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Abstract

Bicknell et al.’s [Ecological Economics 27 (1998) 149] input–output methodology is extended to investigate the

Ecological Footprints and interdependencies of 16 regions in New Zealand. There is a particular focus on the Auckland

region as a case study example of the application of the methodology. Auckland, New Zealand’s primate city, was found to

have the largest regional footprint of 2.32 million ha (20% of New Zealand’s footprint). However, on a per capita basis it had

the second lowest footprint of all regions at 2.00 ha per person. The footprint analysis was extended to demonstrate how

Auckland was ecologically dependent on other regions, particularly the Waikato region. The footprints of other New Zealand

regions are reported, along with international comparisons. The paper also reviews the theory and practice of Ecological

Footprinting, as well as commenting on various methodological issues that have arisen in the calculation of Ecological

Footprints.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction was at least 30% larger than the Earth’s biocapacity.1
Ecological Footprints have over recent years be-

come established as important environmental indica-

tors, following the pioneering work of Wackernagel

and Rees (1996). Footprints have now been calculated

for many nations, cities and regions as well as for the

globe itself, as exemplified by the calculations by Loh

(2000) in the Living Planet Report 2000. Loh (2000)

calculates that the footprint of the global population
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doi:10.1016/j.ecolecon.2004.02.008

* Corresponding author. Tel.: +64-6-3504346; fax: +64-6-

3505689.

E-mail address:M.G.Patterson@massey.ac.nz (M.G. Patterson).
Alarmingly, the footprint of many developed countries

also exceeds their biocapacity.

Input–output analysis has been promoted as a

systematic and standardised method for the calcula-

tion of Ecological Footprints by Bicknell et al. (1998)

and Ferng (2001) among others. This method of

analysis also has the advantage of being able to draw

on input–output matrices that are routinely con-

structed by statistical agencies, and therefore avoids

the need for the analyst to collect secondary data from
1 Biocapacity is a measure of the total biologically productive

land available to a specified population.
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a wide variety of sources which is not only difficult

but prone to errors. Bicknell et al. (1998) first devel-

oped an input–output methodology for calculating

footprints and applied it to a New Zealand case study.

The purpose of this paper is to extend Bicknell et

al.’s (1998) analysis to investigate the Ecological Foot-

prints and interdependencies of New Zealand’s Re-

gional Councils. This required the construction of 16

regional input–output matrices by regionalizing the

1997–1998 New Zealand input–output table using

Jenson et al.’s (1979) Generating Regional Input–

Output Tables (GRIT) methodology. From these re-

gional input–output matrices, interregional flows of

commodities were established using an optimization

model, which in turn enabled the ecological interde-

pendencies to be tracked and quantified. In this paper,

the Auckland region (New Zealand’s most populous

region) is used as a case study example to highlight the

regional-level ecological interdependencies—a more

detailed region-by-region analysis is outlined in a

recent report by McDonald and Patterson (2003).
2. The Ecological Footprint concept

2.1. What is the Ecological Footprint?

The Ecological Footprint is defined by Rees (2000)

as the ‘‘area of productive land and water ecosystems

require to produce the resources that a population

consumes and assimilate the wastes that the popula-

tion produces, wherever on Earth that land and water

may be located’’. It can be seen as a ‘sustainability

indicator’ in two senses. Firstly, it measures the

ecological cost (in land area) of supplying all of the

goods and services to a human population. This

recognizes that people not only directly require land

for agricultural production, roads, buildings and so

forth, but that land is indirectly embodied in the goods

and services that people consume. For example, the

indirect (or embodied) land required to produce a

kilogram of butter includes not only the land used

directly in manufacturing, but all land embodied in

the inputs that went into producing the butter—dairy

farm land, land required to produce the packaging and

so forth. In this sense, the footprint can be used to

make visible the ‘hidden’ ecological cost of an activ-

ity or population.
A second, and more controversial interpretation of

the Ecological Footprint as a sustainability indicator,

invokes the idea of carrying capacity. ‘Carrying

capacity’ in ecology is the maximum population a

given land area can support indefinitely. The idea is

relatively straightforward when applied to well de-

fined biological populations—e.g., a certain number

of hectares are required to support a herd of deer. If

the number of deer exceeds their carrying capacity

then the population is said to be in ‘overshoot’.

Resources (mainly food) will become scarce and

population die-back will occur. This idea is more

controversial when applied to human populations, as

in the ‘Limits to Growth’ study, which projected a

decline in global human population as it overshot its

carrying capacity (Meadows et al., 1972, 1992). Some

proponents of footprinting argue that the total embod-

ied land area required by a population should not

‘overshoot’ its biocapacity—e.g., Loh (2000) argues

that the Ecological Footprint of the Netherlands at

92.9 million ha considerably overshoots its biocapac-

ity of 37.4 million ha. Less dogmatically, it can be

concluded that the Netherlands is in ‘ecological def-

icit’, in the sense that it is using more biologically

productive land than is available within its borders.

2.2. History of the Ecological Footprint concept

The University of British Columbia’s School of

Community and Regional Planning developed the

Ecological Footprint in the early 1990s. The concept

was popularised by Wackernagel and Rees (1996) in

the publication Our Ecological Footprint–Reducing

Human Impact on the Earth. Wackernagel et al.

(1999) acknowledge Vitousek et al.’s (1986) study

on the human appropriation of photosynthesis prod-

ucts as the intellectual predecessor to the footprint

concept. However, its antecedents can be traced back

a lot further.

In the 18th century, the Physiocrats argued that the

embodied land content of a commodity determined its

value. For the Physiocrats, all value was derived from

the land (nature), and in this sense agriculture was the

only ‘productive’ sector in the economy with the

manufacturing and service sectors considered ‘sterile’.

Classical economists, although not subscribing to

an ‘embodied land theory of value’ did emphasize the

idea of carrying capacity. Both Thomas Malthus
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(1766–1834) and David Ricardo (1772–1823) saw

population being constrained by the carrying capacity

imposed by land availability. Malthus argued that

population growth was not sustainable in the long

run, as it grew according to a geometric progression

and it would eventually overshoot food supply from

land that grew arithmetically. Ricardo did not foresee

an overshoot like Malthus did, but instead suggested

that population growth would gradually approach its

carrying capacity as food production was forced to use

less fertile land.

