from Odum et al., 1987).

Macroeconomic
Transformity Solar Emergy Value*
Note* Item Raw Units (sej/unit) (E22 sgj) (E9 1983 US$)
1 Rain 797 E18] 8888/ 7.1 29.5
2 Tides 3.00 E17J 23564/] 0.7 2.9
3 Waves 1.37 E187J 2588971 3.5 14.7
4 Oil use 275 E181] 53000/ 14.6 60.7
5 Natural gas use 1.39 E187J 48000/J 6.7 27.8
6 Imported goods &
services 23.1E9% 2.4 E12/$ 55 23.1
7 Exported goods &
services 19.3E9 $ 2.86 E12/% 5.5 23.0
8 Exported fuels 8.8 36.6
9 Hydroelectricity 2.4E171] 4 E4 SEIjj 1.0 4.0
10 Total input 34.6 144.2
11 Gross Nat'l Product 1.21 E11 § 2.86 E12/% 34.6 144.2

sej = Solar equivalent joules
* Solar emergy flow (column 5) divided by 2.4 E12 solar emjoules/$ for U.S. in 1983.

“‘Refer to numbered notes and calculations given in the appendix,
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WATER FLOWS 1E9M%/yr
STORAGE 1EOM? TURNOVER 425days

Rain

10

Other Runoff
Evaporation

Colorado
River

Exchange 30.300

Tidal Prism
Exchange 78174

FLOWS tE9gm/yr
STORAGE 1ESgm TURNOVER 410days

Rain
Other Runoff

Organic

Colorado 2,430 Matter

River
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3,277 Sedimentation

Production Consumption

Figure 7.

Total storages and annual flows of water (top) and organic matter (bottom) in the Sea of Cortez in
the 1980s. Data and calculations are given in the appendix.
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Exchange
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Figure 8.

Total storages and annual flows of phosphorus as PO, (top) and nitrogen as NQ, (bottom) in the
Sea of Cortez in the 1980s. Data and calculations are given in the appendix.
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included in Figures 9 and 10, but most of the water sliding in and out is the same water little changed in the
course of one tidal cycle. The Colorado River brings substantial emergy to the Sea which was much reduced
when the Colorado River was diverted (Figure 9).

EMERGY Tables for the Sea of Cortez. The overview diagram (Figure 6) was used to set up three
emergy analysis tables for the Sea of Cortez for three time periods: Table 2 for the 1920s, Table 3 for the mid
1960s, and Table 4 for the early 1980s. For the calculations, the system was defined by the shaded area in
Figures 1 and 2 and included the entire water column and the part of the bottom sediments involved in regular
biological and chemical processes within the sea. Also included in the tables are economic inputs and outputs.
The tables show which inputs to the sea were large and important. Notice the high values for freshwater
inflows, tidal energy, and goods and services involved in fishing.

Primary Production by Photoplankton and its EMERGY Evaluation. Because of its importance to the
food chains of shrimp and fish, primary production data were assembled and the emergy contribution evaluated
as given in Table 5 and Figure 10. Note the importance of tidal energy and nutrients. The primary production
process is shown in Figure 6 within the system that controls it and supplies its inputs. Figure 10 shows
substantial differences on an emergy basis among the different periods of Colorado River management.

Fishing and EMERGY Evaluation. Data were assembled on fishing efforts for shrimp in the Sea of
Cortez and evaluated for the emergy inflows and yields. The number of boats involved is shown in Figure 11,
which shows a large expansion of the fleet in the 1970s. Figure 12 shows details of the way the food chain of
the Sea is driven and coupled to the fishery harvests.

A comparison was made between the older pattern of small boats and local markets and some newer
shrimp trawlers and international markets. Table 6 has the emergy evaluation based on the inflows and yield of
the larger shrimp trawlers. Table 7 has the emergy analysis of the smaller boats. Figure 13 compares the small

and larger boat systems.
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Table 2.  Emergy flows of the Sea of Cortez (1920s).
Raw Trans-
Units formity Emergy
Note* Name (units/yr) (sej/unit) E18 sej/yr
1 SUN 5.60 E207J 1.00 560.2
2 RAIN
Chemical Potential 4.90 E167 1.54 E4 756.5
Kinetic Energy 2.88E14) 8.89 E3 2.6

