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The essential parameters of a resource-based carrying capacity assessment

model: an Australian case study

Abstract

Carrying capacity assessments model a population’s potential self-sufficiency. A
crucial first step in the development of such modelling is to examine the basic
resource-based parameters defining the population’s production and consumption
habits. These parameters include basic human needs such as food, water, shelter and
energy together with climatic, environmental and behavioural characteristics. Each of
these parameters imparts land-usage requirements in different ways and varied
degrees so their incorporation into carrying capacity modelling also differs. Given that
the availability and values of production parameters may differ between locations, no
two carrying capacity models are likely to be exactly alike. However, the essential
parameters themselves can remain consistent so one example, the Carrying Capacity
Dashboard, is offered as a case study to highlight one way in which these parameters
are utilised. While examples exist of findings made from carrying capacity assessment
modelling, to date, guidelines for replication of such studies in other regions and
scales have largely been overlooked. This paper addresses such shortcomings by
describing a process for the inclusion and calibration of the most important resource-

based parameters in a way that could be repeated elsewhere.
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1. Introduction

Carrying capacity assessment, as a modelling tool for localised human resource self-
sufficiency, has generally been overshadowed by its global variant, Ecological
Footprint analysis. Given the globalised nature of modern trade, proponents of the
Ecological Footprint approach argue that this analysis is a more accurate
representation of existing circumstances (Wackernagel, 1994) where the geographic
scale of consumption is variable while the global scale of production is usually fixed
(Global Footprint Network, 2012). Recent community-led resurgence in the relevance
of localised self-sufficiency (Holmgren, 2002; Peters et al., 2009; Hopkins, 2011) has
seen some response from academia and government departments with recent studies
including a report on the self-sufficiency of Hawaii County (Melrose and Delepart,
2012) and a comprehensive modelling of the agricultural carrying capacity of New
York State (Peters et al., 2007). Adding to this renewed interest in carrying capacity
modelling is the release of an online assessment tool for the Australian context, the
Carrying Capacity Dashboard (http://dashboard.carryingcapacity.com.au/) (Lane,

2012).

The current global system of trade makes estimates of localised carrying capacity
more complicated when production and/or consumption of any particular resource
occur outside any localised boundary (Whyte and Beuret, 2004). Trade between
different locations is actually an anathema to carrying capacity assessment at a
theoretical level, given that carrying capacity estimates the productive potential of the

landscape within a certain border at the exclusion of the land outside the border
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(Fearnside, 1986). However, from a practical perspective, populations have
historically been inclined to trade a certain amount of material goods with others as a
way of sharing any internal surplus and making up for shortfalls (Cohen, 1995). As
such, even though the focus of carrying capacity models is generally local, it is also
important that they address the issue of trade by finding ways to incorporate the extent
and impact of imports and exports between otherwise notionally self-sufficient

regions.

Carrying capacity models are the primary vehicle for the estimation of a population’s
self-sufficiency. From a resource perspective, the most important parameters
determining carrying capacity are basic human needs essential for a population’s
physical survival including food (Hopfenberg and Pimentel, 2001), water, shelter and
energy. Each of these parameters imparts land-usage requirements in different ways
so their incorporation into carrying capacity modelling also differs. Additionally, the
integration of these parameters is dependent on data availability — a factor which may
differ from one location to the next. Consequently, while the basic structure of
resource-based carrying capacity models may remain consistent between studies, no
two approaches are likely to be exactly alike. A case study approach to the question of
optimum parameter integration is thus a useful way in which to highlight parameter
integration as it provides a contextualised example of the essential concepts. This
paper describes a process for the inclusion and calibration of the most important
resource-based parameters in a way that could potentially be replicated by other

researchers in other locations.

1.1 Why resource-based?

Carrying capacity parameters are determined by the constraints by which populations
are limited. These constraints may potentially be biophysically orientated such as

resource needs and environmental impacts, or can also be societally-focused (Lane,
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2010). Viewed in isolation, the potential determinants of human carrying capacity
could be analogous to Liebig’s Law of the Minimum (Cohen, 1995). Liebig asserted
that in agriculture, under steady-state conditions, a species’ population size is
constrained not by the total quantity of resources available, but by the scarcest
resource. Relying solely on one factor is likely to offer only limited reliability as
Liebig’s Law does not adequately accommaodate fluctuating environments,
interactions amongst inputs, proportional relationships between populations and
resources, and differing requirements of various populations (Cohen, 1995).
Consequently, the determination of human carrying capacity necessitates the inclusion
of an array of parameters (Fearnside, 1986). If all potential resources, impacts and
societal constraints are to be incorporated into a carrying capacity model, the sheer
size and complexity of the enterprise may render it beyond the scope of most projects.
Consequently, a strategy for the prioritisation of some parameters over others is

required.