In the modern era, Borgstrom (1967, 1973) devel-

oped the concept of ‘ghost acreage’ which is similar to

the idea of the Ecological Footprint. This idea was

further promoted by sociologist Catton (1982) in his

book Overshoot: The Ecological Basis of Revolution-

ary Change. Ghost acreage is the additional land a

nation needs in order to supply the net amount of food

and fuel from sources outside the nation. The appro-

priation of ecosystem areas and services has also been

a central theme in other approaches, e.g., Folke et al.

(1997) and Brown and Ulgiati (1998).

2.3. How is the Ecological Footprint calculated?

Several methods have been advanced for calcula-

tion of Ecological Footprints—e.g., Wackernagel and

Rees (1996), Folke et al. (1997), Bicknell et al.

(1998), Wackernagel et al. (1999), Loh (2000), van

Vuuren and Smeets (2000), and Ferng (2001). Al-

though each of these methods has its own peculiarities

and insights, many have their roots in the work of

Wackernagel and Rees (1996).

2.3.1. Wackernagel and Rees method

The Wackernagel and Rees calculation method

begins with the construction of a ‘consumption by

land use’ matrix for a given population. The ‘con-

sumption’ dimension covers food, housing, transport,

consumer goods and services, while the ‘land use’

dimension encompasses built-up areas (supporting

roads, housing and other infrastructure), crop land

and pasture (for production of food and other goods),

managed forest (for production of wood products), and

energy land (for sequestering carbon dioxide emis-

sions resulting from the burning of fossil fuels).

Population data, together with consumption data

(mainly in physical units), for each land use category
are used to derive an average annual consumption

per person (physical units per capita). Consumption

is calculated by adding imports to domestic produc-

tion and excluding exports. The land area utilised by

each consumption category is then determined for

each land use category. This requires dividing con-

sumption in each land use category by a relevant

global average yield to obtain land area. Global

average yields are used so that comparisons can be

made between the footprints of different nations and

with the globe.

The land appropriated for energy consumption is

treated separately, primarily due to the size of the

contribution it makes. Wackernagel et al. (1999)

distinguishes between five types of energy, namely:

gas fossil, liquid fossil, solid fossil, firewood and

hydropower. Nuclear power is treated as a fossil fuel.

Energy land is calculated by assessing the amount of

planted forest land required to absorb the CO2

emissions released in the burning of fossil fuels.

The role played by the oceans in CO2 sequestration

is also acknowledged. The oceans are assumed to

absorb some 35% of CO2 emissions at the global

level. Once again, correction for trade is required as

energy is utilised in the production of exported

goods and services and conversely embodied in

imports.

Aggregating the land area appropriated by each

land use category generates the Ecological Footprint.

Prior to aggregation each category is multiplied by an

‘equivalence factor’ to take account of differences in

biological productivity. The Ecological Footprint may

also be expressed in per capita terms, which permits

the comparison between different nations, regions or

populations.

2.3.2. Input–output method

The Ecological Footprint can also be calculated

by using input–output analysis to track the flow of

embodied land. This method of analysis which was

first developed by Bicknell et al. (1998) and refined

by Ferng (2001) and others, has not to date been

widely used. It should, however, be noted that the

calculation of embodied resources using input–out-

put analysis has been widely undertaken since the

early 1970s by analysts such as Hite and Laurent

(1971), Herendeen (1972) and Wright (1975). The

input–output method of calculating the Ecological
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Footprint attempts to situate the analysis in a

rigorous mathematical framework, but draws upon

many of the ideas and principles of the Wackerna-

gel and Rees method. Readers should refer to

Section 4.6 of this paper for a discussion of the

limitations of input–output analysis in Ecological

Footprinting.
3. Critique of the Ecological Footprint

Costanza (2000) and Moffatt (2000) argue that the

key feature of the Ecological Footprint is that it

provides an effective heuristic and pedagogic tool that

captures current human resource use in an easily

digestible form. In this way, footprinting frequently

promotes discussion on issues directly relevant to

sustainable development—viz., issues such as: (a)

the finite dimensions of human activity; (b) the key

resources and ecosystem functions for sustainable

development; (c) the role played by trade in distrib-

uting ecological resources and pressures; (d) the

selection of indicators for monitoring progress toward

sustainable development and so forth. The Ecological

Footprint methodology does, however, have a number

of well-known weaknesses and limitations that are

described below.
Table 1

Assumptions made by three different Ecological Footprint calculation me

Bicknell et al. (1998) Loh (2000)

Applies local yields for pasture, arable

and forest land

Applies global average yields

pasture, arable and forest land

Does not apply equivalence factors Applies equivalence factors w

aggregating land typesa

Applies an international energy-to-land

ratio obtained from Wackernagel

and Rees (1996)

Applies a world average CO2

absorption factorb

Ignores CO2 absorption by oceans Assumes oceans absorb 35%

emissions

Excludes sea space Includes sea space, estimated

0.1 ha per capita for NZ

Considers ecological interdependencies

between regions as an aggregate

(total imports)

Considers ecological interdepe

between regions as an aggreg

(total imports)

Based on input–output analysis Based on work of Wackernag

a Discussed further in Section 3.4.
b Discussed further in Section 3.3.
c Discussed further in Section 5.2.
d Discussed further in Sections 3.5 and 4.
3.1. Lack of common definitions and methodologies

There is no accepted methodology for calculating

the Ecological Footprint. The Ecological Footprint is

not, for example, constructed according to widely

accepted international conventions such as those used

in the United Nations System of National Accounts

(UNSNA). This has led to ambiguities in interpreting

the results of various Ecological Footprint studies. For

instance, estimates of New Zealand’s Ecological Foot-

print range between 3.49 and 9.6 ha per capita

(Bicknell et al., 1998; Wackernagel et al., 1999;

Loh, 2000). Investigation of these studies reveals that

differences result largely from the assumptions made

concerning biological productivity, the use of equiv-

alence factors, and the calculation of energy land. To

avoid misinterpretation in this paper, and to allow

comparison with earlier footprint estimates, differ-

ences in assumptions between three different calcula-

tion methods are outlined in Table 1.

