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Abstract

A heavily impacted wetland in Jackson County, FL, USA was selected for this study.
Several approaches involving different perspectives were initiated to postulate and test
possible mechanisms of transport and transformation of Pb in the wetland environment. A
macroscopic system analysis was conducted as well to evaluate the benefits of wetland
ecosystem restoration. Microcosms containing cypress (Taxodium ascendens) and black gum
(Nyssa syl6atica) seedlings were used as a wetland surrogate to assess the ecological effects
of Pb and acidity on the wetland community. Three wetland management alternatives were
proposed. These included land control, sediment excavation, and wetland restoration by
replanting. An ‘emergy’-based ecological–economic evaluation revealed that restoration of
the wetland was the most beneficial option, with a net benefit of 15.2×1017 and 57.4×1017

solar emjoules (sej) for 20- and 62-year recovery times, respectively. The net benefit of this
alternative is calculated to be $756 000 and $2 870 000 for the 20- and 62-year recovery
periods, respectively, based on macroeconomic values for the US economy in 1990 of
2.0×1012 sej/$. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Steele City Bay wetlands in Jackson County of western Florida were heavily
impacted by inputs of acidic battery wastewater discharge from Sapp Battery
Service, from 1970 to 1980. Wetland structures and functions were altered by the
associated ecotoxicity effects. Devastation of the wetland community was observed
with respect to the predominant species, pond cypress (Taxodium ascendens) and
black gum (Nyssa syl6atica) (Ton et al., 1993). However, a field study and the
microcosm studies suggested a gradual recovery of the damaged wetland ecosystem
and showed that there were no significant effects on seedling growth under
simulated field conditions, respectively (Ton, 1993). A related simulation study
extrapolated into the future also suggested some recovery of the ecosystem (Ton et
al., 1996). Therefore, a macroscopic view of wetland management then served to
combine the above efforts.

The complexity of interactions between human activities and the natural environ-
ment has increased due to the rapid development of urban areas and associated
economic systems. Many studies have been conducted to aid in incorporating
environmental values into planning and decision-making processes (Odum, 1983,
1988a; Odum et al., 1988; Keller, 1992; Pritchard, 1992). The major effort of most
such evaluations has been focused on measuring the impacts of development and
the benefits from preserving the environment.

Environmental systems analysis seeks to develop a package of basic principles
that govern the interactions between natural and human systems. The package is
then used to analyze the structure of the system and to predict its performance
under different conditions (Odum, 1983, 1988a). Starting in 1983, the concept of
embodied energy was renamed ‘EMERGY’ and given the unit, emjoule (Odum,
1983; Scienceman, 1987). EMERGY is the energy of one form directly and
indirectly required to do environmental work (Odum, 1986). Therefore, emergy is
used as the principal conceptual tool for expressing the inter-relationship of
energetic flows and resource quality, and for linking together systems of the natural
environment and human economy (Odum, 1971, 1988a).

As a result, emergy analysis is a type of embodied energy analysis that can
provide common units (emergy) for comparison of environmental and economic
goods by summing the energy of one type required directly or indirectly for
production of goods (Odum, 1988a). Different energy forms contribute in turn to
the ecological processes and to economic activities. The actual energy of various
kinds which is used for production processes is said to be ‘embodied’ in the
product.

In emergy analysis, the quality of each form of energy is taken into account by
multiplying each quantity of energy by its solar transformity. Solar transformity is
defined as solar emergy per unit energy (sej/j) (Odum, 1988a,b). Energy of high
transformity has more emergy and is high in its quality of effect. For clarification,
Table 1 provides a summary of definitions embodied in the concept and emergy
evaluation terms.
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‘Price’ is the amount of money needed to buy a certain unit of goods or services.
It reflects the relationship between the flow of goods and the flow of money.
Commonly it is referred to as market value, defined in terms of what people are
willing to pay (Baumol and Blinder, 1985). Natural inputs and human services are
each considered to contribute to economic growth. However, it is difficult to place
a market value on natural services. This is because money is paid only for human
services, with nature never getting paid (Odum et al., 1988). To evaluate the
contribution of natural services, solar emergy is considered as a common measure.
All energy sources that contribute to the economy are calculated in terms of solar
emergy. By dividing the total solar emergy of the economy by the gross national
product (GNP), the emergy–money ratio is obtained (Odum et al., 1988). In other
words,

