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Abstract

Wind erosion and rising water tables are serious threats to the ecological sustainability of annual plant-based farming systems
on deep, infertile sandplain soils in southwestern Australia. In this study, an annual cropping system was compared with two
novel perennial plant-based systems designed to address these threats in terms of their use of renewable indigenous resource,
their use of non-renewable indigenous resources, their purchased inputs of energy and materials, and profitability. The farming
systems were an annual lupin/wheat (Lupinus angustifolius L./Triticum aestivum L.) crop rotation, a plantation of the fodder
tree tagasaste (Chamaecytisus proliferus L.) and an alley cropping system in which the lupin/wheat rotation was grown between
spaced rows of tagasaste trees. Flows of energy and materials between the environment and the economy were identified for
each farming system and the natural and human activity involved in generating inputs as goods or services then valued in terms
of the equivalent amount of solar energy required for their production using the emergy method of Odum [Ecological and
General Systems: An Introduction to Systems Ecology. University Press of Colorado, revised edition of Systems Ecology, 1983,
Wiley, New York, 644 pp.; Environmental Accounting: Emergy and Environmental Decision Making. Wiley, New York, 370
pp.]. The results showed that the two largest energy flows in the conventional lupin/wheat cropping system were wind erosion
and purchased inputs of phosphate. The renewable component of production was 15% of total flows in the lupin/wheat system,
30% in the alley cropping system and 53% in the tagasaste plantation. The annual net income from the plantation system was
nearly four times higher, and from alley cropping 45% higher, than from the lupin/wheat rotation. This analysis suggested that
once the two agroforestry systems were fully established, the tagasaste plantation was the most efficient at transforming natural
resources into goods and services and the most profitable, while the lupin/wheat system was the least energy efficient and the
least profitable.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The development of agriculture in southwestern
Australia since European settlement 170 years ago
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has involved the rapid replacement of the endemic
woodland, heath and forest vegetation with a syn-
thetic annual grassland of crops and pastures. The
sustainability of these farming systems is now in
question in light of their environmental impact and
this has prompted interest in the development of bet-
ter adapted farming systems (Williams, 1997; Lefroy
et al., 2000).
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Two consequences of vegetation change have been
wind erosion and rising water tables. The semi-arid
climate, low relief and sandy surfaced soils have meant
that large wind erosion events have become a feature
of crop growing areas since clearing. Rising water ta-
bles are a direct consequence of the lower annual tran-
spiration of agricultural crops compared to the orig-
inal woodland and heath vegetation. Lower transpira-
tion in turn produces higher rates of runoff and deep
drainage and results in water logging, and on some
heavier textured soils with high levels of salt storage
in the subsoils, land salinisation (Hatton and Nulsen,
1999). Water logging and salinity currently affect 10%
of the 20 million ha of cleared land in southwestern
Australia and this is predicted to increase 30% by the
middle of next century (Hatton and Nulsen, 1999).
This is affecting not only the productivity of farmland
but also water quality, built infrastructure and the via-
bility of remnant stands of native vegetation (George
et al., 1997). In the area of our study, a 2 million ha
sandplain region lying between latitudes 28 and 31◦
south on the west coast of Australia, the major water
related issue is water logging rather than salinity.

Emphasis has therefore been placed on surface soil
protection and increased water use in the development
of alternative farming systems, and there is increasing
recognition that meeting these objectives will involve
a significant increase in the proportion of deep-rooted
perennial plants in the agricultural landscape (Hatton
and Nulsen, 1999). A major obstacle to the devel-
opment and adoption of perennial-based land use
systems such as forestry and agroforestry is the diffi-
culty of quantifying and demonstrating their relative
economic and ecological sustainability. Their com-
mercial and environmental impacts are long term and
therefore less easily predicted. Their environmental
impacts vary with their stage of maturity and are less
open to modification once in place. They also rep-
resent more expensive mistakes than the adoption of
innovations in annual farming systems if they prove
to be unacceptable for economic, ecological, or other
reasons.

An important question is therefore how to iden-
tify land use systems that have the best likelihood of
long term success. Wind erosion control, water man-
agement and profitability alone are insufficient crite-
ria for sustainability. While it is widely recognized
that assessment of sustainability requires integrat-

ing ecological, economic and social factors, decision
making is currently based on a fragmented process
that lacks a common language. A general definition
of sustainable agriculture is “the ability to maintain
production over long time frames despite major eco-
logical and socio-economic perturbations and stress”
(Conway, 1985; Altieri, 1987). Economic sustainabil-
ity is commonly assessed by calculating profitability,
cash flow and returns on investment. Resources and
resource degradation are also occasionally valued di-
rectly in economic terms although placing a dollar
value on ecosystem services and their disruption re-
mains problematic (Pearce, 1983; Pearce and Turner,
1990; Costanza et al., 1997; Pimentel et al., 1997;
Edwards-Jones et al., 2000). Ecological sustainability
can be assessed by comparing carbon, nitrogen and
water cycling and impacts on biodiversity at species,
community and landscape scales. The experience
of rapid land degradation in southwestern Australia
highlights the need for more integrated approaches to
quantifying the impact of farming systems on the en-
vironment and the human economy. In this study, the
emergy method of energy accounting developed by
Odum (1994, 1996)was selected as it offers a means
of quantifying the direct and indirect environmental
work involved in generating a product or service.
The aims of this study were to compare the resource
use and environmental impact of two novel perennial
plant-based farming systems with those of conven-
tional annual cropping with a particular emphasis on
wind erosion control and water use.

2. Method

2.1. Emergy analysis

The use of energy analysis to value transactions
between human society and nature was initially based
on the work ofLotka (1925)and gained prominence
in the 1970s, but has suffered from two main failings.
First, while conventional energy analysis accounts for
the direct and indirect fuel consumption needed to
produce a good or service, it provides no information
about its potential impact or appropriate use (Fluck
and Baird, 1980; Stout, 1990; Smil, 1991). Secondly
the language of energy is not easily translated into the
currency of human exchange.
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Emergy analysis was developed as a form of en-
vironmental accounting to address these weaknesses.
Odum (1994, 1996)defined as a measure of the total
energy used in the past to make a product or service,
as distinct from the contemporary available energy
expressed by the heat content in Joules. This goes
beyond classical energetics in recognizing different
qualities or forms of energy, acknowledging that en-
ergy of one dilute form (such as sunlight) is used
to generate more concentrated forms, such as plant
products. In doing so, it makes allowance for the
fact that different kinds of energy, such as a calorie
of sunlight, electricity or human thinking, represent
different abilities to do work.

By attempting to account for all the work previously
involved in generating a resource, product or service,
the emergy method sets out to provide a scientific basis
for wealth. The common basis for evaluating all flows
and storages of energy and materials issolar emergy,
defined as the amount of available solar energy used up
directly and indirectly to make a service or product, ex-
pressed assolar emJoules (sej). A fundamental orga-
nizing principle of the emergy concept is the maximum
power principle, which is stated according toOdum
(1996) “ In the competition among self-organizing
processes, network designs that maximize power will
prevail.” Brown and Herendeen (1996)stated the
maximum power principle as follows: “Systems that
will prevail in competition with others develop the
most useful work from in-flowing emergy sources
by reinforcing productive processes and overcoming
limitations through system organization.” As a conse-
quence, it is suggested that the convergence of energy
through the network of transformations necessary to
generate a product or service results in that product
or service being supported by more emergy than is
reflected in its available energy.