3.2. Why use land as the numeraire?

Why should ‘embodied land’ be used as the

numeraire for a sustainability indicator? Others have

argued (Slesser, 1973; Gilliland, 1975; Costanza,

1980; Odum, 1983; Herendeen, 1998) that ‘embodied

gical Economics 50 (2004) 49–67
thods

This paper

for
a

Applies local yields for pasture, arable

and forest land

hen Does not apply equivalence factors

Applies a CO2 absorption factor for

New Zealand Pinus radiatac

of CO2 Ignores CO2 absorption by oceans

to be Excludes sea space

ndencies

ate

Makes explicit ecological interdependencies

between regionsd

el and Rees (1996) Based on input–output analysis
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from local yields. In New Zealand, for example, the local yield for

milk production is 1759 kg ha� 1, which compares with a global
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energy’ or ‘embodied solar energy’ is a more appro-

priate numeraire. Land is not the only scarce natural

resource, so why should it be the only resource

entered into the calculation of a sustainability indica-

tor? Arguments alluding to the non-substitutability of

land are not compelling, as it could be argued that

other natural resources also do not have substitutes—

e.g., solar energy. By using input–output analysis to

calculate footprints, as is applied in this paper, the

ecological consequences of human activity on other

key resources are easily determined. Energy Analysis,

for example, has been widely applied in estimating

energy embodied in human activities.2 The focus of

this paper is however on the appropriation of biolog-

ically productive land.

3.3. Why include hypothetical energy land?

The hypothetical land required to absorb atmo-

spheric CO2 emissions resulting from the burning of

fossil fuels, often constitutes more than 50% of the

Ecological Footprint. Critics such as Ayres (2000)

find this result questionable. According to them, it

assumes that afforestation is the preferred option for

CO2 sequestering. However, the use of renewable

energy sources such as wind power and energy

efficiency initiatives are realistic alternatives (apart

from afforestation) for reducing CO2 emissions. Alter-

natives such as liquefying CO2 and pumping it into

the ocean depths or into oil and gas fields replacing

the fuel extracted also exist. Planting production forest

to sequester CO2 is arguably only a temporary mea-

sure. The forests will die, be harvested as products

that will eventually decompose, or be used as a fuel

source, all of which will result in CO2 being re-

released back into the atmosphere.

Another critical issue with the Ecological Footprint

is that it exclusively focuses on energy related CO2

emissions, neglecting the ecological consequences

caused by other emissions—e.g., the depletion of

ozone by CFCs, or acidification caused by SO2 and

NOx. More importantly, the Ecological Footprint as

currently formulated overlooks pollution and wastes

generated by other unsustainable practices, such as the

disposal of nonbiodegradable consumer wastes (e.g.,
2 Examples include Gilliland (1975), Hannon (1979), Costanza

(1980), and Giampietro and Pimentel (1991).
plastics, metals) and persistent toxins (e.g., rubbish

leachate). These issues are not addressed in this paper,

although it is recognized that they are important issues

that need to be addressed in the further development

of the footprint indicator.

3.4. Is all land the same?

The use of ‘equivalence factors’ during the aggre-

gation of Ecological Footprint components (built-up

land, arable land, forest land etc.) is contentious.

These ‘equivalence factors’ recognize that adjust-

ments need to be made to land areas (ha) to take into

account variations in biological productivities. For

example, fertile flood plains may have a biological

productivity several times that of mountainous land,

and adjustments need to be made to reflect this

difference. It can be argued that this narrow focus

on biological productivity ignores other factors that

determine the relative value of different types of

land—e.g., cultural values, social preferences or rel-

ative scarcity.

International comparison of Ecological Footprints

requires consideration of differences in biological

productivity. Such differences are primarily due to

environmental factors—i.e., solar flux, soil type, cli-

matic conditions and type of vegetation cover. This

issue is addressed in Ecological Footprint calculations

by relating consumption to global average yields

rather than local yields.3 Such an approach is prob-

lematical as it produces results that are not comparable

with the actual land area occupied by the appropriat-

ing population. At a national or subnational level, it is

often desirable to be able to examine ecological

consequences in terms of actual occupied land ar-

ea—a unit of measurement familiar to the resident

communities.

In this paper, neither global average yields nor

equivalence factors are used, except when internation-

al comparisons are made in Section 5.7.
average yield of 336 kg ha . Therefore, applying a global average

milk production yield results in a domestic Ecological Footprint

contribution that is 5.24 times the actual land area used for milk

production.
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3.5. What spatial boundaries?

The selection of appropriate spatial boundaries is a

critical issue in footprinting. For example, footprints

can be calculated at global, national, regional and

local (city) scales. Wackernagel and Silverstein (2000)

argue for political or cultural boundaries, as they

represent the level at which environmental policy

and decision-making is most often made. By contrast,

van den Bergh and Verbruggen (1999) dispute the use

of such boundaries on the grounds that they have no

environmental meaning, favouring instead hydrologi-

cal, climate zone, or larger connected ecosystem

boundaries. In this paper, New Zealand Regional

Council areas are used which reflect both political

and environmental boundaries.

Closely associated with the selection of appropriate

spatial boundaries are the ecological implications of

trade. Rees (1992) argues that trade has the effect of

physically and psychologically distancing populations

from the ecosystems that sustain them. From a re-

gional perspective, information is required not only on

footprint size (and on its component shares—e.g.,

agricultural, arable, forest, built-up and energy land),

but also on the origins of contributions made by each

imported component and how sustainable it is. For

this reason, the Ecological Footprint methodology is

extended in this paper to include an analysis of the

ecological interdependencies of New Zealand regions,

in order to consider not only the footprint from the

consumption (end-use) perspective, but also the pro-

duction (source) perspective.

3.6. Dynamics—what about the future?

The Ecological Footprint provides a ‘snapshot’ of a

population’s environmental requirements using cur-

rent technology under prevailing management practi-

ces and social values. Even if the footprint for a

particular population is calculated at regular intervals,

the results are always out of date—in this respect the

footprinting only tells us ‘‘yesterday’s news’’. Key

dynamic components of the sustainability equation

such as intergenerational equity, technological change,

and the adaptability of social systems are simply

overlooked. Moreover, nature is characterised by

complex adaptive systems with nonlinearities, feed-

back loops, and thresholds (Holling, 1973; Levin,

G.W. McDonald, M.G. Patterson /54
1998). By ignoring such dynamics, the Ecological

Footprint cannot inform us on the ecological conse-

quences of likely futures, or even possible scenarios.

This paper makes no attempt to address these issues.

3.7. Policy relevance—a policy evaluation tool?

Proponents of the Ecological Footprint (e.g.,

Wackernagel and Rees, 1996; Wackernagel and Sil-

verstein, 2000) advocate that the footprint can evalu-

ate potential strategies for avoiding ecological

overshoot. The Ecological Footprint is seen as an

instrument that provides decision-makers with ‘‘a

physical criterion for ranking policy, project or tech-

nological options accounting for their ecological

impacts’’ (Wackernagel and Rees, 1996). This claim

has, however, been hotly contested. Ayres (2000)

asserts that footprinting provides no meaningful rank

ordering, and even less so any value for policy

evaluation. This view is shared by Moffatt (2000, p.