Emergy−money ratio (sej/$)=
(Total solar emergy of the economy (sej)

Gross national product ($))

By dividing the solar emergy of any environmental inputs by the emergy–money
ratio, the amount of natural contributions, in terms of macroeconomic value, can
be estimated as

Macroeconomic value ($)=
Energy (sej)

Emergy−money ratio (sej/$)

Decision on the use of resources in ecological management cannot be made
correctly using money because money is only paid for services, but an emergy
comparison can be prepared for choosing among environmental alternatives. The
net emergy yield of an energy resource and/or an ecological process are their

Table 1
Definitions of emergy evaluation concepts

Energy of a single type required directly and indirectly for transformationsEmergy
in order to generate a product or service.

Solar emergy Solar energy required directly and indirectly to produce a product or service
(units of solar emjoules, sej).
Emergy per unit energy required for a given product or service in a system.Transformity
Solar emergy per unit energy, units are solar emjoules/joule (sej/J).Solar transfor-

mity
Emergy per Emergy of a single type required to generate a flow or storage of a unit mass of
unit mass a material (units of sej/g).

Emergy flow per unit time, usually per year (units of sej/yr).Empower
Emergy/money Ratio of emergy flow to money flow, commonly for a state or nation, calculated

ratio as annual emergy use divided by the value of the gross national product (units
of sej/$).

Net emergy yield Ratio of the emergy yield divided by the emergy used for processing, served as
an indication of contribution to the economy.ratio
Ratio of emergy brought into an area from the economy and from environmen-Emergy invest-

ment ratio tal resources, served as a measure of economic loading of the environment.

Sources: Odum, 1988a,b, 1991; Odum et al., 1988.
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emergy yield after subtracting the emergy for processing. Primary sources and/or
ecological processes can be evaluated with the net emergy yield ratio, which is the
ratio of the emergy yield divided by the emergy used for processing. In other words,

Net emergy yield ratio=
Yield emergy

Feedback emergy

Typical net emergy yield ratios of fuels and environmental products ranged from
1.06 to 12.0 (Odum, 1996). A higher net emergy yield of energy resources and
ecological processes indicated more contribution to the economy; therefore, more
economically competitive than the lower ones. The ratio of emergy brought into an
area from the economy and from the environmental resources, which are used in
the interaction, is the emergy investment ratio (Odum, 1996). It can be obtained as

Emergy investment ratio=
Purchased emergy

Environmental emergy

This index is a measure of economic loading of environment and can also be used
for determining the competitive of an ecological process. Lower emergy investment
ratio of a proposed project usually means that it requires less purchase costs from
economy and more support from environment. Environmental processes with
higher emergy investment ratios usually have less environment to support each unit
for economic activities. Thus, the impacts on them are heavier and more of their
emergy is used up without being reinforced.

2. Systems analysis

Several work plans were prepared in response to the US EPA and FDER
(Florida Department of Environmental Regulation) requests for a remedial investi-
gation and feasibility study (RI/FS) at the Steele City Bay wetlands (Watts, 1984;
Ecology and Environment, 1989; CH2M HILL, 1991). Remedial alternatives were
also developed and proposed to the US EPA and the FDER (Trnovsky et al., 1988;
Bechtel Environmental, 1991). Two alternatives proposed in the aforementioned
reports and restoration of the wetland ecosystem by replanting, as proposed herein,
are evaluated by using the ecological–economic method for wetland management.
These alternatives include the following.