The ratio of emergy required to make a product
or service to the available energy of the product or
service is defined as the transformity. The units of
transformity are solar emJoules/Joule, abbreviated
sej/J or solar emJoules/kg (sej/kg). The higher the
transformity, the higher that item is located in the
energy hierarchy chain. This is based on the assump-
tion implicit in the maximum power principle that the
more energy required to make a product or service,
the higher its emergy value. The emergy of a product
or service is calculated by multiplying its available

energy by its transformity. For some commodities,
different transformities have been derived in differ-
ent contexts. The transformity calculated under the
most similar conditions to those in a particular study
should be chosen in order to arrive at the best esti-
mate of the emergy value for a product or service.
Where no transformity exists from a previous study
for an essential component, a new transformity has
to be derived. In this study for example an emergy
analysis of the Australian national economy was car-
ried out to derive a transformity for the Australian
dollar.

A potential advantage of this method over conven-
tional economic and energy analysis is the capacity to
value renewable and non-renewable natural resource
inputs and environmental service outputs normally
considered ‘free’. A fuller treatment of the theoretical
background to the emergy approach can be found
in Odum (1998), Brown and Ulgiati (1998), Odum
et al. (2000), Brown et al. (2000), Brown and Ulgiati
(2001)andOdum and Odum (2001).

2.2. The farming systems

The systems under study were a lupin/wheat ro-
tation, an alley cropping system in which this crop
rotation is grown between rows of the fodder tree
tagasaste (Chamaecytisus proliferus Link) 30 m apart
(550 trees/ha) and plantation density tagasaste (2300
trees/ha). The lupin/wheat rotation represents the con-
ventional cropping system in the study area, a region
characterized by deep, infertile sandy soils on the
south west coast of Australia. The plantation system
has been adopted on an estimated 100 000 ha in this
region over the last decade for cattle and sheep pro-
duction (Tudor, personal communication). The alley
cropping system is a more recent innovation, devel-
oped by landholders as a multi-purpose system to
protect their core grain growing activity by reducing
wind erosion and deep drainage while simultane-
ously providing supplementary stock feed in autumn
(Lefroy, 1994). In this study, it was assumed that trees
in alley and plantation systems were cut and grazed
in autumn, in accordance with commercial practice,
and that income from the tree fodder was derived by
agisting stock at a carrying capacity of one dry sheep
equivalent (DSE) per kilogram of edible tagasaste
dry matter per day (Oldham et al., 1994). In the
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lupin/wheat and alley cropping systems, the grazing
value of crop residues was also included.

2.3. Conceptual approach

Analysis was carried out at a 1 ha scale for each
of the three farming systems. The flows of matter
and energy across each system boundary are shown
in aggregate form inFig. 1 using the energy systems
symbols described inOdum (1994, 1996). Seen from
this perspective, agriculture is driven by two kinds
of outside sources. To the left are the free renewable
emergy flows (sun, wind and rain), and to the right
the purchased sources of emergy in the form of fuel,
goods and services. These are shown aggregated into
renewable environmental inputs (R), non-renewable

Fig. 1. Systems diagram illustrating the flow of energy and materials to and from a sandplain farming system expressed as flows of solar
emergy per unit time where emergy is the cumulative measure of the energy used in the past to make a product or service, expressed
in units of solar energy (solar emJoules; sej), (Odum, 1996). The aggregated flows shown are local renewable inputs (R), non-renewable
storages (N), purchased energy and materials (M) and the service component of purchased inputs (S) and (Y) which is the sum of the
emergy value of the inputs. The aggregated flows are used to calculate emergy-based indices of sustainability.

environmental inputs (N), fuel and materials (M), the
service component of purchased inputs (S) and finally
the total emergy (Y) being the energy required to
support the yield. These aggregated flows of emergy
were then used to derive indices of sustainability and
returns on invested emergy as a basis for comparing
the alternative land uses (Fig. 1). The indices used
are renewable portion of total emergy (R/Y); envi-
ronmental loading (N + M + S)/R; investment ratio
(M + S)/(R + N ); emergy exchange ratioY/(output
price in emergy); return on invested emergy (output
price in emergy)/(M + S).

The solar emergy of each flow was calculated by
multiplying the energy in Joules (or directly from its
mass) by specific transformities which attempt to ac-
count for the amount ofsolar emergy required to make
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a product or service, expressed assolar emJoules per
Joule (sej/J) or solar emJoules per gram (sej/g). These
transformities are derived from previous studies that
have evaluated the energy flows and conversion effi-
ciencies involved in producing the natural resource,
product or service inputs (Odum, 1996). According
to this definition, the transformity should express the
solar energy per unit available energy (Odum, 1996).
The new transformities generated in this study are ex-
pressed as solar emergy per Joule, with the measure of
energy being based on the enthalpy value for the new
calculated transformities with the exception of nitro-
gen which is expressed on a weight basis (sej/kg).

2.4. Data sources and emergy evaluation

The data were taken primarily from an 8 ha farming
systems experiment comparing productivity, water
use and nitrogen inputs at a site 200 km north east
of Perth, Western Australia (Lefroy and Stirzaker,
1999; Lefroy et al., 2001a,b; Unkovich et al., 2000).
Assumptions about the management and productivity
of each farming system and data sources used in the
analyses are listed in footnotes toTables 1–5.

To place an emergy value on the service compo-
nent of purchased inputs, we calculated the emergy
to dollar ratio for the Australian economy in the
1996/1997 financial year. This was done by dividing
the total emergy value of Australia’s Gross National
Product (GNP) by its dollar value. The emergy value
of Australia’s GNP was calculated from commodity
statistics for Australia’s products and exports for the
year 1996 (Australian Bureau of Agricultural and
Resource Economics, 1997) and transformities re-
ported byOdum (1996). The emergy to money ratio
for Australia 1996/1997 was found to be 2.71 ×
1012 sej/US$ (calculations available from the authors).

3. Results

3.1. Emergy analysis of the farming systems

The emergy flows calculated for the three land use
systems are itemized inTables 1–5and represented
in aggregated form inFig. 2. Emergy analysis of the
lupin/wheat rotation system (Tables 1 and 2) shows
that largest emergy flows were associated with soil

Fig. 2. Summary diagram of the emergy flows in the three cropping
systems: (a) lupin/wheat rotation, (b) tagasaste plantation and (c)
alley cropping. All emergy flows are 1013 sej/ha per year. The
largest of the renewable energy sources (R, items 1–4,Tables 1–5),
is taken to represent total renewable flows as the other renewable
energy flows represent by-products of the same coupled processes.
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Table 1
Emergy evaluation of lupin/wheat rotation (all flows per hectare per year)

Item number Item description Annual flow
(raw units)

Transformity
(sej/unit)

Solar emergy
(sej × 1012)

Renewable energy sources (R)
1 Sunlight (J) 5.66E+13 1.0E+00 56.6
2 Wind, kinetic energy (J) 2.72E+10 1.5E+03 40.7
3 Rain, chemical energy (J) 1.58E+10 18.2E+03 287.7
4 Rain, geopotential energy (J) 9.02E+08 10.5E+03 9.5

Non-renewable sources (internal) (N)
5 Net topsoil loss (J) 1.58E+10 62.5E+03 987.5

Purchased fuels and goods (M)
6 Diesel, gasoline and lubricants (J) 3.05E+08 56.1E+03 17.1
7 Electricity (J) 3.60E+06 173.7E+03 0.6
8 Phosphate (kg) 1.29E+01 17.0E+12 219.1
9 Pesticides (kg) 2.72E+08 56.1E+03 15.3