360) who notes ‘‘it offers no policy suggestions apart

from either including more land, reducing population,

or reducing consumption per head’’.

Although it is agreed that the policy instruments or

actions required to counteract overshoot cannot be

implied from the Ecological Footprint method, it is

argued here that the footprinting does provide a broad

level measurement of ecological impact. In this way,

the Ecological Footprint may be used to ‘signal’ the

relative ecological cost of different policy options.

Careful consideration of the components of the foot-

print may also help to evaluate the relative ecological

cost of various human activities, enabling policy

analysts to identify ‘hotspots’ for policy action. By

far the greatest contribution that footprinting can make

to policy and decision-making is as an educative tool

to stimulate thinking about the far-reaching nature of

the indirect ecological effects of human activities.
4. An input–output methodology for estimating

regional Ecological Footprints

Much of the Ecological Footprint work undertaken

to date is based on methodology that lacks formal

structure. Some approaches may even be considered

to be ad hoc. A major limitation of such methods is

that they may lead to results that are not easily
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reproduced, either through time or across space. In

turn, this restricts comparability or leads to inconsis-

tencies that are more an artifact of the method rather

than actual differences. Such concerns led Bicknell et

al. (1998) to develop an alternative formulation of the

Ecological Footprint based on input–output analysis.

4.1. Accounting identity of the component parts of the

regional Ecological Footprint

In this paper, Bicknell et al.’s (1998) input–output

approach is extended to formally permit calculation of

regional Ecological Footprints and to make explicit

interregional appropriation of land. Essentially, the

regional Ecological Footprint is defined by the fol-

lowing accounting identity:

EFua þ ðb1 þ b2 þ . . .þ bn�1Þ þ d ð1Þ

where: a = land appropriated from within the study

region; b1 + b2 + . . .+ bn� 1 = land appropriated from

other regions (1. . . n� 1); and d = land appropriated

from other countries.

Fully worked examples of how to calculate each of

the three components of regional Ecological Foot-

prints are outlined in a recently published report by

McDonald and Patterson (2003). In Section 4.4 of our

current paper, we only outline how to calculate the

land appropriated from other regions component

(b1 + b2 + . . .+ bn� 1), and we refer readers to Bick-

nell et al. (1998) on how to calculate both the land

appropriated from within the study region (a) and the

land appropriated from other countries (d).

4.2. Generation of regional input–output matrices

Regional input–output matrices need to be calculat-

ed for the study region and the other regions in the

nation. These regional input–output matrices and the

data contained in them are then subsequently used in the

calculation of each of the main components in the

regional Ecological Footprint identity (refer to Eq. (1)).

In this paper, these matrices were derived using the

GRIT method, which was developed by Jensen et al.

(1979) and West et al. (1980).4 This method consists
4 Studies that have applied the GRIT method in New Zealand

include Butcher (1985), Kerr et al. (1986) and the Ministry of

Agriculture (1997).
of a series of mechanical steps that reduce national

input–output coefficients to subnational (regional)

equivalents, while providing opportunities for the

insertion of ‘superior data’. Such non-survey based

methods of generating regional input–output matrices

are frequently utilised, as in this paper, when time,

cost and data constraints preclude generation of ma-

trices based on survey data.

4.3. Calculation of the land appropriated within the

study region (a)

The land appropriated from sectors within the

study region is calculated using the Bicknell et al.

(1998) method. Readers should refer to that paper for

full details. Instead of using a national input–output

matrix (as did Bicknell et al., 1998), we used a

regional input–output matrix.

4.4. Calculation of the land appropriated from other

regions (b1 +b2 +. . .+bn�1)

The following five-step process calculates the land

appropriated by the study region from other regions.

Step one: determination of the regional imports ($)

matrix, Gr, for Region 1.

Each sector in the study region purchases com-

modities ($) from various regions in the nation. For a

given sector in New Zealand, as in most countries, it

is not known exactly from which region these com-

modities originate. This is estimated in the current

paper by solving an optimization problem. It is

assumed that each sector within a region will seek

to source commodities from supplier regions closest

to them in terms of travel time. Thus, minimisation of

travel time is to set the objective function, while

known levels of sector imports (and exports) are used

as the binding constraints.5 Fuller details of this

optimization problem are contained in Appendix A.

Solving the optimization problem enables matrices

Gr to be defined for each region that exports com-
travel times, whereas in actuality other factors may also come into

play. Nevertheless, analytical tests for the results reported in Section

5 show that the optimisation problem is relatively constrained with a

small feasibility space, i.e., differences between ‘optimal’ and

‘actual’ flows will be minimal.
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modities to the study region—in our study, there are

15 nonstudy regions. Matrices Gr define the exact

quantities of commodities being imported into each

study region sector from each of the nonstudy regions.

Step two: determination of the land (ha) embodied

in regional imports, Kr, for Region 1.

The imports matrixGr (from step one) quantifies the

imports of commodities into a given sector (in the study

region) from sectors in Region 1. These quantities of

commodities are enumerated in monetary ($) terms.

They are converted to embodied land terms (ha) by:

Kr ¼ HrGr ð2Þ

where: Kr = embodied land matrix [i� ( j + f )], de-

scribing the land embodied in imports into sectors j

and into final demand f derived from sectors i in Region

1; Gr = imports matrix [i� ( j + f )], describing the $

imports from sectors i from Region 1 into sectors j and

into final demand f; and Hr = inverse Leontief matrix

(i+ j), describing the direct plus indirect land require-

ments from sectors i needed to generate an additional

unit of output ($) in sectors j in Region 1.

Step three: determination of the land supporting

domestic consumption, Mr, ha, for Region 1.

In the footprint analysis, we are only concerned

with the Land required to support domestic consump-

tion—not the portion of land that passes out of the

study region as land embodied in exports. This is

calculated by:

Mr ¼ KrL̂r ð3Þ

where: L̂r = final demand matrix [( j + f )+( j + f )], de-

scribing on the diagonal the fraction of final demand

consumed in the study region; and Mr = domestic land

consumption matrix [i� ( j + f )], describing the land

embodied in sector j output and final demand f which

supports domestic consumption in the study region.

The data for L̂r is calculated from the study region’s

input–output matrix generated by the GRIT process

referred to in Section 4.2.

Step four: repeat steps one to three for the calcu-

lation of energy land, Region 1.

Energy land represents the area of planted forest

needed to sequester CO2 emissions resulting from the

burning of fossil fuels.