One way by which to ascertain priority in the importance of carrying capacity
modelling parameters is to ascribe them a chronological ordering. The pursuit of
cultural endeavours described by Hardin (1986) is dependent on favourable
biophysical conditions because without a healthy environment and adequate basic
resources such as food and water, the inevitable poor-health of the population is likely
to preclude such activity. Thus, it is possible to deduce that biophysical constraints
have a higher chronological priority than societal aspirations. There are two forms of
biophysical constraints: resource requirements and environmental impacts (Lane,
2010). The set of parameters related to resource requirements takes precedence over
impacts because the degree of impact is often dictated by the amount of resources
utilised. In a closed system (which carrying capacity assessment implies) there is a

linear progression from resource production to resource usage (consumption) to
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resource assimilation (impacts and waste). Notwithstanding extreme environmentally
destructive behaviour, the amount of resource assimilation is dictated by the amount
of resources produced. The primary focus in this paper is placed on resource-based
carrying capacity assessment modelling, with the majority of the parameters of

Carrying Capacity Dashboard reflecting this bias.

2. Method

This paper will describe the parameters necessary for the development of Australian
resource-based carrying capacity assessment tools by using the example of the
Carrying Capacity Dashboard. Despite limiting the scope of this analysis to a
resource-orientation, the breadth of potential parameters for subsequent modelling is
still significant. To simplify a complex array of components, modelling for the
Dashboard is categorised under five main headings: scalar, land-use, resource-use,
temporal and population. The scalar and land-use categories are both spatially
derived, the resource and population parameters relate to societal characteristics and

the temporal parameters affect potential future time-frames.

2.1 Scalar parameters

Carrying capacity assessment, by definition, necessitates the delineation of
geographic boundaries within which the population is relatively self-reliant for their
resources. Politically-dictated delineation is a common method of achieving such
small-scale boundaries, with the carrying capacity modelling of the Douglas
(Banfield, 2000) and Noosa Shires (Summers, 2004) highlighting this approach.
Politically defined boundaries are susceptible to alteration, complicating future
analysis (Lane, 2010) and may not define areas of land best suited to supporting a

relatively self-sufficient population. Consequently, topographically defined
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boundaries are more likely to offer long-term and practical landscape delineation. In
Australia, catchment areas defined by watersheds are being recognized as useful
divisions of the landscape, particularly in addressing land degradation problems

(Williams and Walcott, 1998).

While aiming to provide modelling at a number of concurrent geographic scales,
ultimately, the key determinant for landscape boundary delineation for the Dashboard
model was the availability of Australian Bureau of Statistics (ABS) agricultural yield
data (Australian Bureau of Statistics, 2006b). Given that this data is pivotal in the
estimation of carrying capacity, the Dashboard’s scale of analysis was matched to that
of the ABS datasets. Currently ABS agricultural production data is collected by a
nation-wide census (Australian Bureau of Statistics, 2008a) every five years (e.g.
2001, 2006, and 2011) while representative sample surveys (Australian Bureau of
Statistics, 2011b) are used on a yearly basis between censuses. Regional Natural
Resource Management Area (NRM) data is a recent addition to ABS’s datasets.
Although state and territory boundaries influence NRM delineation, they are generally
based on catchments or bioregions, so are well suited to carrying capacity analysis.
The 52 NRMs, together with seven states and Australia as a whole make up the 60

zones incorporated into Dashboard modelling (Figure 1).

In accord with Peters et al. (2007) who utilised five years of agricultural data for their
carrying capacity assessment of New York State (1999 — 2003), modelling for the
Dashboard used five years of ABS agricultural data (2006-2010) in order to derive
average yield values for each crop. Given that yield data can fluctuate from year to
year, the approach of Peters et al. (2007) to average a number of years of production
provided a reliable methodology for accommodating such variability. However, it is
important that the years used to gauge this average are in fact indicative of likely

future yields. Given that climatic conditions, particularly rainfall, are key
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determinants of agricultural production (Wimalasuriya et al., 2008), an analysis of
climatic data was undertaken for the years 2006 to 2010 to ascertain if they were
typical. Records from the Australian Bureau of Meteorology (Table 1) show that this

period was in fact reasonably representative of the long-term average national rainfall.

The array of yield data, primarily from ABS sources, for the 60 zones and 134
resource commodities (e.g. apples, wheat, peanuts) resulted in a corresponding 8,040
pieces of 5-year average yield data, all calibrated to a common measure (tonnes per

hectare).