12 Organic Maiter 3.80E147 1.90 E4 7.2
12 Phosphate 5.95E8 gm 1.40 E10 8.3
12 Nitrate 2.08 E9 gm 4.19 E9 8.7

3 TIDE 6.90E16) 2.36 E4 1625.9

4 WIND 4.74 E177J 6.23 E2 295.4

5 HURRICANES 3.40 E13] 4.10 E4 1.4

6 OCEAN CURRENT

6 Geopotential 2.07E15] 2.36 E4 48.8
10 Organic Matter 6.27E16 1 1.90 E4 1191.1
10 Phosphate 4.05 E10 gm 1.40 E10 567.0
10 Nitrate 2.63 E11 gm 4.19 E9 1102.0

7 RIVER

7 Chemical Potential 8.99E16] 4.11 E4 3692.0

8 Organic Matter 549E167 1.90 E4 1043.1
11 Phosphate 2.39 E9 gm 1.40 E10 33.5
11 Nitrate 349 E10 gm 4.19 E9 146.2

7 OTHER RUNQFF

7 Chemical Potential 1.91E167 4.11 E4 784.4

8 Organic Matter 9.15E151) 1.90 E4 173.9
11 Phosphate 5.07E81J1 1.40 E10 7.1
i1 Nitrate 7.14E9J 4,19 E9 29.9
13 SEISMIC ACTIVITY 4.24 E137J 4.70 E6 199.1

sej = Solar equivalent joules
*Refer to numbered notes and calculations given in the appendix.
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Table 3.  Emergy flows of the Sea of Cortez (1960s).
Raw Trans-
Units formity Emergy
Note* Name (units/yr) (sej/unit) E18 sej/yr
1 SUN 5.60 E20J 1.00 560.2
2 RAIN
Chemical Potential 490 E167J 1.54 E4 756.5
Kinetic Energy 2.838El14) 8.89 E3 2.6
12 Organic Matter 3.80Ei147 1.90 E4 1.2
12 Phosphate 5.95 E8 gm 1.40 E10 8.3
12 Nitrate 2.08 E9 gm 4.19 E9 8.7
3 TIDE 6.90El67J 2.36 E4 1625.9
4 WIND 4.74 E17] 6.23 E2 295.4
5 HURRICANES 3.40E137J 4.10 E4 1.4
6 OCEAN CURRENT
6 Geopotential 2.29E15] 2.36 E4 54.0
10 Organic Matter 6.96 E16J 1.90 E4 1322.4
10 Phosphate 4.50 E10 gm 1.40 E10 630.0
10 Nitrate 2.93 E11 gm 4.19 E9 1227.7
7 RIVER
7 Chemical Potential 5.50E14J 4.11 B4 22.6
Organic Matter 2.14E127] 1.90 E4 .0
i1 Phosphate 1.50 E7 gm 1.40 E10 0.2
11 Nitrate 2.19 E8 gm 4.19 E9 0.9
7 OTHER RUNOFF
7 Chemical Potential 191 E16J 4.11 E4 784.4
8 Organic Matter 9.15 E15]J 1.90 E4 173.9
1 Phosphate 5.07E81J 1.40 E10 7.1
11 Nitrate 714 E9 7 4.19 E9 28.9
13 SEISMIC ACTIVITY 4.24 E131 4.70 E6 199.1