The approach used to calculate the energy land

appropriated from Region 1 is analogous to that used
to calculate the land appropriated from Region 1. This

means steps one to three are now repeated with the

exception that matrix Hr is replaced with an inverse

Leontief matrix for energy land.

Step five: repeat steps one to four for all regions.

Steps one to four described the process of calcu-

lating the land and energy land appropriated from

other regions. This needs to be repeated for all other

regions in the nation—in our study, this included 15

other regions.

Once the calculations have been repeated for all

other regions, the data then needs to be compiled into

one matrix T. Matrix T represents the total land

appropriated by each sector (column) according the

sector-region combinations (rows). An illustrative

example of matrix T is provided by Table 2. Each

of the components of Eq. (1) expression b1 +

b2 + . . . + bn� 1 (land appropriated from other regions)

can now be directly abstracted from the matrix T. For

example, b1 is the grand total for Region 1 (in Table

2)—it is the sum of the column totals (or row totals)

which is 2701 ha. By summing these grand totals for

each of the nonstudy regions b1 + b2 + . . .+ bn� 1, the

overall land appropriated from all other regions is

determined.

4.5. Calculation of land appropriated from other

countries (d)

The land appropriated from other countries is

calculated using the Bicknell et al. (1998) method.

Readers should refer to that paper for full details.

Essentially, the Bicknell et al. (1998) method assumes

that products imported from overseas have exactly the

same embodied land per $ ratio as products made in

New Zealand. This assumption is necessary due to the

lack of such data for overseas countries, although

superior data can be substituted if it is available.

4.6. Limitations of using input–output analysis

There are a number of critical assumptions that

underpin the method presented in this paper which

stem directly from using input–output analysis. Rath-

er than recite these assumptions of input–output

analysis, which are well documented elsewhere

(e.g., Richardson, 1972), we instead focus on those

assumptions we consider most relevant in applying
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Table 2

Illustrative example of the matrix T: land appropriated from other regions b1 + b2 + . . .+ bn� 1

Imports from sectors Study region sectors and final demand

in other regions
Agriculture Manufacturing Services Final demand Total

Region 1

Agriculture 14 653 607 1079 2353

Manufacturing 0 4 5 8 17

Services 1 13 81 237 332

Subtotal 15 670 693 1324 2702

Region 2

Agriculture 75 2007 1053 2094 5229

Manufacturing 0 2 2 5 9

Services 4 30 230 693 957

Subtotal 79 2039 1285 2792 6195

Region 3

Agriculture 591 14,465 1875 1042 17,973

Manufacturing 0 4 3 3 10

Services 1 31 8 7 47

Subtotal 592 14,500 1886 1052 18,030

Total 686 17,209 3864 5168 26,927

(1) All values are in ha per year unless otherwise stated.

(2) Reading the table: the land embodied in interregional imports into the study region sectors and final demand are obtained by reading down

the column, e.g., the land embodied in agricultural sector imports (from Region 1) into the study region’s manufacturing sector is 607 ha, and so

forth for the other interregional imports reading down the column.

(3) The values (not including subtotals and totals) for Region 1 are the elements in the matrix that result from adding the matrices Mr (for land)

and Mr (for energy land) for that region. The same arithmetic applies for the values for Regions 2 and 3.

(4) b1 = 2702 ha (total for Region 1), b2 = 6195 ha (total for Region 2), b3 = 18,030 ha (total for Region 3). The sum of b1 + b2 + b3, which is

26,927 ha in this example, is the total land appropriated from other regions.
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input–output analysis to footprinting. We also refer

readers to Bicknell et al. (1998) for a more detailed

discussion of the limitations of applying input–output

analysis to Ecological Footprinting.

In Leontief-based input–output analysis, as de-

scribed in this paper, the homogeneity assumptions

require that only one commodity be produced per

sector. This does not always occur in reality as indus-

tries are often involved in ‘joint production’—e.g., a

dairy farm may use land to produce not only milk-fat

but also lesser amounts of beef or horticultural prod-

uct. There are, however, input–output methods (e.g.,

Costanza and Hannon, 1989) that can be applied to

deal with this joint production problem, which could

be adapted for use in Ecological Footprinting.

The interindustry linkages in an economy generally

represent flows of physical goods. In input–output

analysis such flows are usually summarised in a trans-

actions table denominated in monetary units. Howev-

er, the use of monetized tables can lead to problems if
the price paid for a given product differs across

purchasing industries. If industry 1, for example,

purchases 10 kg of goods at 0.20 $ kg� 1 and industry

2 purchases 10 kg of goods at 0.10 $ kg� 1 from the

same industry, then both industries receive the same

physical quantity of goods (10 kg), but spend different

amounts of $2.00 and $1.00, respectively. This

implies, from a monetary transaction perspective, that

the land embodied in industry 1 purchases is twice that

of industry 2 purchases—whereas, from a physical

perspective, both industries are purchasing the same

physical quantity of goods. This effect may result in

both under- and overestimation of sector contributions

made to the Ecological Footprint.

The input–output method as presented in this

paper makes two particular assumptions concerning

imported commodities. Firstly, it assumes that

imported commodities are essentially final or finished

goods. This implies that only backward linkages

through the economy in the region of origin are
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measured. If, however, there are imported commodi-

ties requiring further processing in the study region,

then forward linkages may also need to be estimated.

Secondly, the method assumes that imported com-

modities have the same embodied land-to-output ($)

ratio as in the domestic economy—this is probably a

reasonable assumption in most cases. Ideally, the

actual land-to-output ($) ratios for imported commod-

ities should be used in the analysis, but unfortunately

such data are rarely available thereby necessitating the

use of these surrogate values.
6 It is worth noting that these figures may vary considerably

between regions depending on plantation age, soil type, climatic

conditions and so on. The possibility of planting indigenous forest

to sequester CO2 emissions is also ignored (refer to Hall and

Hollinger, 1997 for further debate concerning this issue).
5. Ecological Footprint of the Auckland region

The methodology described in Section 4 was used

to calculate Auckland Region’s Ecological Footprint

and to identify its source-of-origin. All calculations

are in terms of actual biological productive land areas

needed to satisfy domestic final demand, based on

local yields. Similarly, no adjustments are made for

differences in biological productivity between land

types when aggregating—i.e., no equivalence factors

are applied. The results presented here are aggregated

to facilitate comparison with earlier studies by Bick-

nell et al. (1998) and McDonald and Patterson (2003).