10 Seed (J) 1.10E+09 34.8E+03 38.3
11 Machinery and buildings (kg) 1.17E+00 3.0E+12 3.5

Labor and service (S)
12 Labor (US$) 1.34E+01 2.4E+12 32.3
13 Diesel, gasoline and lubricants (US$) 2.98E+00 2.4E+12 7.2
14 Electricity (US$) 5.00E−01 2.4E+12 1.2
15 Phosphate (US$) 2.10E+01 2.4E+12 50.6
16 Pesticides (US$) 1.59E+01 2.4E+12 38.3
17 Seed (US$) 2.97E+01 2.4E+12 71.6
18 Machinery and buildings (US$) 2.79E+01 2.4E+12 67.3
19 Consultants, insurance and interest (US$) 9.40E+00 2.4E+12 22.7

Total service and labor (US$) 1.21E+02 291.1

Output (Y)
20 Grain (J) 1.59E+10 117.0E+03a 1860.3
21 Crop residues (J) 1.29E+10 144.2E+03b 1860.3
22 Nitrogen fixation (kg) 4.00E+01 46.5E+12c 1860.3

Economic value of output
23 Grain (US$) 1.48E+02 2.4E+12 355.2
24 Crop residues (US$) 2.24E+01 2.4E+12 53.8

Total value (US$) 1.70E+02

SeeTable 2for numbers and its description.
a Solar transformity of grain (sej/J).
b Solar transformity of crop residues (sej/J).
c Solar transformity of nitrogen fixation (sej/kg).

erosion (item 5), evapotranspiration (item 3) and phos-
phate fertilizer (item 8). Those three sources accounted
for more than 80% of the total emergy budget. Emergy
in labor and service (items 12–19) accounted for 16%
of the total emergy budget. In the tagasaste plantation
system (Tables 3 and 4), emergy in evapotranspiration
(item 3) was the single largest driving force followed
by phosphorus (item 8) and soil loss (item 5). In alley
cropping, evapotranspiration, soil loss and phosphorus

(Table 5) were also the three largest emergy sources,
although soil loss was reduced to one-third of that
in the lupin/wheat system due to the presence of the
spaced tree rows. Labor, pesticides, seed, diesel, ma-
chinery and buildings were, in emergy terms, almost
1 order of magnitude lower than the largest sources in
all the farming systems.

Soil erosion, the highest emergy flow in the
lupin/wheat system, had an annual flow of 988E+
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Table 2

Item number Item description

1 Average insolation at Moora 7.25× 109 J/m2 per year (Lefroy and Stirzaker, 1999). Energy received over
land= 10 000 m2 (land area)× 7.25× 109 J/m2 per year× (1 − 0.22) (1 − albedo annual crop)= 5.66× 1013 J
per year. Transformity= 1 by definition (Odum, 1996).

2 Eddy diffusion coefficient assumed to be 2.8 m3/m/s (Odum and Odum, 1983); vertical velocity gradient estimated
from 18 locations around Australia, 5000 m/m/s (Australian Bureau of Meteorology, 1977). Wind energy
absorbed= 10 000 m2 × 1000 m (height of boundary layer)× 1.23 kg/m3 (density of air)× 2.8 m3/m/s ×
3.154× 107 s per year× (5×10−3) m2/m/s = 2.72×1010 J per year. Transformity fromOdum (1996).

3 Precipitation= 460 mm per year, evapotranspiration of annual crops= 320 mm per year (Asseng et al., 1998;
Lefroy and Stirzaker, 1999). Chemical potential energy of rain over land= 10 000 m2 (land area)× 0.32 m
(evapotranspiration)× 1000 kg/m3 (density of water)× 4940 J/kg (Gibbs free energy of rainwater)=
1.5808× 1010 J per year. Transformity fromOdum (1996).

4 Runoff assumed to be∼=1% of precipitation on these deep, coarse sands= 4.6 mm per year. Geopotential energy of
rain = 0.046 m (runoff)× 10 000 m2 (land area)× 200 m (mean elevation of land mass)× 1000 kg/m3 (density of
water)× 9.8 m/s2 (gravity) = 9.016× 108 J per year. Transformity fromOdum (1996).

5 Average soil loss from wind erosion assumed to be 1 mm/ha per year (being a 5 mm loss from a major erosion
event on average every 5 years)= 14 t/ha per year at a bulk density of 1.4, 5% of which is organic matter
(including 10–100 kg/ha nitrogen), based on research byCarter et al. (1992)and Carter (unpublished data). Energy
of soil loss= 10 000 m2 (farmed area)× 1.4 kg/m2 per year (erosion rate)× 0.05% (organic matter)×
5400 kcal/kg× 4186 J/kcal= 1.58× 1010 J/ha per year. Transformity fromOdum (1996).

6 Diesel consumption= 11 l/h for machinery operation. Operating hours per hectare of crop= (2×spraying×20 ha/h+
1 × seeding× 8 ha/h+ 1 × harvest× 6 ha/h)= 23.5 min/ha. 11 l/h× 23.5/60 = 4.31 l/ha per year. Energy
content= 4.31 l/ha× 5.05× 107 J/l = 2.18× 108 J/ha year. Gasoline consumption involved in running 2000 ha
farm = 3000 l per year= 1.5 l/ha year. Energy content= 1.5 l/ha per year× 5.42× 107 J/l = 8.13× 107 J/ha per
year. Annual consumption of lubricants= 20 l/100 h machinery time× 23.5 min/ha per year= 0.078 l/ha per year.
Energy content= 0.078 l/ha per year× 7.38× 107 = 5.76× 106 J/ha per year. Total energy use= 3.05× 108 J/ha
per year. Transformities fromOdum (1996).

7 Annual consumption involved in running 2000 ha farm= 2000 kWh= 1.0 kWh/ha per year. Energy
content= 1.0 kWh/ha per year× 3.6 × 106 J/kWh = 3.6 × 106 J/ha per year. Transformity fromOdum (1996).

8 Annual application 150 kg/ha× 8.6%, P= 12.9 kg/ha per year. Transformity fromOdum (1996)service subtracted.
9 Herbicides 2.0 kg/ha per year (2.5 kg/ha lupins, 1.5 kg/ha cereals)× 9.1 × 107 J/kg = 1.82× 108 J/ha per year (oil

equivalent)+ 1.70 kg/ha per year× 5.30× 107 J/kg = 9.01× 107 J/ha per year, total= 2.721× 108 J/ha per year.
Transformity for refined oil products fromOdum (1996).

10 Lupins 100 kg/ha, oats 75 kg/ha. Mean seeding rate 87.5 kg/ha per year. Energy content= 3000 kcal/kg×
87.5× 4186 J/kcal= 1.10× 109 J/ha per year. Transformity for industrial corn production, service subtracted (Odum
and Odum, 1983).

11 Total weight of machinery used in crop production= 2 t (tractor)+3 t (header)+1 t (seeder)+0.55 t (boom spray)=
6550 kg. Assume a life of 7 years and 1000 ha crop= 0.94 kg/ha per year. Buildings—machinery shed
(18 m× 9 m), super shed (18 m× 9 m), 3× 150 kl silos, total weight 7 t steel for a 1000 ha crop program in any one
year= 7.00 kg/ha per year. Assume a life of 30 years= 0.23 kg/ha per year. Transformity for refined steel
products, service subtracted (Odum and Odum, 1983).

12 Average farm income after costs and tax in 1996/1997∼US$ 20 000 (mean for cropping areas, ABARE, 1997)=
US$ 10 ha−1 crop. Contract labor for cropping program= 0.4 h/ha× US$ 8.40 h−1 = US$ 3.36 ha−1. Total costs
US$ 13.36 ha−1. Transformity used is the emergy/money ratio for the Australian economy 1996/1997 (Rydberg and
Lefroy, unpublished data).