sej = Solar equivalent joules
“Refer to numbered notes and calculations given in the appendix.
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Table 4.  Emergy flows of the Sea of Cortez (1980s).
Raw Trans-
Units formity Emergy
Note* Name (units/yr) (sej/unit) E18 sej/yr
1 SUN 5.60E207 1.00 560.2
2 RAIN
2 Chemical Potential 490 E1687 1.54 E4 756.5
2 Kinetic Energy 2.88E14J 8.89 E3 2.6
12 Organic Matter 3.80E147J 1.90 E4 7.2
12 Phosphate 5.95 E8 gm 1.40 E10 8.3
12 Nitrate 2.08 E% gm 4.19 E9 8.7
3 TIDE 6.90E167J 2.36 E4 1625.9
4 WIND 4.74 E17J 6.23 E2 295.4
5 HURRICANES 3.40E13] 4.10 E4 1.4
6 OCEAN CURRENT
6 Geopotential 2.22E157J 2.36 E4 52.3
10 Organic Matter 6.58 E16J 1.90 E4 1250.2
10 Phosphate 4.25 E10 gm 1.40 E10 595.0
10 Nitrate 2.77 E11 gm 4.19 E9 1160.6
7 RIVER
7 Chemical Potential 3.01 E167J 4.11 E4 1236.1
Organic Matter 1.67 E1417J 1.90 E4 3.2
i1 Phosphate 8.10 E8 gm 1.40 E10 11.3
11 Nitrate 1.18 E10 gm 4.19 E9 49.4
7 OTHER RUNOQFF
7 Chemical Potential 1.91 El61J 4.11 E4 784.4
8 Organic Matter 9.15E157J 1.90 E4 173.9
11 Phosphate 5.07E87J 1.40 E10 7.1
11 Nitrate 7.14E9J 4.19 E9 29.9
13 SEISMIC ACTIVITY 4.24 E13J 4.70 E6 199.1
14 FOSSIL FUELS (1983)
Coal 2.02E14]) 3.98 B4 8.0
Gil 5.33 E15) 5.30 E4 282.5
Gas 1.99 Ei157J 4.80 E4 95.5
Wood 1.53 E14] 3.50 E4 5.4
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Table 4.  continued.
Raw Trans-
Units formity Emergy
Note* Name (units/yr) (sej/unit) E18 sej/yr
15 ELECTRICITY (1983) 4.58 E14) 1.59 E5 72.8
16 GOODS & SERVICES (1983)
Direct 2.10ER $ 3.00 E12 630.0
Imports 4.80E7 $ 3.80 E12 182.4
Taxes 2.96 E16 3.00 E12 8.9
17 TOTAL INPUT 7539.5

sej = Solar equivalent joules

‘Refer to numbered notes and calculations given in the appendix.
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Table 5.  Emergy flows of primary productivity (1960s),
Raw Trans-
Units formity Emergy
Note* Name (units/yr) (sej/unit) E18 sej/yr

3 TIDE 6.90 El6J 2.36 E4 1625.9

2 RAIN

2 Chemical Potential 4,90 E16 J 1.54 B4 756.5

2 Kinetic Energy 2.88E14]J 8.89 E3 2.6
12 Phosphate 5.95 E8 gm 1.40 E10 8.3
12 Nitrate 2.08 E9 gm 4.19 E9 8.7

6 OCEAN CURRENT

6 Geopotential 2.29 E157J 2.36 E4 54.0
10 Phosphate 3.77 E10 gm 1.40 E10 630.0
10 Nitrate 2.11 E11 gm 4.19 E9 1227.7

7 OTHER RUNOFF

7 Chemical Potential 1.91 El16 7 4.11 E4 784.4
11 Phosphate 5.07E8]J 1.40 E10 71
11 Nitrate 7.14E97 4.19 E9 29.9

RIVER

7 Chemical Potential 5.50E147 4.11 E4 22.6
11 Phosphate 1.50 E7 gm 1.40 E10 0.2
11 Nitrate 2.19 E8 gm 4.19 E9 0.9

9 PRIMARY PRODUCTION 4,75 E17) 1.09 E4 5158.8

s¢] = Solar equivalent joules

aRefer to numbered notes and calculations given in the appendix.
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24



12

11 4
10 +
S -
= 8
5
- SR
7] 6 —BHa RISl
E. - o -'-'-':“:'::E:I E: g
L‘Ii 5 -~ : oty :. ~.: .l
4 >
3
2
1
0] ¢ - s -
1920's 1960’s 1980's
EXA OTHER EMERGIES B RIVER EMERGIES
Figure 10. Average annual EMERGY inflowing to primary production in the Sea of Cortez for the

temporal periods 1920s, 1960s, and 1980s. Data are from Tables 2-5.