2.2 Land-use parameters

Land availability according to its usage type is a key determinant of a region’s
carrying capacity. The Dashboard modelling accommodates five types of land-use:
cropping, pasture, non-agricultural, infrastructure and nature reserve. These land
types are generally in accord with Peters’ et al. (2007) approach which relies on three
categories: land usable for any crop, land limited to perennial crops / pasture and land
limited to pasture. Recent versions of Ecological Footprint models (Borucke et al.,
2011) also use a similar categorisation of land-usage. For instance the Global
Footprint Network (2012) incorporates five land-use categories: cropland, grazing
land, fishing grounds, forest land, carbon footprint and built-up land. Compared to the
Dashboard, these land-types generally align with cropping, pasture, non-agricultural
and infrastructure land. At present the Dashboard includes only farmed rather than
oceanic fish-grounds and land ascribed to carbon footprint by the Global Footprint
Network would fall under one of the other Dashboard categories such as cropping

land (in the case of biofuel production) or non-agricultural land (for timber

! Non-agricultural land was considered to be the land remaining after other categories were allocated so
includes unprotected bushland and forestry areas.
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production). While the Dashboard provides default land area amounts according to the

five types of usage for all 60 zones, users can also adjust these values manually.

The data used to inform the Dashboard land-use parameters was largely drawn from
ABS sources (2008b; c; 2010a; 2011a). While ABS agricultural commodity datasets
provided sufficient information for cropping and pasture land, data for areas of nature
reserve and infrastructure land were not included in this dataset so had to be derived
from elsewhere. For instance, nature reserve areas were sourced from the Australian
Collaborative Land Use and Management Program (2009) (ACLUMP) NRM datasets
while land used for infrastructure was derived from ACLUMP (2010) national land-
use datasets. The infrastructure land area amounts were derived only from national
data because insufficient detail was given in the regional data. A total national figure
was achieved through summation of the data for manufacturing, industrial, residential,
services, utilities, transport, communication, mining and waste treatment. This value
was then divided by the Australian population for a per person infrastructural land-use
figure of 1606m?. This value includes all residential land (963m? per person?) even
though much of this land could potentially serve a productive purpose. To calculate
the amount of residential land that could have productive potential we replaced the
infrastructural residential land value with an estimate of the building footprint. Of the
17 Australian suburbs assessed by Hall (2008), an estimate of 223m?® was made for
the average residential dwelling footprint. According to Moroney and Jones (2006)
the average paved area within residential lots is about 49m?, giving a total of 272m?
for the average residential land per lot alienated from productive usage. The ABS
housing data (Australian Bureau of Statistics, 2008d) reports that (on average) 2.5
people live in each dwelling. By apportioning the amount of single storey and

multistorey dwellings according to the same data, a total residential footprint of 89m?

2 This 963m? per person (residential land-use) reflects a large amount of land held in rural or semi-rural
properties which are not considered farmland.

8
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per person was derived, which, when combined with the other infrastructure data

(Table 2) generates a total land-use area for infrastructure of 732m?.

Based on Dashboard modelling, the land-use categories which significantly affect
population carrying capacity are cropping and pasture land. However, an analysis of
the two main sources of data (Australian Bureau of Statistics, 2008b; c; 2009a;
Australian Collaborative Land Use and Management Program, 2009; Australian
Bureau of Statistics, 2010a; 2011a), reveal discrepancies between these two sets
which are largely attributed to differing methodologies for the collection of this data
(Brough, 2012). For instance, the ABS data is based on surveys of only some areas for
four out of five years and then a census of the entire nation on the fifth year, whereby
ACLUMP's data are derived every few years by combining land tenure and other
types of land-use data, fine-scale satellite data and field data (ABARES, 2011b).
Essentially, this means that the ABS relies on land-users themselves to self-report

while the ACLUMP data is based on expert opinion.

Comparisons of the land-use mapping systems reveal that both cropping land and
pasture land are smaller in the ABS at the national scale (Table 3) and also generally
in most NRM scales. Reasons for evident discrepancies between the ACLUMP and
ABS datasets include changes in land-use over time, changes in boundaries and
rotation of land-use between pasture, cropping and fallow. Ultimately the ABS set
was integrated into Dashboard modelling in order to maintain consistency with the
yield data because both datasets were sourced from the same Agricultural

Commodities database.

2.3 Resource-use parameters

The Dashboard incorporates 17 different resource-usage parameters (Table 4), each

affecting the population carrying capacity in different ways. The unit of measurement

9
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is given as a percentage of an overall amount. This approach was employed to allow
users to most easily understand the parameter amounts. For instance, it is anticipated
that few people might be aware of the amount of red meat that any one diet might
contain, but that it is much easier to understand that of all the meat eaten, a proportion
could be either red or white. Generally, data is sourced for the parameters
representing consumption habits (such as diet, activity levels and textile usage) at a
national scale reflecting an Australia-wide cultural consistency. Alternatively, data for
parameters with direct impact on a particular landscape such as climate variability and
irrigation use, are sourced from as small a scale as possible, for maximum regional
accuracy. In the case of biofuel and organic production, small-scale data was not

available so a national and international scale was subsequently utilised.