13 Diesel consumption= 11 l/h for machinery operation. Operating hours per hectare of crop=
(2 × spraying× 20 ha/h+ 1 × seeding× 8 ha/h+ 1 × harvest× 6 ha/h)= 23.5 min/ha. 11 l/h× 23.5/60= 4.31 l/ha
per year. Cost= 4.31 l/ha× US$ 0.46 l−1 = US$ 2.00 ha−1 per year. Gasoline consumption involved in running
2000 ha farm= 3000 l per year= 1.5 l/ha per year. Cost= 1.5 l/ha per year× US$ 0.53 l−1 = US$ 0.80 ha−1 per
year. Annual consumption of lubricants= 20 l/100 h machinery time× 23.5 min/ha per year= 0.078 l/ha per year.
Cost= 0.078 l/ha per year× US$ 2.50 l−1 = US$ 0.175 ha−1 per year. Transformity see item 12 above.

14 Annual consumption involved in running 2000 ha farm= 2000 kWh= 1.0 kWh/ha per year. Cost= 1.0 kWh/ha per
year× US$ 0.5/kWh= US$ 0.5 ha−1 per year. Transformity see item 12 above.

15 Annual application 150 kg/ha× 8.6%, P= 12.9 kg/ha per year. Cost US$ 140 t−1 = US$
0.14 kg−1 × 150 kg/ha= US$ 21 ha−1 per year. Transformity see item 12 above.
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Table 2 (Continued )

Item number Item description

16 Herbicides 2 kg/ha per year× US$ 7 kg−1 = US$ 14 ha−1 per year (oil equivalent)+ insecticides 0.17 kg/ha per
year× US$ 11.20 kg−1 = US$ 1.90 ha−1 per year, total= US$ 15.90 ha−1 per year. Transformity see item 12 above.

17 Cost of seed; lupins 100 kg/ha, US$ 0.28 kg−1 = US$ 28 ha−1 every second year. Oats 75 kg/ha, US$
0.42 kg−1 = US$ 31.50 ha−1 every second year. Mean seeding cost= US$29.70 ha−1 per year. Transformity see
item 12 above.

18 Total annual cost of owning and maintaining machinery used in crop production= annual depreciation+ interest
on half the amount owing on a loan if it is paid off over the life of the machinery+ interest on the salvage value+
maintenance costs. Assume current value in US$ to be US$ 28 000(tractor) + US$ 17 500(seeder) + US$ 70 000
(header) + US$ 10 500 (boom spray)= US$ 126 000. Assume this has a life of 7 years, a salvage value at the end
of that time of US$ 35 000, interest rate on borrowing are 15%, which adjusted for inflation of 5 is 10%.
Depreciation= (126 000− 35 000)/7= US$ 13 000. Interest= (126 000− 35 000)/2× 10%= US$ 4550. Interest
on salvage value= US$ 35 000× 10%= US$ 3500. Assume maintenance costs= US$ 4000. Total costs= US$
13 000+ 4550+ 3500+ 5000= US$ 26 550. Assume 1000 ha crop= US$ 26.55 ha−1 per year. Annual cost of
buildings= replacement cost/life= US$ 40 000/30= US$ 1300= US$ 1.30 ha−1 per year). Transformity see item
12 above.

19 Farm management consultant paid US$ 1400 per year= US$ 1.40 ha−1 per year. Insurance= US$ 1000 per
year= US$ 0.50 ha−1 per year. Average farm debt in the cropping zone is US$ 150 000 per year. With interest rate
adjusted for inflation annual cost= US$ 15 000 per year= US$ 7.50 ha−1 per year. Transformity see item 12 above.

20 Lupin yield 800 kg/ha×1.39×107 J/kg= 1.11×1010 J/ha. Cereal yield 1500 kg/ha×1.39×107 J/kg= 2.08×1010 J/ha.
Mean annual= (3.19× 1010 J/ha per year)/2= 1.59× 1010 J/ha per year.

21 Energy value of mean biomass production (straw and stubble)= 4000 kg/ha× 0.03 kcal/kg× 4186 J/kg= 1.21×
1010 J/ha per year—most of which is indigestible. Unharvested grain= 0.05× 1.59× 1010 J/ha per year= 0.08×
1010 J/ha per year. Total= 1.29× 1010 J/ha per year.

22 Assumes 80 kg/ha fixed in the lupin phase every second year, average 40 kg N/ha per year (Anderson et al., 1998).
23 Calculation based on US$ 142 t−1 for lupins and US$ 121 t−1 for wheat with yields of 0.8 and 1.5 t/ha respectively.

Mean income per year over the rotation is US$ 147.55 per year. Transformity see item 12 above.
24 Grazing value is in the unharvested grain. Based on a maintenance requirement of 3.6 × 106 J per day, unharvested

grain has a grazing value of 223 sheep grazing days or four sheep per hectare for the 8 weeks immediately following
harvest. Agistment value of crop residues= US$ per head/week×weeks grazing per year×sheep ha−1 = 0.7×8×4 =
US$ 22.4 per year. Transformity see item 12 above.

12 sej, eight times larger than in the tagasaste plan-
tation system and three times larger than in the alley
cropping system. Purchased energy was dominated
by tractor diesel in all the systems. The tagasaste
plantation system required twice as much diesel as
the other two farming systems, as trees require annual
pruning for efficient fodder use by animals. However,
diesel represented only 3% of the total emergy flow
in the plantation and 1% in the other two systems.

Dividing the total emergy flow in each farming
system by the available energy (in this study mea-
sured as heat energy) of the outputs in Joules gives
the transformities for each product, providing a mea-
sure of the energy efficiency of production (see also
Table 6 for comparison). These showed that grain
production required 20% less emergy in the alley
cropping system than in the lupin/wheat rotation sys-
tem, with transformities of 92 700 and 117 000 sej/J

respectively (Tables 1, 2 and 5). The emergy for ni-
trogen fixation varied considerably between annual
and perennial systems being 46× 1012 sej/kg in the
lupin/wheat rotation, 10× 1012 sej/kg in alley crop-
ping and 3× 1012 sej/kg in the plantation.

3.2. Sustainability ratios

In the long run, processes with a high percent of
renewable emergy are likely to be more sustainable
than those with a high proportion of non-renewable
emergy. The lupin/wheat rotation system was driven
by a low proportion (15%) of renewable indigenous
sources (Table 6). In contrast, the flow of renewable
local emergy sources amounted to 53% of the total
in the tagasaste plantation system and 30% in the al-
ley cropping system. The environmental loading ratio
(the ratio of non-renewable and purchased inputs to
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Table 3
Emergy evaluation of tagasaste plantation (all flows per hectare per year)

Item number Item description Annual flow
(raw units)

Transformity
(sej/unit)

Solar emergy
(sej × 1012)

Renewable energy sources (R)
1 Sunlight (J) 6.89E+13 1.0E+0 68.9
2 Wind, kinetic energy (J) 2.72E+10 1.5E+3 40.7
3 Rain and groundwater, chemical energy (J) 3.44E+10 18.2E+3 621.1
4 Rain, geopotential energy (J) 9.02E+08 10.5E+3 9.5

Non-renewable sources (internal) (N)
5 Net topsoil loss (J) 1.98E+09 62.5E+3 123.8

Purchased fuels and goods (M)
6 Diesel, gasoline and lubricants (J) 5.49E+08 56.1E+3 30.8
7 Electricity (J) 3.60E+06 173.7E+3 0.6
8 Phosphate (kg) 1.29E+01 17.0E+12 219.1
9 Pesticides (kg) 4.76E+05 56.1E+3 0.0