(A) Planting: to restore the wetland ecosystem by providing seedlings. Such
revegetation efforts would promote gross primary production (GPP) by the
wetland ecosystem. It would therefore enhance the biogeochemical processes for
Pb, and consequently reduce the toxicity effects of Pb in the wetland ecosystem.
According to the sediment quality criteria (Bonnevie et al., 1992) and the
contaminant clean-up criteria (Trnovsky et al., 1988), a fence is needed for the
Steele City Bay West wetland to protect human health.
(B) Land control: to restore the wetland ecosystem by natural processes. In this
case, no treatment is applied to the contaminated site. A fence for the Steele City
Bay West wetland, to protect human health, is the only requirement. This is one
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of the alternatives being suggested to the FDER and EPA. It is intended to serve
as a baseline against which other alternatives can be measured.
(C) Sediment excavation: to remove and dispose of the contaminated sediment.
Removal of contaminated sediment for disposal in an off-site, secure landfill is
considered in this alternative. This action provides a high level of clean-up and
prevents any further migration of contaminants. Cost for this alternative is
estimated for the excavation action only; off-site disposal is not evaluated.
A system diagram, with energy circuit language symbol, of three alternative

wetland management systems is shown in Fig. 1. By estimating energy flows in
terms of solar emergy (solar emjoules, sej), an emergy table can be established to
evaluate alternative wetland management strategies. The net emergy, or emergy
yield, of an ecological process and/or the cost of wetland management can be
calculated with respect to macroeconomic value. The emergy investment ratio and
the net emergy yield ratio are therefore used to determine the economic competi-
tiveness of an ecological process and the benefit of an ecological process to society
or the economy, respectively (Odum, 1996).

3. Results and discussion

To characterize emergy values for the environmental work, an emergy evaluation
table with an itemized list of energy flows from natural resources, imported
resources, exports, and storage has been prepared. The emergy evaluation of energy
flows for three alternative strategies of wetland management is shown in Table 2.

Energy inflows of renewable resources are estimated as a natural input received
by a defined area. Thus, the natural input for the three alternatives is kept constant,
which has a value of 50.3×1015 sej. The different wetland management strategies
also involve various goods and services. The emergy for each energy input is
calculated by multiplying the energy of the material by its solar transformity. The
transformity of human service, which usually is embodied in equipment and fuel
used, can be obtained by dividing the total emergy used in the US economy by the
GNP. The value is calculated as 2.0×1012 sej/$, according to US economic figures
for 1990.

Nonrenewable resources applied to the system for wetland restoration include
fence construction, seedling supply, and operation and maintenance costs (items 5,
6, and 7). The emergy of seedlings and annual operations costs also are calculated
according to their transformities. The summation of these nonrenewable resources
is 152.6×1015 sej.

It is believed that replanting, the first alternative considered, will promote
wetland production. After 20 years of revegetation, the Steele City Bay wetlands are
assumed to gradually recover to normal conditions. Thus, the GPP of this wetland
ecosystem is based on the production of a normal forest wetland ecosystem. The
transformity of GPP in this study is obtained by dividing the total solar emergy of
the wetland ecosystem by the energy of a forest wetland in primary production. The
value is calculated to be 1091 sej/j. Thus, the emergy of a well-functioning wetland
ecosystem (item 8) is estimated at 50.3×1015 sej.
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Table 2
Emergy evaluation of emergy flows of alternative wetland management strategies

Solar emergy (×1015Raw unitsItem Transformity or
sej)emergy/unit

Energy inflows (renewable
source)

1.00×100 sej/JSunlight1 1.11.07×1015 J/yr
1.50×103 sej/JWind2 7.85×1010 J/yr 0.1
1.82×104 sej/J 16.69.10×1011 J/yrRain, chemical3

8.22×1011 J/yr 4.11×104 sej/J 33.7Runoff4

Planting
Energy inflows (nonrenewable

source)
144.0Good and services (fence)5 7.20×104$ 2.00×1012 sej/$
0.41.20×105 sej/JGood and services 3.01×109 J