2.3.1 Climate variability

A methodology for the incorporation of long-term climate variability was developed
for the Dashboard which relies on historic yield variance for a selection of staple
crops. The ABS (2009b) has recorded yields for wheat, oats and barley since 1861.
Based on this historic data, an estimate of long-term production was made for likely
timeframes ranging from 1 to 150 years (Figure 2). Consequently, the Dashboard’s
Climate Variability parameter reduces carrying capacity by the percentage of
anticipated production of the worst year within a given timeframe. For example, the
lowest yields in 100 years for Queensland were 65% less than average, so the carrying
capacity would reflect this lesser productivity. In this instance, it could be said that the
carrying capacity estimate is anticipating a one in one hundred year event. The
original data was only collected on a state-wide basis so all smaller NRM regions are
estimates only, based on the state-based data. This extrapolation potentially limits the
accuracy of results at the regional scale but was deemed necessary due to the lack of

small-scale data.
10
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2.3.2 Food - amount

While carrying capacity modelling implies complete resource self-reliance within any
one region, this ideal does not always occur in a real-world setting because a
population is rarely likely to be completely isolated from its neighbours suggesting
that some form of trading may occur. For this reason, the Dashboard gives users the
ability to account for some degree of importing and exporting of resources. In the case
of food, first an anticipated amount of food consumption for the population is
established and then users can stipulate whether they anticipate the population to
produce more of less of this consumed amount. A choice of 0% thus suggests that all
food is imported while 100% indicates that all food produced is consumed (complete
self-sufficiency) and 500% (the maximum allowable in the Dashboard) suggests that

the majority of food produced within the region is exported.

Modelling for the dietary components of the Dashboard was based on a recent study
by the National Health and Medical Research Council (NHMRC) which developed a
series of ideal diets for the Australian population to guide healthy, culturally and
environmentally acceptable eating patterns (Byron et al., 2011). While Dashboard
modelling aspires to similar aims, some aspects of the NHMRC data needed to be
altered in order for it to be utilised effectively within a new context. For example,
their diet modelling presented a variety of serving sizes for various age-groups where
Dashboard modelling required a dietary structure for the entire population.
Consequently, ABS demographic data (Australian Bureau of Statistics, 2010b) was
used to match the amounts of foods suggested for each NHMRC age group against the
proportion of people in that age group within the national population to derive a
particular diet for the whole Australian demographic profile (Appendix A). Another
mismatch between NHMRC modelling and Dashboard aims is its entire reliance on

ideal diets rather than existing Australian eating habits, so it was necessary to source

11
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further data from an ABS study which examined the Australian diet (Australian
Bureau of Statistics, 1995). In total, over 700 different food items such as six types of
apples, 40 cuts of beef and over 150 types of vegetables were included in the

Dashboard modelling.

2.3.3 Meat-eggs

Carrying capacity assessment models conducted by other researchers (Peters et al.,
2007; Fairlie, 2010) have consistently found that animal products generally have a
significant impact on carrying capacity outcomes so it was deemed important to

address this aspect in a detailed manner.

The Meat-eggs parameter adjusts dietary protein sources from animal-based products
to plant-based products while maintaining a similar level of both calories and protein
throughout. This parameter alters the proportion of meat and eggs consumption in the
population’s diet from 0% to 15% with zero representing a meat product-free vegan
diet and 15% representing a high meat-content diet. The other key points in this range
are 13% representing an estimate of current meat-egg consumption, 7.5% representing
a healthy diet as modelled by the NHMRC (Byron et al., 2011), 2.5% representing a
lacto-ovo vegetarian diet (vegetarian diet with no meat but including eggs and dairy)
(Byron et al., 2011) and 1.5% representing a ovo-vegetarian diet (no meat or dairy but
including eggs). A different study, the ABS National Nutrition Survey (Australian
Bureau of Statistics, 1995), was utilised to reflect standard Australian dietary
consumption patterns (13% meat-eggs diet). All other diets in the meat-eggs
parameter range were extrapolated from the NHMRC and ABS research. This was
achieved by first determining the percentage of meat and eggs that each of these three
diets possessed, then adding or reducing the meat and eggs in alternate diets to arrive

at the remaining 28 diets (there are 31 diets in total — a range of 0% to 15% with 0.5%