10 Seed (J) 1.76E+07 34.8E+3 0.6
11 Machinery and buildings (kg) 3.12E+00 3.0E+12 9.4

Labor and service (S)
12 Labor (US$) 2.22E+01 2.4E+12 53.6
13 Diesel, gasoline and lubricants (US$) 5.21E+00 2.4E+12 12.6
14 Electricity (US$) 5.00E−01 2.4E+12 1.2
15 Phosphate (US$) 2.10E+01 2.4E+12 50.6
16 Pesticides (US$) 9.50E−02 2.4E+12 0.2
17 Seed (US$) 1.40E+00 2.4E+12 3.4
18 Machinery and buildings (US$) 9.32E+00 2.4E+12 22.5
19 Consultants, insurance and interest (US$) 9.40E+00 2.4E+12 22.7

Total service and labor (US$) 6.91E+01 166.7

Output (Y)
20 Tree fodder (J) 9.18E+09 128.2E+03a 1176.5
21 Tree residue (wood) (J) 6.29E+10 18.76E+03b 1176.5
22 Nitrogen fixation (kg) 3.99E+02 2.95E+12c 1176.5

Economic value of output
23 Agistment value of feed (US$) 2.55E+02 2.4E+12 612.0

SeeTable 4for numbers and its description.
a Solar transformity of tree fodder (sej/J).
b Solar transformity of tree residues (sej/J).
c Solar transformity of nitrogen fixation (sej/kg).

renewable energy,Table 6) is an attempt to express
the relative stress of these production systems on their
environment. Adding spaced trees to the cropping sys-
tem halved the environmental loading from 5.5 to 2.3,
largely due to a reduction in the emergy flow asso-
ciated with wind erosion. The environmental loading
for the plantation system was one-eighth of that in the
lupin wheat (0.7 and 5.5 respectively) due to the virtual
elimination of wind erosion and a two-fold increase
in the amount of renewable energy directed through
evapotranspiration.

3.3. Return on investment

The emergy investment ratio (the ratio of purchased
to ‘free’ environmental inputs,Table 6) was similar for
the lupin/wheat and the tagasaste systems (0.5 and 0.6
respectively), indicating that purchased materials and
services amounted to about half the value of indige-
nous emergy sources in both cases. The alley cropping
system had an investment ratio of 0.8 indicating it was
almost equally dependent on purchased and ‘free’ in-
puts, reflecting the fact that while indigenous emergy
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Table 4

Item number Item description

1 Average insolation at Moora 7.25× 109 J/m2 per year (Lefroy and Stirzaker, 1999). Energy received over
land= 10 000 m2 (land area)× 5.18× 109 J/m per year)× (1-0.05) (1− albedo tree plantation)= 6.89× 1013 J
per year. Transformity= 1 by definition (Odum, 1996).

2 SeeTables 1 and 2item 2.
3 Precipitation= 460 mm per year, total evapotranspiration by trees= 650 mm per year transpiration (60% from

groundwater)+ 46 mm interception (Lefroy et al., submitted for publication). No runoff and no drainage under trees.
Chemical potential energy of rain over land= 10 000 m2 (land area)× 0.696 m (evapotranspiration)× 1000 kg/m3

(density of water)× 4940 J/kg (Gibbs free energy of rainwater)= 3.44× 1010 J per year. Transformity fromOdum
(1996). Average amount of rainfall that ends up in the groundwater under conventional farming with annual plants
is 140 mm per year (Asseng et al., 1998). Assuming that groundwater has the same Gibbs free energy as rainwater
and that groundwater represents a split of one form of energy flow, it will have the same transformity as rain.

4 SeeTables 1 and 2item 4.
5 Average soil loss from wind erosion assumed to be 1 mm/ha per year (being a 5 mm loss from a major erosion

event on average every 5 years)= 14 t/ha per year at a bulk density of 1.4, 5% of which is organic matter
(including 10–100 kg/ha nitrogen), based on research byCarter et al. (1992)and Carter (unpublished data).
Assuming that a tagasaste plantation provides 100% protection against wind erosion for 9 months of the year, and
that during the other 3 (in autumn when the trees have been cut and are being grazed) they reduce erosion to half,
soil loss is reduced to 1.4 kg/m2 per year× 3/12× 0.5 = 0.175 kg/m2 per year. Energy of soil loss= 10 000 m2

(farmed area)× 0.175 kg/m2 per year (erosion rate)× 0.05% (organic matter)× 5400 kcal/kg× 4186 J/kcal=
1.98× 199 J/ha per year. Transformity fromOdum (1996).

6 Diesel consumption= 11 l/h for machinery operation. Operating hours for establishing and managing tagasaste
plantation= (seeding, 5 km/h × 2.0 km row/ha)/20 years (life of plantation)+ (1 × tree pruning each
year× 5 km/h× 2.0 km/ha× 2 sides per row)= 1.2 min+ 48.0 = 49.2 min/ha per year× 11 l/h = 9.02 l/ha per
year. Energy content= 9.02 l/ha× 5.05× 107 J/l = 4.56× 108 J/ha per year. Gasoline annual consumption involved
in running 2000 ha farm= 3000 l per year= 1.5 l/ha per year. Energy content= 1.5 l/ha per year×
5.42× 107 J/l = 8.13× 107 J/ha per year. Lubricants annual consumption= 20 l/100 h machinery time× 49.2 min/ha
per year= 0.164 l/ha per year. Energy content= 0.164 L/ha per year× 7.38× 107 = 1.21× 107 J/ha per year.
Transformity fromOdum (1996).

7 Annual consumption involved in running 2000 ha farm= 2000 kWh= 1.0 kWh/ha per year. Energy
content= 1.0 kWh/ha per year× 3.6 × 106 J/kWh = 3.6 × 106 J/ha per year. Transformity fromOdum (1996).

8 Annual application 150 kg/ha× 8.6% P= 12.9 kg/ha per year. Transformity fromOdum (1996)service subtracted.
9 Herbicides nil (weed control at planting achieved mechanically); Insecticides 0.17 kg/ha per year×

5.6 × 107 J/kg= 9.52× 106 J/ha in planting year= 4.76× 105 J/ha per year. Transformity for refined oil products
from Odum (1996).

10 Tagasaste seed US$ 28/kg. Seeding rate 1 kg/ha to achieve a density of∼2000 trees/ha. Energy content=
(3000 kcal/kg× 28 kg/ha× 4186 J/kcal)/20 years (life of plantation)= 1.10× 109 J/ha per year. Transformity for
industrial corn production, service subtracted (Odum and Odum, 1983).

11 Total weight of machinery used in crop production= 2 t (tractor) = 2000 kg (seeding and cutting carried out by
contractors). Assume 1000 ha and a life of 7 years= 0.29 kg/ha per year. Buildings; machinery shed (18 m× 9 m),
super shed (18 m× 9 m), total weight 4 t steel/1000 ha plantation= 4.00 kg/ha per year. Assume 30 years
life = 0.13 kg/ha per year. Additional 0.045 km fencing/ha to sub-divide previously cropped area for managed
grazing of tagasaste plantation 1200 kg/km= 54 kg/ha. Assume 20 years life= 2.7 kg/ha per year. Total
0.13+2.7 = 2.83 kg/ha per year. Transformity for refined steel products, service subtracted (Odum and Odum, 1983).