(seedlings)6

4.10×103$Good and services (O/M 2.00×1012 sej/$ 8.2
costs)7

Subtotal 152.6 sej
Ecosystem processes

50.3GPP8 4.61×1013 J/yr 1.09×103 sej/J

Land control
Energy inflows (nonrenewable

source)
144.0Goods and services (fence)9 7.20×104 $ 2.00×1012 sej/$

Ecosystem processes
15.6GPP10 1.43×1013 J/yr 1.09×103 sej/J

Sediment exca6ation
Energy inflows (nonrenewable

source)
306.92.00×1012 sej/$Goods and services (excava- 1.53×105$

tion)11

Energy export
4.42×103 sej/JPeat, sediment12 9.50×1013 J 420.0

Ecosystem processes
15.6GPP13 1.43×1013 J/yr 1.09×103 sej/J

Total emergy used/GNP (1990 US)=2.00×1012 sej/$ (Odum, 1996).
1 Area (m2)=2.49×105; insolation (kcal/cm2/yr)=1.46×103 (Odum et al., 1987); Albedo (=30%)=
3.00×10−01 (Odum et al., 1987); energy (J/yr)= (area)*(ave insolation)*(1−albedo)*(1000 cm2/
m2)*(4186 J/kcal)=1.07×1015.
2 Height (m)=1.00×103 (Odum et al., 1987); air density (kg/m3)=1.23×100 (Odum et al., 1987);
diffusion coefficient (m2/s)=2.25×100 (Odum et al., 1987); wind gradient (l/s)=1.90×10−3 (Odum et
al., 1987); surface wind (J/yr)= (height)*(density)*(diffusion coefficient)*(wind gradient)2*(area)*(1 J/s/
W)*(3.154×107 s/y)=7.85×1010.
3 Gibbs free energy (J/g)=4.94; rainfall (m/yr)=1.48×100 (US Soil survey Jackson County, FL, 1979);
evapotrans rate (m/yr)=7.40×10−1 (assume 50% ET rate) (Ewel and Odum, 1984); energy of rain
(J/yr)= (area)*(rainfall)*(ET rate)*(G)*(×106 g/m3)=9.10×1011.
4 Annual runoff rate (m/yr)=6.68×10−1 (calculated from Soil Conservation Service method); energy
(J/yr)= (area)*(annual runoff rate)*(l000 kg/m3)*(4.94×103 J/kg)=8.22×1011.
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For the second alternative, the wetland itself is assumed to be preserved without
any treatments. Concerns for elevated Pb concentrations in sediments to human
health dictate adding a fence in this option (item 9). The emergy value for the fence
is 144.0×1015 sej. Since Sapp Battery Service has ceased operation, field measure-
ments have revealed a slow recovery of wetland production (Pritchard, 1992).
Because of this slow recovery, the GPP for the emergy calculations is based on field
measurements for the damaged wetland ecosystem in 1991 (Pritchard, 1992), which
are estimated at 1.43×1013 J/yr. The energy value of the GPP for a damaged
wetland ecosystem (item 10) is then estimated as 15.6×1015 sej.

The third alternative, sediment excavation, is considered to be a highly effective
alternative for cleaning up contamination; however, the high cost makes this option
less acceptable (Trnovsky et al., 1988). Estimation of the cost of this operation
(item 11) is based on two earlier reports (Trnovsky et al., 1988; Bechtel Environ-
mental, 1991). The ratio of the off-site contaminated sediment volume to total
contaminated soil/sediment volume is 1.74×10−2 (Trnovsky et al., 1988). By
multiplying this ratio by the total cost for excavation, the costs embodied in
equipment and fuel are obtained. The emergy for sediment excavation is estimated
at 306.9×1015 sej.

The excavation action not only requires outside energy inputs but also exports
the energy of the peat stored in the ecosystem. Therefore, the energy of sediment
excavation (item 12) is calculated by multiplying the mass of the excavated
sediment by its energy content. The emergy value is then estimated to be 420.0×
1015 sej.