12
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increments). In order to achieve a balanced dietary intake across all diets a similar
amount of calories, protein, carbohydrates and fat (Food Standards Australia and New
Zealand, 2008) was maintained throughout all diets considered healthy by adjusting
various food components, predominantly the higher protein foods such as legumes,
nuts and seeds, dairy and cereals. For diets with more than 7.5% meat and eggs, the
levels of protein, carbohydrates and fat may not be considered as healthy because they
reflect average Australian consumption patterns rather than recommended intake. In
order to balance the diet, the amount of dairy varies considerably, in accord with
extrapolations from the NHMRC diets. It should also be noted that as meat, eggs and
dairy decrease in the diet, nuts and legumes increase considerably while vegetables

and grains increase to a lesser extent (Figure 3).

2.3.4 Red meat

The Red meat category allows Dashboard users to regulate the proportion of red and
white meat in the average diet of the population. Regardless of choices of red or white
meat, the amount of meat remains the same (the amount of meat is altered in the
meat-eggs parameter), only the proportion of the source of meat changes. Key points
in this range are the 64% amount, marking current red meat consumption (Australian
Bureau of Statistics, 1995) as well and the 48% amount, representing the consumption

level recommended by the NHMRC (Byron et al., 2011).

2.3.5 Activity levels

The activity level of the population affects the amount of food that the population
needs to consume because higher levels of activity require more energy and more
calories (Byron et al., 2011). This parameter thus reflects the average level of physical

activity for the population. It is based on three diets developed by the NHMRC
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(Byron et al., 2011) for sedentary, moderate and high physical activity levels ranging
from 1828 to 2760 kilocalories per person per day. The high level of physical activity
is equated with more than 90 minutes of daily strenuous activity; the moderate level
of physical activity is the equivalent of 30-90 minutes of daily strenuous activity; and
a sedentary level of physical activity is less than 30 minutes of daily strenuous activity

(Tontisirin and Haen, 2004).

The calculation of a population’s caloric intake is a common carrying capacity
assessment method in determining overall food demand (Gutteridge, 2005) and varies
not only across diets and activity levels but also due to cultural expectations. Kendall
and Pimentel (1994) estimated that in 1994 an average American ate 771kg of food
per year while the equivalent individual in China consumed only 479Kkg per year.
Given such discrepancies in caloric intake, it is suggested that carrying capacity
modelling based on actual diets will offer more accurate results that those merely

relying on an overall estimate of food weight or caloric value.

2.3.6 Avoidable waste

The Dashboard uses the same approach as Peters et al. (2005) and assesses six points
in the food service system where wastage can occur and estimated the likely weight
loss in all 746 food items. The six types of losses are (in chronological order from
production to consumption) primary to retail loss, processing loss, retail loss,
consumer loss, cooking loss and inedible portions loss. There is potentially another
category that could be described as farming production loss, which would include all
farm-based impacts on productive yield such as climate, pests, weeds, handling and
storage losses. The yield data collected by agencies such as the ABS (Australian

Bureau of Statistics, 2011a) already accounts for these losses in that agricultural
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production is calculated at the farm gate (i.e. the amount of produce leaving the farm)

rather than at the paddock level.

Primary to retail losses refer to the reduction in produce that occurs between the farm
gate and the retail outlet, including transportation, storage and handling losses. No
detailed analysis of food losses within the Australian context was found for this part
of the food chain. However, a UN study of food losses (Gustavsson, 2011) suggests
that North America, Australia and New Zealand might have similar wastage patterns.
The main source of data was therefore drawn from a United States Department of

Agriculture (USDA) report (Buzby and Wells, 2010).

The majority of the processing losses incorporated into the Dashboard modelling
were calculated specifically for this research by referencing a wide variety of relevant
sources (Appendix B). For example, for the calculation of losses in the processing of
the six types of wheat produced in Australia, extraction rates were averaged across
Graincorp’s seven grain refineries (Graincorp, 2010). Another example is the 67 types
of breakfast cereal incorporated into the Dashboard. In this instance, each cereal was
examined for their constituent components (e.g. wheat, corn, sugar etc.) and an
estimate of both the proportion of each component and their processing yield was

made.

Retail losses refer to the food that is wasted between the arrival of products at retail
outlets and its sale to customers. In the absence of detailed Australian data in this
topic, Buzby’s U.S. research (Buzby and Wells, 2010) was again employed. Buzby
found that losses could be expected for all retail foods but that, not surprisingly, the
more fragile and perishable foods such as paw paw (with a loss of 55%) had higher
rates of loss than the non-perishable items such as nuts (with a loss of 6%). The

average loss across all foods incorporated into the Dashboard is 10%.