12 Average farm income after costs and tax in 1996/1997 assumed to be∼US$ 20 000= US$ 10 ha−1 management
cost for 2000 ha farm. Contract labor for tagasaste establishment and management= (US$ 110 ha−1)/20 years
(seeding cost)+ US$ 8.40/h× 0.80 h/ha (cutting costs)= US$ 5.50/ha+ US$ 6.72 ha−1 = US$ 12.22 ha−1. Total
cost US$ 22.22 ha. Transformity used is the emergy/money ratio for the Australian economy 1996/1997 (Rydberg
and Lefroy, unpublished data).

13 Fuel consumption= 9.02 l/ha per year. Cost= 9.02 l/ha× US$ 0.46 l−1 = US$ 4.15 ha−1 per year. Gasoline annual
consumption involved in running 2000 ha farm= 3000 l per year= 1.5 l/ha per year. Cost= 1.5 l/ha per year× US$
0.53 l−1 = US$ 0.8 ha−1 per year. Lubricants consumption= 20 l/100 h machinery time× 31.5 min/ha per year= 0.105 l/ha
per year. Cost= 0.105 l/ha per year× US$ 2.50 l−1 = US$ 0.263 ha−1 per year. Transformity see item 12 above.

14 Annual consumption involved in running 2000 ha farm= 2000 kWh= 1.0 kWh/ha. Cost= 1.0 kWh/ha per year×
US$ 0.5 kWh−1 = US$ 0.5 ha−1 per year. Transformity see item 12 above.
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Table 4 (Continued )

Item number Item description

15 Annual application 150 kg/ha× 8.6% P= 12.9 kg/ha per year. Cost US$ 140 t−1 = US$
0.14 kg−1 × 150 kg/ha= US$ 21 ha−1 per year. Transformity see item 12 above.

16 Herbicides nil; insecticides (0.17 kg/ha per year× US$ 11.20 kg−1)/20 years (life of plantation)= US$ 0.095 ha−1

per year. Transformity see item 12 above.
17 Cost of seed= (US$ 28 ha−1)/20 years= US$ 1.40 ha−1 per year. Transformity see item 12 above.
18 Total annual cost of owning and maintaining machinery used in tagasaste plantation management= annual

depreciation+ interest on half the amount owing on a loan if it is paid off over the life of the machinery+ interest
on the salvage value+ maintenance costs. Assume current value in US$ to be US$ 28 000 (tractor). Assume this
has a life of 7 years, a salvage value at the end of that time of US$ 7780, interest rate on borrowing are 15%,
which adjusted for inflation of 5 is 10%. Depreciation= (28 000− 7780)/7= US$ 2888. Interest=
(28 000− 7780)/2× 10%= US$ 1110. Interest on salvage value= US$ 7780× 10% = US$ 778. Assume
maintenance costs= US$ 1000. Total costs= US$ 2888+ 1110+ 778+ 1000= US$ 5766. Assume 1000 ha
tagasaste plantation= US$ 5.77 ha−1 per year. Annual cost of buildings= replacement cost/life= US$
40 000/30= US$ 1300= US$ 1.30 ha−1 per year. Annual cost of fencing= replacement cost/life= US$
45/20= US$ 2.25 ha−1. Total cost US$ 3.55/ha. Transformity see item 12 above.

19 Farm management consultant paid US$ 1400 per year= US$ 1.40 ha−1 per year. Insurance. US$ 1000 per
year= US$ 0.50 ha−1 per year. Average farm debt in the cropping zone is US$ 150 000 per year. With interest rate
adjusted for inflation annual cost= US$ 15 000 per year= US$ 7.50 ha−1 per year. Transformity see item 12 above.

20 Tagasaste biomass production= 7200 kg/ha per year. Edible dry matter yield= 7200× 0.42 = 3024 kg/ha per year.
(Oldham and Moore, 1988; Oldham et al., 1994). Energy value= 3024× 725 kcal/kg (equivalent to good quality
hay, Ulgiati et al. (1994)) × 4186 J/kg= 9.18× 109 J/ha per year.

21 Energy value of tree residues(wood) = 7200 kg/ha× 0.58 (proportion wood)×
3600 kcal/kg× 4186 J/kg= 6.29× 1010 J/ha per year.

22 Fixed nitrogen measured at 5.5% of biomass production in plantation (Unkovich et al., submitted for publication).
Annual biomass production= 7200 kg/ha. Fixed N= 7200× 0.055= 399 kg/ha per year. (NB. this does not
include the 100 kg N taken up from the water table.)

23 Stocking rate of seven sheep per hectare based on research showing that 1 kg of tagasaste edible dry matter can
support one sheep for 1 day (Oldham and Moore, 1988). Edible dry matter production of 3024 kg per year is
therefore sufficient to support a maximum of 3024 sheep grazing days or 8.3 sheep/ha for 1 year. The more
conservative rate of seven sheep per hectare has been used to allow for climate variability (drought) and feed
wastage. Agistment value of tree fodder= US$ 0.70 per head per week× 52 weeks grazing per year× seven sheep
per hectare= US$ 254.8 per year. Transformity see item 12 above.

Table 5
Emergy evaluation of alley cropping (all flows per hectare per year)

Item number Item description Annual flow (raw units) Transformity
(sej/unit)

Solar emergy
(sej × 1012)

Crop Tree

Renewable energy sources (R)
1 Sunlight (J) 4.81E+13 1.03E+13 1.0E+00 58.4
2 Wind, kinetic energy (J) 2.31E+10 4.08E+09 1.5E+03 40.7
3 Rain, chemical energy (J)a 1.34E+10 7.56E+09 18.2E+03 381.5
4 Rain, geopotential energy (J) 7.67E+08 1.38E+08 10.5E+03 9.5

Non-renewable sources (internal) (N)
5 Net topsoil loss (J)b 5.20E+09 62.5E+03 324.9

Purchased fuels and goods (M)
6 Diesel, gasoline and lubricants (J) 2.59E+08 8.24E+07 56.1E+03 19.2
7 Electricity (J) 3.06E+06 5.40E+05 174.0E+03 0.6
8 Phosphate (kg) 1.10E+01 1.94E+00 17.0E+12 219.1
9 Pesticides (kg) 2.31E+08 7.14E+04 56.1E+03 13.0

10 Seed (J) 9.35E+08 2.64E+06 34.8E+03 32.6
11 Machinery and buildings (kg)c 9.95E−01 1.95E−02 3.0E+12 3.2
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Table 5 (Continued )

Item number Item description Annual flow (raw units) Transformity
(sej/unit)

Solar emergy
(sej × 1012)Crop Tree

Labor and service (S)
12 Labor (US$)d 1.14E+01 2.44E+00 2.4E+12 33.3
13 Diesel, gasoline and lubricants (US$) 2.53E+00 7.82E−01 2.4E+12 8.6
14 Electricity (US$) 4.25E−01 7.50E−02 2.4E+12 1.2
15 Phosphate (US$) 1.79E+01 3.15E+00 2.4E+12 50.6
16 Pesticides (US$) 1.35E+01 1.43E−02 2.4E+12 32.6
17 Seed (US$) 2.52E+01 2.10E−01 2.4E+12 61.4
18 Machinery and buildings (US$)e 2.37E+01 2.00E−01 2.4E+12 59.7
19 Consultants, insurance and interest (US$) 7.99E+00 1.41E+00 2.4E+12 22.7

Total service and labor 1.03E+02 8.28E+00 270.1

Output (Y)
20 Grain (J)f 1.36E+10 92.7E+03g 1261.1
21 Crop residues (J) 1.10E+10 115.0E+03h 1261.1
22 Tree fodder (J) 1.38E+09 914.0E+03i 1261.1
23 Tree residues (J) 9.44E+09 134.0E+03j 1261.1
24 Nitrogen fixation (kg)k 3.40E+01 9.00E+01 10.2E+12l 1261.1