5.1. Brief description of the Auckland region

The Auckland region is New Zealand’s largest and

fastest growing region, with a population of 1,159,400

in 1998 (Statistics New Zealand, 1998c). Nearly 30%

of New Zealanders live in the Auckland region. Most

of the region’s residents live in the Auckland metro-

politan area. The metropolitan area itself is a sprawl-

ing city of largely detached single storey dwellings.

Geographically, the Auckland metropolitan area is

located on an isthmus between two natural harbours.

From north to south, the region measures 120 km and

at its widest point is 60 km. The land area of the

region is 560,000 ha (2% of New Zealand’s land

area).

Auckland is New Zealand’s commercial hub hav-

ing the highest proportion of people employed in

finance, insurance, property, wholesale trade and

business service industries (Statistics New Zealand,

1998f). The traditional economic base of Auckland

has been manufacturing, but this has experienced
some decline in recent years due to impacts of trade

liberalization and globalisation.

5.2. Data sources

Input–output tables for New Zealand’s 16 Region-

al Council areas are derived from the national inter-

industry table produced by Statistics New Zealand

using the GRIT method (1991, 1998a,b, 1999). Each

input–output matrix covers 23 sectors. Estimates of

land use data by economic sector are based on data

gathered from Quotable Value New Zealand (1998),

Statistics New Zealand (1998c,d), Ministry of Agri-

culture and Forestry (1999), and Works Consultancy

Services (1996). These estimates exclude national

parks, lakes, rivers and the marine environment.

Energy related CO2 emissions by economic sector

were obtained from the Energy Efficiency Conserva-

tion Authority (1997). The conversion of CO2 emis-

sions into energy land is based on sequestration data

obtained from Hollinger et al. (1993). They estimate

that an average hectare of Pinus radiata in New

Zealand absorbs 3.6 t of C, which equates to 0.0758

ha per t of CO2.
6 Population statistics are based on

subnational estimates produced by Statistics New

Zealand (1998e).

5.3. Auckland’s Ecological Footprint disaggregated

by land type

Agricultural land consists of land used for sheep

and beef, dairy, mixed livestock, other farming and

horticulture. Auckland appropriates 1,525,000 ha of

agricultural land for domestic use or 1.32 ha per capita

(Table 3). Over half of this land, 805,000 ha, is

embodied in agricultural products imported from

other New Zealand regions. Only 168,000 ha or

11.0% of agricultural land was appropriated from

within the region, particularly from livestock farms

in the south of the region. Significant amounts of land

are also planted in horticultural crops such as onions,
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Table 3

Auckland region Ecological Footprint disaggregated by land type, 1997–1998

Land type Within

region land

Land from other

NZ regions

Land from

other nations

Land type

total

ha per

capita

% of land

type total

Agricultural land 168,000 805,000 552,000 1,525,000 1.32 65.7

Forest land 6000 45,000 50,000 101,000 0.09 4.4

Built-up land 96,000 17,000 32,000 144,000 0.12 6.2

Energy land 355,000 18,000 177,000 550,000 0.47 23.7

Total 624,000 885,000 810,000 2,320,000 2.00 100.0

All values are in ha per year unless otherwise stated. Figures may not add up to the stated totals due to rounding.
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spinach, capsicum and Asian vegetables, with lesser

amounts in strawberries and persimmons.

Forest land refers to forest plantings used for

commercial gain. It does not include the hypothetical

forest planted to sequester CO2 emissions. Some

94.5% of forest land appropriated by domestic final

demand are imported into the region. Only 6000 ha is

appropriated from within the region, made up almost

entirely of P. radiata. On a per capita basis, forest land

appropriation amounts to 0.09 ha or 4.4% of the

region’s footprint.

Built-up land represents built-up areas that host

human settlements. This includes land used for hous-

ing, commercial and governmental purposes.7 It

accounts for 6.2% of the region’s footprint and equa-

tes to 0.12 ha per capita. Some 96,000 ha or 66.4%

are appropriated from within the region, including

38,000 ha for housing. It also captures the region’s

road network, which exceeds 7500 km or 8% of total

national road length (Works Consultancy Services,

1996).

Energy land is a measure of the hypothetical planted

forest needed to sequester CO2 emissions. It accounts

for 550,000 ha or 23.7% of the region’s footprint. This

is relatively low when compared to most developed

nations. Loh (2000), for example, estimates Canada’s

energy land contribution to be 47.0%, Australia’s to be

56.4% and the United States’ at 60.8%. Auckland’s

relatively low energy land component can be explained

by: (1) the P. radiata CO2 sequestration factor—which

is significantly higher than the global average used by

Loh (2000), (2) the structure of the Auckland regional

economy, which is dominated by less energy intensive
7 Large commercial and governmental land users include office

and retail space, warehouses, amusement parks, holiday parks, car

parks, schools, hospitals, prisons and military bases.
light manufacturing and service sectors, rather than

more energy intensive heavy manufacturing sectors,

(3) the low electricity CO2 emission rate—a result of

the high proportion of electricity (64.5%) drawn from

hydro sources.

5.4. Ecological Footprint disaggregated by economic

sector

The appropriation of land embodied in goods and

services purchased by the region’s primary sectors

(agriculture, forestry, fishing and hunting, and mining

and quarrying) accounts for 168,000 ha which repre-

sents 7.2% of the region’s footprint (Table 4). The

agriculture sector appropriates most of this land in the

form of internal transactions, e.g., sales and purchases

of stock from within the agriculture sector.

On a sectoral basis, the largest appropriation of

land is by the manufacturing sector (1,127,000 ha),

accounting for 48.6% of the region’s footprint. Of this

amount, 794,000 ha are embodied in imports from

other New Zealand regions. These imports largely

represent backward linkage purchases of land embod-

ied in agricultural products. This is not surprising

given that the region’s agriculture sector is unable to

satisfy local demand.8 Of the 109,000 ha appropriated

locally by the manufacturing sector, most are used in

the manufacture of food and beverages, with lesser

amounts in the production of textiles and clothing.