15



374  Consumer losses occur both in households and food-service establishments such as
375  restaurants and is characterised by wastage in storage, preparation, and uneaten
376  portions. In the absence of detailed Australian data, U.S. data was again used. The
377  report by Muth et al. (2011) commissioned by the USDA informed most of the

378  consumer losses for foods in the Dashboard. Findings ranged from a 50% loss for
379  Swiss cheese to an 8% loss for parmesan cheese. The average consumer loss across

380 all foods incorporated into the Dashboard is 22%.

381  Cooking losses occur largely as a result of the reduction in the water content of foods
382  once heated. Unlike consumer and retail losses, there is no tangible left-over portion
383  thatis discarded. Detailed data for cooking losses has been conducted in Australia by
384  the Food Standards Australia and New Zealand so their Nutritional Database (Ausnut)
385  (2008) was primarily used. Alternatively the U.S. studies by Kantor (1997) or

386  Matthews and Garrison (1975) were also referenced. Examples of cooking losses

387  include 39% for pork and 2% for eggs.

388  The inedible portions loss represents a form of wastage that cannot be salvaged for
389  human consumption, but reduces the weight of food items between production and
390  consumption nevertheless. Examples include banana peel (35%), prawn heads and

391  shells (57%) and apricot pips (6% loss).

392 Intotal, the amount of avoidable waste currently generated in Australia as a
393  proportion of all food produced is 12% but users have the ability to adjust this in a

394  range from 0% to 20%.

395  2.3.7 Recycling

396  This parameter estimates resource usage when wastage from the avoidable waste
397  parameter is recycled back into the food system, thus reducing overall food demand.

398 It was identified that there are two ways in which to recycle this waste; as feed to
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animals and as fertiliser (in the form of compost) for plants. Incorporating the
recycling of food into fertiliser proved problematic because no data could be found
directly linking food waste to compost quantities, nor compost fertiliser application
amounts to crop yields. On the other hand, direct causal links between animal feed
requirements and animal weight gain have been well documented as feed conversion
ratios (FCR) (Westendorf, 2000). Consequently, only the aspect of animal feed was

incorporated into the Dashboard, not compost.

All edible waste including consumer, retail, processing and inedible portions are
converted to FCRs in the recycling parameter under the assumption that it is evenly
distributed to farm animals including pigs, chickens, ducks, turkeys, farmed fish and
farmed seafood (Lane et al., 2013a). Consequently, an increase in this parameter
generally improves carrying capacity by reducing the demand of other resources for

the production of animal products.

At present a negligible amount of food waste is recycled back into the Australian food
system at a commercial level (Cozens, 2012) partly because of the health risks to
animals (e.g. foot-and-mouth disease) and humans (e.g. mad cow disease) associated
with recycling animal products. In the Dashboard, a range of 0% to 100% recycling is
offered. The 100% figure represents the recycling of all the population’s scraps,

offcuts and uneaten portions, as calculated in the avoidable waste parameter.

2.3.8 Organic farming

This parameter allows users to stipulate the percentage of organic farming carried out
in any region as a proportion of all agricultural production. At present, just over 12
million hectares of Australia’s agricultural land is under organic production
(Kristiansen et al., 2010) (about 2%) slightly below the OECD average of 2.4%

(Pillarisetti, 2002). While it was possible to find data on the prevalence of Australia-
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wide organic production, no data was available at smaller scales so for the purposes of
the Dashboard, the national figure was assumed to also be representative of smaller

areas.

In the absence of locally available data, yield comparisons between organic and
conventional agriculture from other countries was used to inform an estimate of

Australian organic yields (Lane et al., 2013b).

2.3.9 Irrigation

This parameter allows users to adjust the percentage of irrigated farmland as a
proportion of all farmland within a region. Irrigating crops can have a significant
effect on production with Trewin and Banks (2006) estimating that irrigated farms
generate, on average, 55% more output per farm than farms which do not irrigate.
Ideally, the calculation of the effect of irrigation should occur on a crop by crop basis,
but in the absence of such data an overall figure of 55% was applied to all regions. At
present 0.5% of Australia’s farmland is irrigated (Australian Bureau of Statistics,
20064a), but data for both state and NRM irrigated land areas are also publicly

available so the Dashboard reflects regional variations in this regard.

2.3.10 Liquid fuel

The Liquid fuel and Biofuel parameters deal with a population’s consumption of
energy. Energy is a master resource (Bradley and Fulmer, 2004) which underpins the
effective production of other resources. While a full carrying capacity assessment
might incorporate all aspects of a population’s energy production and consumption,
the Dashboard only deals with liquid fuel (petroleum and biofuels) which is currently
used predominantly for transportation (ABARES, 2010a) rather than the generation of
electricity. This focus on liquid fuels has been driven by the fact that biofuels have a
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direct impact on land usage which is the basis of carrying capacity modelling. On the
other hand, the various current forms of electrical energy generation derived from
coal, solar, wind and geothermal sources potentially have dual-use (e.g. wind turbines
can be raised above farmland) and/or could have little influence on agricultural land

(e.g. coal mines might be placed on poor-quality land), so are more difficult to assess.