Economic value of output
25 Grain (US$) 1.25E+02 2.4E+12 300.0
26 Crop residues (US$) 1.90E+01 2.4E+12 45.7
27 Tree fodder (US$) 3.83E+01 2.4E+12 91.8

Total value (US$) 1.82E+02

Calculations assume 85% of inputs and outputs for crop (Tables 1 and 2) plus 15% of inputs and outputs for tagasaste plantation (Tables 3
and 4) based on the proportion of land occupied by tree and crop, except where indicated otherwise. This represents an alley cropping
layout with single rows of trees 30 m apart and assumes no net positive or negative interactions between tree and crop when they are
pruned annually for fodder utilization (Lefroy and Stirzaker, 1999). Transformities are the same asTables 1 and 3.

a Precipitation= 460 mm per year, evapotranspiration by alley trees in the first year after cutting= 130 mm per year tree transpiration
(60% from goundwater)+ 23 mm tree interception; crop evapotranspiration= 272 mm (85% of sole crop) (Lefroy et al., submitted for
publication). Chemical potential energy of rain over land= 10 000 m2 (land area)× 0.153 m (evapotranspiration)× 1000 kg/m3 (density
of water) × 4940 J/kg (Gibbs free energy of rainwater)= 7.56× 109 J per year (tree); 1.34× 1010 J per year (crop). Transformity from
Odum (1996). Assuming that groundwater has the same Gibbs free energy as rainwater and that groundwater represents a split of one
form of energy flow, it will have the same transformity as rain.

b Assumes alley cropping provides 80% protection against wind erosion for 9 months of the year and 30% during the autumn after
the trees have been cut and are being grazed, based on wind speed reductions reported byBird (1992). Average soil loss from wind
erosion compared to lupin/wheat (item 5Tables 1 and 2) is (1400 g/m2 per year× 9/12× 0.2) + (1400 g/m2 per year× 3/12× 0.7) =
0.21+ 0.25 = 460 g/m2 per year. Energy of soil loss= 10 000 m2 (farmed area)× 0.46 kg/m2 per year (erosion rate)× 0.05% (organic
matter)× 5400 kcal/kg× 4186 J/kcal= 5.20× 109 J/ha per year.

c Crop: 85% of conventional cropping. Tree: 15% of buildings used in plantation calculation less extra fencing which is only required
for intensive grazing of plantation tagasaste= 0.13 kg/ha× 0.15 = 0.0195 kg/ha.

d Crop: 85% of conventional cropping. Tree: Contract labor for tagasaste establishment and management= (US$ 110/ha× 0.2)/20 years
(seeding cost)+ US$ 8.40 h−1 × 0.16 h/ha (cutting costs)= US$ 1.10 ha−1 + US$ 1.34 ha−1 = US$ 2.44 ha−1. Average farm income after
costs and tax in 1996/1997∼US$ 20 000= US$ 10 ha−1 cost of managing a 2000 ha farm. Total cost= labor for cropped area+ US$
2.44 ha−1.

e Crop: 85% of conventional cropping. Tree: 15% of buildings used in plantation calculation less extra fencing which is only required
for intensive grazing of plantation tagasaste= US$ 1.30 ha−1 × 0.15 = US$ 0.20 ha−1 per year.

f Lupin yield is 85% of sole crop district average (680 kg/ha). Cereal yield is 85% of district average (1275 kg/ha). Total over 2 years
of rotation is 1955, annual equivalent= 978 kg/ha per year. Energy content= 978× 1.39× 107 J/kg = 1.36× 1010 J/ha.

g Solar transformity of grain (sej/J).
h Solar transformity of crop residue (sej/J).
i Solar transformity of tree fodder (sej/J).
j Solar transformity of tree residues (sej/J).
k N fixation by trees in alley crop measured at 90 kg N/ha per year (total biomass plus leaf litter, Unkovich et al., submitted for

publication). Assume fixation by crops is 85% of sole crop= 40× 0.85 kg/ha per year= 34. Total= 90+ 34 = 124 kg/ha per year.
l Solar transformity of nitrogen fixation (sej/kg).
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Table 6
Transformities emergy indices and money flows for the three alternative farming systems

Index Expression Lupin/wheat
rotation

Tagasaste
plantation

Alley
cropping

Transformities
Grain (sej/J) 117.0E+3 92.7E+3
Crop residues (sej/J) 144.2E+3 115.0E+3
Tree fodder (sej/J) 128.2E+3 914.0E+3
Tree residues (sej/J) 18.8E+3 134.0E+3
Nitrogen fixation (sej/kg) 46.5E+12 3.0E+12 10.2E+12

Sustainability ratios
Renewable proportion of total emergy R/Y 0.2 0.6 0.3
Environmental loading (ELR) (N + M + S)/R 5.5 0.7 2.3

Emergy investment ratios
Investment ratio (M + S)/(R + N) 0.5 0.6 0.8
Emergy exchange ratio Y/output price in emergy 4.5 1.9 2.9
Return on invested emergy Output price in emergy/(M + S) 0.7 1.0 0.7

Gross margin (US$)
Value of output (US$ ha−1 per year) 170 255 182
Purchased inputs and services (US$ ha−1 per year) 121 69 103
Net income (US$ ha−1 per year) 49 186 79

To avoid double counting, the aggregated flow of renewable indigenous resources (R) is taken to be the largest renewable flow (items 1–4,
Tables 1–5), as the other flows represent by-products of the same coupled processes.

sources were reduced compared to the lupin/wheat
system through lower wind erosion, purchased inputs
remained similar.

The emergy exchange ratio (the solar emergy value
of the total yield divided by the solar emergy value
of the currency,Table 6) provides a measure of the
emergy content per dollar of final product. This was
found to be 4.5 for the lupin/wheat system, 1.9 for the
plantation and 2.9 for alley crop systems respectively.
This shows that the prices received for the products of
all farming systems under value their environmental
inputs. Virtually, all the products that have been stud-
ied using this method have a higher emergy content
than is reflected in their dollar value (Odum, 1996).
The main reason for the high exchange ratio in the
lupin/wheat rotation in this study was the soil loss. As
this is not taken into account in a purely economic
analysis, it is not reflected in the purchase price of the
grain.

The return on invested emergy (the ratio of the
amount of emergy that can be purchased with the in-
come received for the products to the emergy con-
tent of purchased goods and services in the economy,
Table 6) was 0.7 in the lupin/wheat and alley cropping
systems and 1.0 in the tagasaste plantation system.

This reflects the terms of trade between the farming
system and the broader economy in energy units. A
ratio above 1 indicates that the system gains in trade,
in that the farmer receives more emergy in the form of
payments for the product that is needed to run the sys-
tem. A ratio smaller than 1 indicates that less emergy
is paid for the products than is needed run the sys-
tem. In this sense, the terms of trade were neutral in
the tagasaste plantation and negative in the other two
systems.

The gross margin analysis indicated that the
tagasaste plantation had an annual net return of al-
most four times that of the lupin/wheat system, while
net returns from alley cropping were 45% higher than
from the lupin/wheat system (Table 6).

4. Discussion

The aim of this study was to useOdum’s (1996)
emergy method to compare the resource use and en-
vironmental impact of three alternative farming sys-
tems as measures of their relative sustainability. This
method was selected as it potentially provides a more
comprehensive method of assessment than is possible
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when tracking material cycles such as (e.g. water and
nutrients) or money flows. The results provide as much
insight into the assumptions inherent in this approach
as they do into the farming systems under study.