Several assumptions are necessary for the GPP estimation of the sediment-exca-
vation alternative. First, the excavation action may disturb the ecosystem or even
create a different ecosystem, such as development of a deep pond ecosystem.
Second, the removal of sediment from the wetland area may reduce future nutrient:
supply for wetland production. Third, without proper management the production

5 Length (ft)=4.80×103; unit price ($/ft)=1.50×101 (Bechtel Environmental, 1991); human services
embodied in equipment and fuel used ($)= (length)*(unit price)=7.20×104.
6 Seedlings=4.00×103; biomass (g)=4.00×101; energy contents of biomass (J/g)=1.88×101 (Odum et
al., 1987) Seedlings (J)= (seedlings)*(biomass)*(energy content of biomass)=3.01×109.
7 (Operation and maintenance costs): human services embodied in equipment and fuel ($)=4.l0×103

(Lahors, misc.).
8 GPP calculation based on the control forest wetland ecosystem (Pritchard, 1992): gross primary
production=1.85×108 (J/m2/yr); energy (J)= (area)*(GPP)=4.61×1013.
9 Length (ft)=4.80×103; unit price ($/ft)=1.50×101 (Bechtel Environmental, 1991); human services
embodied in equipment and fuel used ($)= (length)*(unit price)=7.20×104.
10 GPP calculation based on the damaged wetland ecosystem: gross primary production=5.73×107

(J/m2/yr) (Pritchard, 1992); energy (J)= (area)*(GPP)=1.43×1013.
11 Excavation costs ($)=8.67×105 (Bechtel Environmental, 1991); total soil/sediment excavation (m3)=
9.65×105 (Trnovsky et al., 1988); off-site sediment excavation (m3)=1.68×104 (Trnovsky et al., 1988)
Costs embodied in equipment and fuel used ($) = (Excavation costs)*(off-site excavation ratio)=
1.53×105.
12 Peat (J)= (total volume)*(bulk density)*(energy content of peat)=9.50×1013 (Odum et al., 1987).
13 GPP calculation based on the damaged wetland ecosystem: gross primary production=5.73×107

(J/m2/yr) (Pritchard, 1992); energy (J)= (area)*(GPP)=1.43×1013.
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recovery may cease or progress at only a slow rate. Thus, the GPP for this alternative
(item 13) is estimated as that for an ordinary pond system, and not very different
from that for a damaged wetland ecosystem.

Based on the emergy analysis, an empower graph for wetland production is shown
in Fig. 2. The recovery rates from this graph provide a database for the emergy
evaluation of the various wetland management strategies. Recovery rates for the
three alternatives are projected as 20 years, 62 years, and infinite from 1991, shown
as (a), (b), and (c), respectively. Wetland production over time is calculated by
estimating the associated areas; i.e. wetland empower (sej/yr)=wetland production
(sej)/time (yr).

The emergy evaluation of alternative management strategies with different recov-
ery rates is summarized in Table 3. Emergy values for different works are listed for
each alternative. Ecosystem processes, i.e. wetland production, and clean surface
water being filtered and passed downstream are the major benefits provided to the
society by a wetland ecosystem. By subtracting the emergy input for wetland
management from the benefit of natural work, a net benefit can be obtained for each
specific wetland management strategy. For the purpose of comparison, a monetary
unit (macroeconomic value, 1990 US$) is used.

Fig. 2. Empower graph of wetland production with three alternatives: (a) planting, (b) land control, and
(c) sediment excavation.
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Table 3
Emergy evaluation of alternative management strategies with different recovery rates

EmergyEmergyItem Macroeconomic valueaEmergy
yield(×1017 sej) (×106 1990 US$) investment