The Liquid fuel parameter allows Dashboard users to stipulate the amount of liquid
fuel consumed by a population each year, calculated on a per person basis. A range of
zero to 3000 litres is offered and users are informed that the current average
Australian consumption rate is estimated to be 2520 litres per person (ABARES,
2010a). This amount includes both personal usage (e.g. petrol used in individual’s
cars) and industrial usage (e.g. diesel used in mining trucks but distributed over the
entire population) and represents both petroleum and biofuels. This parameter gives
users the ability to increase or decrease the societal-wide consumption of liquid fuels

implying either a more profligate or energy-conservative approach.

2.3.11 Biofuel

This parameter allows users to alter the proportion of biofuel compared to petroleum
used by the population. A user’s choice of 100% biofuel assumes that no conventional
liquid fuel (petroleum) is consumed and users are informed that current Australian
biofuel consumption is estimated to be 0.5% (ABARES, 2010a). While the previous
parameter determines the amount of liquid fuel consumed, this parameter determines
its source, thus offering users the ability to choose between renewable and non-
renewable transport fuels. As a user increases the proportion of biofuel in the model,
more land is allocated to its production (e.g. from sugar cane, cereals and natural oils)

rather than to human food production, thus generally reducing carrying capacity.
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2.3.12 Textiles - amount

The incorporation of textile usage into Dashboard modelling is similar in approach to
that of liquid fuels: a per-person amount of resource consumption is established, then
this amount is apportioned to various sources. The Textiles — amount parameter offers
a range of zero to 30 kilograms, with 23 kilograms being the current average

Australian consumption amount (Plastina, 2011). This amount includes both personal

usage (e.g. clothing) and shared usage (e.g. office furnishings).

Once the source of textile fibre is established (in the next two parameters), the amount
of land required to produce the fibre (e.g. cotton from broadacre land-use and wool
from pasture land) is then calculated based on yield data from ABS sources
(Australian Bureau of Statistics, 2008b; ¢; 2009a; 2010a; 2011a). When incorporating
the amount of fibre required for societal consumption, it was also necessary to
account for wastage in the process of cleaning, spinning and manufacturing in much

the same way as wastage is incorporated into the calculation of food consumption.

2.3.13 Natural fibre

This parameter gives users the opportunity to stipulate the degree to which the
population’s textile usage is from natural or artificial sources. A user’s choice of
100% natural fibre assumes that no synthetic fibre is consumed and users are
informed that current Australian natural fibre consumption is estimated to be 50%

(Plastina, 2011).

2.3.14 Wool fibre

This parameter separates the consumption of woollen textile consumption from cotton
as a proportion of the natural fibre chosen by users in the previous parameter (Natural

fibre). Even though flax (0.4%) and cellulose (4%) account for a minor proportion of
20
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natural textile fibre (Plastina, 2011), the vast majority is either wool or cotton so this
parameter just focuses on the proportion of wool and cotton in fibre consumption.
Users are informed that current Australian wool consumption is estimated to be 12%

of all natural fibre (Plastina, 2011).

2.3.15 Timber

The timber parameter accounts for the amount of timber consumed by the population
each year, calculated on a per person basis. This amount includes both personal usage
(e.g. timber-framed house, firewood (Driscoll et al., 2000)) and shared usage (e.qg.
commercial timber-framed buildings). Given the lack of regional data for timber
production, national data is used for the Dashboard modelling. For instance, it was
found that at present over 22 million cubic metres (ABARES, 2011a) of timber are
consumed in Australia each year, representing about one cubic metre per person.
Production (8.9 cubic metres per hectare of trees (West et al., 2008; ABARES,
2011a)) and wastage (43% (ABARES, 2011a)) data are then applied to this

consumption amount in order to determine a Dashboard land-usage figure for timber.

The inclusion of timber into carrying capacity modelling presents certain challenges.
For instance, timber offers a variety of different functions such as a material for
construction, energy (firewood), stationary and various other household and industrial
items, each with varied degrees of importance to human survival. For simplicity,

modelling for the Dashboard did not separate any of these choices for users.

Data availability was quite poor for timber production in Australia so in some cases
local data was extrapolated to a national level (West et al., 2008).° and in other cases,

national data was also assumed to be indicative of regional conditions (ABARES,

® An example of local data being extrapolated to a national level includes the firewood yield of
Eucalyptus globulus plantations in the Murray-Darling basin.
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2011a).* Both of these assumptions leave a margin for error but until accurate

localised data is collected for timber yields, this was the best compromise available.