Auckland’s service sector appropriates 369,000 ha

or 15.9% of the region’s footprint. Interestingly, this is

almost 8.0 times greater than the actual land area

occupied by the service sector. This is because service

industries are typically at the end of the value-added
8 The respective employment location quotients for agriculture

and forestry relative to the nation are estimated to be 0.24 and 0.28.
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Table 4

Auckland region Ecological Footprint disaggregated by economic sector, 1997–1998

Economic sector Within

region land

Land from other

NZ regions

Land from

other nations

Economic

sector total

ha per

capita

% of economic

sector total

Agriculture 105,000 37,000 5,000 147,000 0.13 6.3

Forestry 2000 18,000 0 20,000 0.02 0.8

Fishing and hunting 0 0 0 0 0.00 0.0

Mining and quarrying 0 0 0 1000 0.00 0.0

Manufacturing 109,000 794,000 224,000 1,127,000 0.97 48.6

Utilities and construction 44,000 16,000 35,000 96,000 0.08 4.1

Services 195,000 7,000 166,000 369,000 0.32 15.9

Domestic final demand 169,000 13,000 379,000 562,000 0.48 24.2

Total 624,000 885,000 810,000 2,320,000 2.00 100.0

All values are in ha per year unless otherwise stated. Figures may not add up to the stated totals due to rounding.

Table 5

Ecological balance of trade for the Auckland region disaggregated

by land type, 1997–1998

Land type Land embodied

in imports

Land embodied

in exports

Balance of

trade

Interregional trade

Agricultural land 1,293,000 14,000 � 1,278,000

Forest land 124,000 5000 � 118,000

Built-up land 19,000 1000 � 18,000

Energy land 28,000 9000 � 20,000

Interregional

balance of trade

1,464,000 29,000 � 1,434,000

International trade

Agricultural land 711,000 721,000 10,000

Forest land 63,000 94,000 32,000

Built-up land 59,000 21,000 � 38,000

Energy land 213,000 224,000 11,000

International

balance of trade

1,046,000 1,060,000 14,000

Balance of trade 2,509,000 1,089,000 � 1,420,000

All values are in ha per year. Figures may not add up to the stated

totals due to rounding.
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chain and therefore they tend to have significant

backward linkages, many of which appropriate land.

Domestic final demand, although not strictly a

sector, is included in Table 4 for completeness. This

category encompasses land occupied by housing,

land embodied in goods and services purchased by

households, and smaller amounts of land embodied

in nonmarketable governmental goods and services

consumed by the region’s communities. Households

appropriate 562,000 ha of biologically productive land,

which is almost one quarter of the region’s footprint.

Most of this land is embodied in consumer goods

purchased from other nations. This includes goods that

are imported directly by wholesalers and retailers and

then resold to households without further processing.

5.5. Auckland region’s ecological balance of trade

An input–output formulation of the Ecological

Footprint permits an ‘‘ecological balance of trade’’

to be calculated on a systematic basis. Auckland’s

ecological balance of trade by land type is depicted in

Table 5. This table indicates that 2,509,000 ha of land

were appropriated from outside the region (this

includes the 1,696,000 ha supporting domestic con-

sumption), while 1,089,000 ha were embodied in

exported goods and services. Thus, the Auckland

region is a significant net importer (1,420,000 ha) of

biologically productive land.

As previously noted, it is not only important to

evaluate solely the total quantity of land appropriated

from outside the region, but also to consider where

this land originates. At its source-of-origin, the land

may be farmed unsustainably (e.g., overcropping or
accelerated erosion caused by substandard farming

practices) or it could be used sustainably (e.g., by

using nutrient recycling or minimising fossil fuel

inputs). Or perhaps the land could be drawn from a

source nation where land is scarce and there is much

poverty. In terms of sustainability (and equity) argu-

ments, these factors relating to the source-of-origin of

land could be more important than just considering

the total quantity of appropriated land—viz, it is not

just the size of the footprint that counts, but also

where and how the footprint falls, and what impact it

has on the environment.
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Fig. 1 graphically depicts the origin of biologically

productive land imported into Auckland region. Ap-

proximately 15.5% (227,000 ha) of the land appro-

priated from other regions is embodied in products

imported from the Waikato region. Otago,9 Northland

and Southland regions also make significant interre-

gional contributions. Auckland’s manufacturing sector

is the greatest appropriator, accounting for some

87.6% of the land embodied in interregional imports.

The size of the contribution made by Northland and

Waikato regions is not surprising given that they are

Auckland’s closest neighbours. More influential, how-

ever, is the role these regions play in providing

agricultural product to the Auckland food manufac-

turing industries. The rich pastures of the Waikato

region support intensive farming, with 75.3%

(1,500,000 ha) of its biologically available land in

grazing, arable or fodder use. Similarly, Northland

region is a major producer of sheep, beef and horti-

cultural products.

The origins of forest land embodied in interregion-

al imports reflect the spatial location of major planted

forests in the North Island. The Waikato and Bay of

Plenty regions form part of the largest planted forest

area in New Zealand, mostly P. radiata although small

plantings of Douglas fir and other varieties do exist.

Lesser, but still significant, forest plantations also

exist in the Northland and Gisborne regions.

Auckland’s sizable construction, printing and publish-

ing, and other manufacturing sectors drive the demand

for forest products from these hinterland regions.

5.6. Comparing Auckland’s Ecological Footprint with

other regions

The Auckland region’s Ecological Footprint is

compared with other New Zealand regions in Fig. 2.

It shows in relative terms each region’s actual land

area (on the left) alongside its corresponding appro-

priated footprint area (on the right). Overall, Auckland

has the largest footprint of any region, in excess of 1.3

times Canterbury, the next largest region.
9 This size of this contribution is due primarily to the low

productivity of much of the region’s agricultural land. That is,

agricultural products appropriated from Otago supporting

Auckland’s domestic consumption embodied far more land than

similar products purchased from other regions.
Auckland (2.00 ha per person) along with Welling-

ton (2.40 ha per person), and Nelson (1.86 ha per

person) are among the lowest per capita footprints in

New Zealand (Fig. 3). These are the three most urban

regions in New Zealand, and this seems to be the main

determinant of their low footprints. Urban settlement

and consumption patterns are more efficient in their

use of land—viz, land requirements per capita for

retailing, housing, infrastructure and transport are

considerably lower in urban areas compared with rural

areas. There is also some evidence that urban transport

requirements are relatively low, thereby reducing the

size of the energy component of the Ecological

Footprint for these—this is particularly so for Wel-

lington that has an energy efficient public transport

system based to a large extent on light rail.

Otago has the highest footprint per capita of any

region in New Zealand, at 5.41 ha per person. This

can be mainly attributed to the low productivity of

Otago land, which is the 2nd to lowest of any region

in the country. This means that Otago requires signif-

icantly more land to produce the same amount of

output as other regions. Marlborough has the second

highest footprint at 4.13 ha per person, again largely

attributable to the region’s low land productivity. Both

of these regions also have relatively low population

densities meaning that the spread-out nature of their

settlement increases travel distances and hence the

size of their footprints.