Wind erosion emerged as the primary reason for
the differences in energy flow and sustainability be-
tween the lupin/wheat, plantation and alley cropping
systems. In the plantation and alley cropping systems,
trees reduced the non-renewable energy flows and the
environmental loading to one-eighth and one-third,
respectively of the values in the lupin/wheat system.
An argument against the assumption that net soil
loss occurs through wind erosion is that the eroded
soil would be deposited on each hectare at the same
rate as it was removed. However, the nature of wind
erosion events in this environment is that the organic
matter fraction upon which the emergy analysis is
based accumulates along fence lines, vegetation strips
and any other slight impediments to wind flow. It is
therefore effectively lost to the cropping system and
represents a net outflow of energy.

The total energy flows associated with evapotran-
spiration were far lower than those associated with
wind erosion. More significantly there is less potential
to improve the ratio of renewable to non-renewable
energy use, and therefore long term sustainability in
energy terms, by increasing tree water use. Even if
tree water use was assumed to be 1200 mm per year,
at the upper limit for this environment (Raper, 1998),
the maximum impact on energy flows would be half
that of reducing wind erosion. This would also require
leaving the trees un-cut and forfeiting the economic
value of tree fodder.

The relative importance placed on wind erosion over
water use in this analysis contrasts with the perceived
impact of these two processes in the real world. Wind
erosion is considered to produce a temporary reduction
in productivity (Carter et al., 1992) while the impact of
rising water tables is effectively permanent. From the
perspective of emergy analysis, a smaller total energy
flow is involved in returning water to the atmosphere
than in producing soil organic matter. This reflects the
scale at which this study was carried out rather than
challenging us to reconsider the relative importance
we place on these two processes. To fully incorpo-
rate the effects of rising water tables on productivity,
analysis would need to be carried out at catchment
scale or larger, including the rate of conversion of

arable land to waterlogged ecosystems. This would
require specifying the proportion of the landscape
under various vegetation types (annual, perennial, wa-
terlogged), the water use of each vegetation type, and
also involve assumptions about the discharge capacity
of the catchment and the rate of sub-surface water
movement, processes that are poorly understood.

The higher value placed on soil loss over water
management also reflects the supply driven nature of
the emergy method, whereby processes are valued
according to the number and kind of energy trans-
formations involved, rather than their consequences
or utility as seen from a human perspective. This fol-
lows from the maximum power principle based on the
work of Lotka (1925)that lies at the heart of emergy
analysis. This principle holds that systems that prevail
in competition with others are those that can obtain
and use energy most effectively (Odum, 1994, 1988).

One of the practical consequences of the supply
driven and hierarchical structure of emergy analysis is
the difficulty of calculating transformities, the cumu-
lative amount of energy of all forms used to generate
each Joule or kilogram of an input or output.Smil
(1991)andCleveland (1992)highlight the problem of
defining the spatial and temporal boundaries neces-
sary to calculate the total energy required to produce
inputs such as soil, phosphate and fossil fuels. In
the case of fossil fuels, this potentially includes the
photosynthetic energy that generated the biomass, the
radiation that energized erosion and sedimentation,
and the radioactive decay that powers tectonic move-
ment. Despite the lack of agreement over its basic
assumptions and the difficulties in calculating trans-
formities,Brown and Herendeen (1996)concluded in
a comparative review that emergy analysis is a bolder
and more comprehensive synthesis of the interde-
pendencies driving ecological and economic systems
than conventional embodied energy analysis.

Where the same method is used to derive trans-
formities, they can be used to compare the energy
use efficiency of production processes. InTable 7
the transformities and environmental loading for the
three farming systems in this study are compared with
those from reported other studies. Grain production
in the lupin/wheat and alley cropping systems with
transformities of 117 000 and 92 700 sej/J respectively
was more efficient than wheat produced in Italy with
a transformity of 159 000 sej/J (Ulgiati et al., 1994).
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Table 7
Transformity for grain and fodder and environmental loading ratio for the three cropping systems compared with those reported from the
other studies

Crop/farming system Transformity (sej/J) Environmental loading ratio Reference

Grain in lupin/wheat rotation 11.7E+4 5.5 This study
Tree fodder in tagasaste plantation 12.8E+4 0.7 This study
Alley cropping 2.3 This study
Grain in alley cropping 9.3E+4 This study
Tree fodder in alley cropping 91.4E+4 This study
Wheat, Italy 15.9E+4 3.4 Ulgiati et al. (1994)
Forage, Italy 8.0E+4 1.5 Ulgiati et al. (1994)
Soybean, Italy 4.0E+4 0.9 Panzieri et al. (2000)
Hay, Sweden 1.4E+4 1.0 Rydberg and Jansén (2002)

The environmental loading however (the proportion of
non-renewable and purchased inputs to ‘free’ inputs)
was higher for the lupin/wheat rotation (5.5) than Ital-
ian wheat production (3.4) and lower for alley crop-
ping (2.3).Ulgiati et al. (1994)reported a transformity
of 80 000 sej/J and an environmental loading of 1.5 for
forage produced in Italy. While the transformity for
forage in that study was lower than the transformity
calculated for tree fodder from tagasaste plantation,
the environmental loading ratio was higher than that
of the tagasaste forage.

The high transformity (i.e. low energy use effi-
ciency) of fodder production in the plantation system
(128 000 sej/J) can be regarded as a measure of the en-
ergy investment in permanent root systems and woody
stems necessary to improve the sustainability of land
use in this environment. When the transformity for
each farming system is expressed in terms of total
above ground biomass as opposed to grain or tree fod-
der, the plantation was the most efficient (16 300 sej/J)
compared to the lupin/wheat system (48 000 sej/J)
and alley cropping (47 500 sej/J). Hay production in
Sweden has been reported with a similarly low trans-
formity and a low environmental loading ratio to that
of the tagasaste plantation system (Table 7).

The higher returns and more favorable sustain-
ability ratios in the tagasaste plantation suggests a
win:win situation for any landholder who makes the
transition from annual cropping to tagasaste planta-
tion. However, a feature of agroforestry systems not
reflected in annual gross margins or this energy anal-
ysis is the time lag between the establishment and full
production. While the amortized costs of establishing
the agroforestry systems were included, the debt that

would have to be carried over the 4–5 years prior to
full production was not, and remains a major obstacle
to adoption (Taylor et al., 1996; Lefroy and Stirzaker,
1999; Pannell, 1999).

5. Conclusion

Emergy analysis carried out on three farming sys-
tems at a 1 ha scale indicated that the largest energy
flows in all systems were those associated with wind
erosion, evapotranspiration and application of phos-
phate fertilizer. A plantation system based on the fod-
der tree tagasaste (Chamaecytisus proliferus) had the
lowest environmental loading (ratio of non-renewable
to renewable resource inputs) due to reduced wind
erosion and the highest annual net returns compared to
annual cropping. An alley cropping system with 15%
tree cover was intermediate according to both sets of
criteria. The environmental consequences of annual
cropping systems in western Australia have occurred
rapidly after their introduction, with soil erosion and
rising water tables the most significant consequences.
Perennial plant-based land use systems are required to
address both issues by providing year round physical
protection of the soil surface and increased rates of
evapotranspiration. Emergy analysis provides an in-
strument that combines environmental and economic
assessment of prospective land use systems in one
analytical framework by evaluating both the environ-
mental contributions considered free from a market
perspective and those nested to monetary flows. While
this potentially serves as a good base for policy de-
cisions aimed at encouraging more sustainable land
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use systems, to fully incorporate the off-site effects
of rising water tables in the agricultural landscapes
studied, a larger scale analysis would be required.
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