62 years ratio1120 years ratio1262 years 20 years

3.03 9.92Planting
1. Ecosystem processes1 6.6 27.7
2. Water filtered and 10.1 31.2

passed downstream2

3. Management cost3 1.5 1.5
Net benefit (item 1+2− 2.870.75615.2 57.4

3)
2.86Land control 8.93

4. Ecosystem processes4 4.2 25.4
5. Water filtered and 10.1 31.2

passed downstream5

6. Management cost6 1.4 1.4
Net benefit (item 4+5− 2.760.64312.9 55.1

6)
6.10 1.93Sediment exca6ation

7. Ecosystem processes7 3.1 9.7
8. Water filtered and 10.1 31.2

passed downstream8

9. Peat storages loss9 4.2 4.2
10. Management cost10 3.1 3.1

0.296 1.68Net benefit (item 7+8− 5.9 33.6
9−10)

a Solar emergy, 2.0×1012 sej/$.
1 Calculated from empower graph of wetland production (Figure 2): emergy (20 years)=6.6×1017 sej;
emergy (62 years)=27.7×1017 sej.
2 Calculated from Table 2 (item 3+4)=50.3×1015 sej/yr: emergy (20 years)=10.1×1017 sej; emergy (62
years)=31.2×1017 sej.
3 Calculated from Table 2 (item 5+6+7)=152.6×1015 sej/yr.
4 Calculated from empower graph of wetland production (Figure 2): emergy (20 years)=4.2×1017 sej;
emergy (62 years)=25.4×1017 sej.
5 Same as note 2.
6 Datum from Table 2 (note 9)=144.0×1015 sej/yr.
7 Calculated from empower graph of wetland production (Figure 2): emergy (20 years)=3.1×1017 sej;
emergy (62 years)=9.7×1017 sej.
8 Same as note 2.
9 Calculated from Table 2 (note 12)=420.0×1015 sej/yr.
10 Datum from Table 2 (note 11)=306.9×1015 sej/yr.
11 Emergy of management cost/emergy of environmental inputs (0.5 rain and run off, Table 2).
12 Emergy of net benefit/emergy of management cost.

The net benefit emergy for wetland restoration by planting, alternative A, is
15.2×1017 and 57.4×1017 sej for 20- and 62-year recovery rates, respectively. Land
control, alternative B, has a net benefit from 12.9×1017 to 55.1×1017 sej after 20
to 62 years of recovery. Due to the low productivity in pond systems and the lack
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of sediment to filter the pollutants, alternative C (sediment excavation) has the lowest
benefit from natural input. The loss of sediment storage further reduces the net
benefit for this option.

To apply the macroeconomic values to estimate the benefit to society after 20
years, $756000, $643000, and $296000 are obtained for alternatives A, B, and C,
respectively. The figures for 62 years are increased to $2870000, $2760000, and
$1680000 for A, B, and C, respectively. Results of emergy investment ratio are 3.03,
2.86, and 6.10 for alternatives A, B, and C, respectively. The net emergy yield ratio,
which is the ratio of the emergy yield divided by the emergy used for processing, are
obtained for alternatives A, B, and C as 9.92, 8.93, and 1.93, respectively.

The result of the net benefit calculations, i.e. macroeconomic values, suggest that
alternative A is a better management strategy than the other two strategies for this
impacted wetland ecosystem. Results of the emergy investment ratio calculations
suggest that alternative C requires too much investment and cost from society, which
would make this process economically uncompetitive. Results of net emergy yield
ratio calculations were compared with some typical values of fuels and environmental
products in an earlier report (Odum, 1996), ranging from 1.06 for palm oil to 12.0
for naturally grown rainforest wood. Alternative A evidenced a higher net emergy
yield, i.e. 9.92, than for the most environmental products, and was even greater than
for oil production, i.e. 7.9. Comparison of restoration of the wetland by planting
(alternative A) with reclamation of a phosphate mine by succession (phosphate
reclamation) showed that the net emergy yield of alternative A was greater than the
net emergy yield of phosphate reclamation (found to be 1.61 by Brown, personal
communication).

Since a good public policy for a nation or a state is to pursue resources and/or
invest in processes with the highest net emergy yield ratio (Odum, 1996), the emergy
evaluation practice in this study suggests that alternative A is the most appropriate
management strategy for this impacted wetland ecosystem. Emergy evaluation
proved to be a better way to value the nonmarketed goods and services which nature
provides for our society.
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