Southland (3.92 ha per person) and Manawatu-

Wanganui (3.80 ha per person) rank 3rd and 4th in

terms of the size of their per capita footprint. While

parts of these regions are highly productive, other

parts, particularly mountainous areas with harsh cli-

mates, have extremely low productivities. This is the

main reason why these regions have reasonably high

per capita footprints. Southland also has the highest

per capita Energy Land footprint component of any

region due to its colder climate.

West Coast (3.70 ha per person), Canterbury (3.57

ha per person), Northland (3.33 ha per person),

Gisborne (3.03 ha per person) and Hawke’s Bay

(2.63 ha per person), all have footprints around the

New Zealand average which would be expected on

the basis of their land productivities.

Waikato (2.87 ha per person), Bay of Plenty (2.59

ha per person), Taranaki (2.19 ha per person), and

Tasman (2.08 ha per person) all have per capita
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Fig. 1. Regional and international origins of Auckland’s Ecological Footprint, 1997–1998.
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Fig. 2. Ecological Footprints of New Zealand regions, 1997–1998.

Fig. 3. Comparison of Auckland region Ecological Footprint per capita with other regions in New Zealand, 1997–1998.
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Fig. 4. Comparison of Auckland region Ecological Footprint per capita with other nations. Note: all values are based on Loh (2000) for the 1996

year unless otherwise stated.
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footprints below the New Zealand average. These

regions have relatively high land productivities

(ranked 1st to 4th). It is therefore not surprising that

the per capita footprints of these regions are among

the lowest. The spread-out nature of the Waikato and

Bay of Plenty settlements, which are less urban than

some other regions, may explain why the footprints of

these regions are not lower than stated.

5.7. Comparisons with international Ecological

Footprints

Auckland’s Ecological Footprint can be compared

with international footprint estimates produced by

Loh (2000). This requires that Auckland’s footprint

be adjusted for: (1) global average yields;10 (2)
10 Loh (2000) estimates New Zealand’s average pasture yield

factor to be 5.24, with the average yield factors for arable and forest

land estimated to be 2.09 and 0.61, respectively. In the case of built-

up land, the average arable yield factor is applied.
biological equivalence factors11 and (3) the applica-

tion of a global average CO2 sequestration factor.12

On this basis, Auckland’s footprint of 5.68 ha per

capita was found to be significantly smaller than both

New Zealand (8.35 ha) and Australia (8.50 ha),

slightly smaller than Japan (5.90 ha), but larger than

South Africa (4.04 ha) and Argentina (3.80 ha) (refer

to Fig. 4).
6. Conclusions

This paper presents a methodology for calculating

regional-level Ecological Footprints based on input–
The following equivalence factors based on Loh (2000) were

applied: for energy land 1.78, for arable land 3.16, for forest land

1.78 and for pasture land 0.39. The equivalence factor for arable

land was used as a proxy for built-up land.
12 Loh (2000) estimates the world average carbon absorption

(including roots) to be 0.956 t ha� 1. In accordance with Loh (2000),

oceans are also assumed to take up 35% of CO2 emissions.
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output analysis. Most developed nations prepare in-

put–output tables at regular intervals based on inter-

nationally recognized classifications. This method

therefore facilitates comparison over time of Ecolog-

ical Footprints, between nations and with standard

economic aggregates. The major strengths of the

proposed method are that it: (1) provides a formal

structure for Ecological Footprint calculations; (2)

permits subnational or regional level footprint esti-

mates to be generated; and (3) makes explicit interre-

gional appropriation of biologically productive land.

The method has been applied to the Auckland

region within New Zealand. The results of this analysis

suggest that Auckland’s footprint was 2,320,000 ha for

1997–98. This amounts to 4.8 times the region’s

biocapacity. The per capita footprint of 2.00 ha is

significantly less than the national average, but com-

parable with the other urban regions in New Zealand.

The Ecological Footprint is an important pedagog-

ic device that serves to create awareness of sustain-
Fig. A.1. Structure of the interregional t
ability issues, in particular the fact that there are

identifiable indirect environmental effects associated

with human activity. Footprinting is therefore an

attempt to make visible nature’s work. Footprinting

has its place in understanding sustainability issues, but

is by no means the only or ultimate tool for policy

decision making.
Acknowledgements

The authors would like to acknowledge the

valuable feedback received by Drs. Detlef van Vuuren

(RIVM), Dr. Beat Huser (Environment Waikato), Dr.

Richard Gordon (Landcare Research) and Dr. Nigel

Jollands (Massey University) in their reviews of this

paper. We are also indebted to financial assistance

provided to this project by the Ministry for the

Environment’s Sustainable Management Fund (Con-

tract No. 5081).
rade flows optimization problem.



G.W. McDonald, M.G. Patterson / Ecological Economics 50 (2004) 49–6766
Appendix A. Mathematical description of the

interregional flows optimization

This appendix describes the optimization approach

used to determine the interregional trade flows be-

tween the study region and its trading partners. The

optimization problem is portrayed diagrammatically

in Fig. A.1 and described mathematically below.

The capital letters R and S are used, respectively to

denote regions and sectors, i.e., R1S1 denotes sector 1 in

Region 1. The letter n represents the number of regions,

while the letter m represents the number of sectors.

Matrix X [n�m� 2, (n� n� n)�m]. This matrix

describes the flow of trade between regions. A negative

sign (� ) denotes exports, while a positive sign (+)

denotes imports. Column 1, for example, describes the

trade flows between Region 1, R1, and Region 2, R2.

Vector y [n�m� 2, 1]. This column vector

describes imports to, and exports from, each region

by sector. The element in row 1, for example, repre-

sents the sum of all sector 1 exports originating from

Region 1, �SR1S1. The elements in this vector are

used as binding constraints in the optimization.

Vector z [1, (n� n� n)�m]. This row vector

denotes ‘‘freight haulage times’’ between regions per

dollar of trade flow. Freight haulage times are calcu-

lated using an origin-destination matrix.

Scalar v (1, 1). This scalar is the sum of row vector

z. It represents the total freight travel time needed to

move goods and services between all permutations of

regions and sectors. Minimisation of this scalar is the

objective function.

The optimization is solved as follows:

Min : zw ¼ v

subject to:

Xw ¼ y

wz0

where: w = column vector [(n� n� n)�m, 1] de-

scribing the flow ($) of m sector commodities between

n regions to be solved for.

In the analysis undertaken in Section 5 of this

paper, there are 5520 possible flows between sectors

that are quantitatively determined by solving for w.
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