25



Figure 11,

80
M
70+ :,/
1
L]
o 60 ~ ¢
% L
S 50 - 4 7
> ¢ ¢
Ug_, ra s
2 404 A %
TR Fa
© 30 g
& CALAALAALAL
(5s) A A -
§ 20 A 1
= 1 /]
%1% ] 2
- . /
10 y A
B Y s
[ F1 o AP 4 d
0 L Bl ol il P I VKA I A A A kA A
1950 1955 1960 1965 1970 1975 1980
YEAR
600
»
= 500 .
o
o A
i %
) | L
e 400 y LA
i v
= /
2 300+ ATALAL-
A /
o~ %
>
= 1
< 200 |/
-t A |
g A A Ve /o‘/ P2
o ! 1% 7g Vg
S 100 A
//;/
/] %1%("2| "4
_~AAAl Al
0 e WA A M e e A el el
1950 1955 1860 1965 1970 1975 1980

The number of new fishing boats commissioned each year that are still fishing (top) and
cumulative number of boats (bottom). Data are from records of Delegacion Federal de

Pesca en Sonora,

26



SWSIUeFI0 J1YIuaq = g “sjusunpos = "Pas ‘syuoinnu
= N 1430 o3 07 101995 s1wouoas 41 pue $321A195 pue spood jySnoq pue o woj

Suimorjuy sardisus Suianp Suimoys Lroysydwirgs zoyro) jo Ba§ 243 Jo weideip Arewwng "Z1 91031y

§)onpo:d
Aq

™

Aloysy dwayg

uoyeN
uohjuejdoo7

CICAEI
opising

uopjue|doiiyg -A.’.’

—-—-’/
2]
£
=
£
w

I

Un|os Jaje

——

uojjesodene

- ELTERT
pusg

spoop




Table 6. Emergy costs and shrimp yield per year: Shrimp Trawlers.

Trans-
formity* Emergy
Footnote* Name Actual Units (sej/unit) E15 sej/yr
1 Fuel 7.2E12) 53000 sej/T 380
2 Misc. Goods & Svcs $6.6 E4 2.9 E12 sej/$ 200
3 Salary $1.7 E4 2.9 E12 sej/$ 50
4 Boat $4.1 E3 2.9 E12 sej/$ 10
5 Engine $4.1 E3 2.9 E12 sejf$ 10
TOTAL EMERGY 650
6 Shrimp 3.8 E107J 8 E6 sej/J 300
Catch/effort ratio; 300 ELS sej/ye = 0.46/1 (Net Emergy yield ratio)

650 E15 sej/yr

*Transformities for fuel, dollars, and shrimp are from Odum et al. (1986). The transformity for dollars is the
total Solar Emergy driving the Mexican economy divided by the GNP in U.S. dollars.

*Refer to numbered notes and calculations given in the appendix.
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Table 7. Emergy costs and shrimp yield per year: Small boats (Pangas).

Emergy
Trans- E15 sejlyr
Footnote* Name Actual Units formity™ (sej/unit)
1 Fuel 1.35E117J 53000 sej/] 7.2
2 Misc, Goods & Sves $ 879 2.9 E12 sej/$ 2.6
3 Salary $2400 2.9 E12 sej/$ 6.7
4 Boat $ 50 2.9 E12 sej/$ 0.1
5 Engine $271 2.9 E12 sej/$ 0.8
TOTAL EMERGY 17.4
6 Shrimp 1.1E107 8 E6 sej/J 88.0

. 88.0 E15 sej/yr . .
Catch/effort ratio: 17.4 E15 sejfyr 5.1/1  (Net Emergy yield ratio)

*Transformities for fuel, dollars, and shrimp are from Odum et al. (1986). The transformity for dollars is the
total Solar Emergy driving the Mexican economy divided by the GNP in U.S. dollars.

*Refer to numbered notes and calculations given in the appendix.
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DISCUSSION

In this section we develop a synthesis overview of the Sea of Cortez, its driving energies, its storages and
processes, and its place in the Mexican economy. We examine public policy implications of present and past
resource management and suggest alternatives that may maximize long-term economic vitality. Of greatest
concern is the issue of sustainable economic development. Throughout the development world, the single most
important issue facing public officials is related to the long-term consequences of selling raw resources abroad
and thus in essence supporting the economy of other nations at the expense of the local economy. The methods
and results of emergy analysis highlight this issue and may make policy decisions more easily understood.

Consider first the way the Colorado River and tidal inputs to the Sea of Cortez support primary production

and food chains leading to fisheries that have immense value to the economy.

The Effect of the Colorado River Diversion

The discharge rates of the Colorado River during the 1920s were taken as a baseline for the era preceding
heavy influences by humanity. Since 1935, discharge of the Colorado has been significantly altered (Figure 2).
Both low flows and annual peak discharges have been reduced. The average flows during the 1980s represent
current flow rates and are about 33% of those recorded during the 1920s.

EMERGY Budget

The effects of diversion and decreased discharges of the Colorado River on the Sea of Cortez have been a
source of speculation for a number of years. With such a large discharge, it has been speculated that the
diversion and losses of river water as agriculture and damming increased should have had a deleterious impact
on the Gulf. Indeed, when comparisons among Tables 2, 3, and 4 are made, the magnitude of river diversion
is significant. The contribution of river-derived phosphorus, nitrogen and organic matter, as well as chemical
potential of freshwater, were a significant portion of the northern Gulf’s yearly net emergy inflow (40%) during
the 1920s. The emergies given in the last column of the tables are calculated by determining net inflows from
all outside driving energies. The loss of discharge during the 1960s resulted in a loss of almost 40% of the net
yearly emergy flux, and present day discharges still contribute only about 70% of the original net emergy to the
Gulf.
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The single greatest emergy input to the northern Gulf during the 1920s (Table 2) is the emergy of the
chemical potential of the freshwater input from the Colorado discharge. Indeed, Alvarez-Borrego (1983) felt
that "the greatest changes in the upper Gulf...[are due to] the decrease of Colorado River fresh-water input
[that] has drastically changed the ecological conditions of what used to be an estuarine system, and is now an
area of the highest salinities of the whole Gulf." Copeland (1966) suggests that the most important
hydrobiological parameter in estuaries is salinity, and if river flow is diminished by activities in the upper
watershed, salinity in the receiving estuary may increase to levels that are detrimental to biological communities.
However, he also questions whether the loss of freshwater input actually results in lessened productivity in the
estuary or only in changes in the channels of productivity.

Budgets of Water, Organic Matter, and Nutrients

While the emergy analysis suggests that significant changes in the total emergy of the upper Gulf resulted
from the diversion of the Colorado River, comparison of the year fluxes and storage of water, organic matter,
PO -phosphorus and N -nitrogen lend additional insight. The magnitudes of inputs resulting from the Colorado
and those from net tidal flux and overall storages within the upper Gulf are shown in Figures 7 and 8. In
general, they suggest that internal cycling and tidal flux may account for more importance than the inflows
resulting from the Colorado.

Fresh Water: Figure 7a gives the water balance in the upper Gulf during the 1920s. Comparison of

the magnitudes of inflowing water from the river and net tidal inflow indicates how small the river

input actually is. Calculated evaporation is more than 10 times the inflow of the river. Yearly

rainfall over the Gulf is half of the inflow from the Colorado. Just in terms of volume of the

exchange of the tidal prism, the yearly exchange of water is three orders of magnitude greater than

the yeatly input from the river. Yet the influence of the Colorado’s fresh water, when considered

relative to its emergy input as chemical potential energy (Table 2) was the greatest single input

during the 1920s era.

Organic Matter: The yearly fluxes and storage of organic matter in the northern Gulf as shown in

Figure 7b indicate that the Colorado River’s contribution is nearly 3% of the total storage. Tidal

flux of organic matter is difficult, at best, to calculate, since it depends in part on the effects of

mixing resulting from currents around the mid-riff. So comparisons between river input and net

tidal flux may be inappropriate. Yet if the net tidal flux shown in Figure 7b is an indication of the

relative magnitudes, river inputs of organic matter were six times greater than the net tidal flux.

Comparison between river inflow and fotal tidal exchange, on the other hand suggests that the river

represents approximately 3% of the overall balance of inflows and outflows. In terms of the total

flux of organic matter, the Colorado contribution seems small, but may have been extremely

important in the yearly budget of organic matter.
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Nutrients: The determination of net tidal flux of nutrients between the upper and lower Gulf

depends on how well mixed the zone between these two water masses is, since the exchange occurs

over this relatively small interface. The currents in the mid-riff area of the Gulf are exceptionally

complex, thus determination of actual exchange of nutrients is further compounded in complexity.

Neverthele