2.3.16 Infrastructure

This parameter estimates the amount of land required for built infrastructure
calculated on a per person basis. This amount includes both personal requirements
(e.g. residential) and shared usage (e.g. land required for commercial, industrial,
public service, recreational, defence, utilities, transportation-communication, mining,
waste and water storage usage). The range offered in the infrastructure parameter is
from zero to 2000 square metres and the model offers users two key options in this
range: an estimated average Australian area for built-on private residential land of 730
square metres (ABARES, 2010b) (excluding privately owned green space) and 1600
square metres (ABARES, 2010b) as the average Australian estimate including all

green space.

2.3.17 Nature reserve

This parameter allows Dashboard users to stipulate the percentage of protected land as
a proportion of all land in any given region. Defaults are provided for all 60 regions as
an indication of the existing amount of land set aside for conservation purposes
(ABARES, 2010b). This is the only parameter that allows users to directly dictate the
amount of land used for a particular purpose. All other parameters do so though the
calculation of land requirements for certain activities such as a population’s diet or
textile usage. The Nature reserve parameter, on the other hand, is not a reflection of
societal need but rather of ecosystem requirements so no intermediate calculation is

necessary.

4 An example of national data being used for regional conditions includes national sawn log production
yields.
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2.4 Temporal parameters

A set of default resource parameter settings are offered to Dashboard users as a way
to simplify initial choices and highlight short-term and potential long-term settings
(Appendix C). The short-term defaults reflect current consumption and production
estimates. However, the non-renewable resources that underpin our current lifestyle
are by definition unsustainable so this configuration is titled short-term. Alternatively,
another configuration of parameters reflecting potential resource constraints in the
future is also offered as a long-term option. Each region has a different set of short-
term and long-term default figures but many individual figures are the same

(reflecting a common Australian consumption pattern).

While the estimation of short-term carrying capacity can be instructive for existing
lifestyles, long-term carrying capacity assessments best predict sustainable societal
behaviour. While Dashboard users can make their own predictions of potential future
resource utilisation, it is anticipated that initially, they may be daunted by the number
of parameters so a pre-determined set of choices are offered with a Long-term default
option. These parameter settings aim to best predict a fossil-fuel free future but as
with any future prediction, they are reliant on various assumptions (Lane et al.,
2013a), some of which could be seen as speculative. Consequently, the Dashboard
also allows users to alter any of the long-term default figures to match their own

expectations.

2.5 Population parameters

In Dashboard modelling, Australia’s population was not only re-apportioned
according to its demographic profile (Appendix A), but also distributed into existing
population numbers per zone. The national and state populations were readily sourced

from ABS data (Australian Bureau of Statistics, 2011c), but the existing population
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for each of the NRMs was predominantly sourced elsewhere (Robins and Dovers,

2007).

3. Results and discussion

The Carrying Capacity Dashboard was released publicly online
(http://dashboard.carryingcapacity.com.au/) on March 23, 2012 with an updated
interface released on August 10, 2012 (Figure 4). Results from the short-term
parameter settings show that according to the model, Australia at the national scale
has a population carrying capacity of 40,450,144 people with the land required for
food being 48.9%, biofuel 0.2%, textiles 2.2%, timber 1% and infrastructure 0.4% of

all land.

3.1 Critical analysis of Dashboard parameters

A number of biophysical and societal constraints including water, food, energy,
shelter, technology and trade have been incorporated into the Dashboard in a variety

of ways.

Dashboard modelling suggests that food production uses about half of all land under
current Australian resource usage parameter settings, so represents the most important
component of a carrying capacity model. An increase in food production, which
involves a shifting of land use from other parameters to food production, will increase
the carrying capacity, enabling population increases. The complexity of modern diets
means that an array of foodstuffs are best incorporated into modelling and as Peters et
al. (2007) point out, complete diets and food systems are preferable to analyses based
merely on basic staples or caloric intake. Dashboard modelling initially analysed five
key diets (Australian Bureau of Statistics, 1995; Byron et al., 2011) as anchor points
for 93 complete diets with three levels of caloric intake. The Dashboard also builds on
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Peters et al. (2007) work by incorporating new parameters such as recycling, animal
products and red meat proportions and by offering user interaction in the choice of
parameter settings. At present these food-related choices are limited to pre-determined

diets but this feature has the potential to be further expanded in future.

In Dashboard modelling, the irrigation parameter offers only a broad-brush approach
with one Australia-wide estimate for maximum potential yield applied to all resource
commodities. However, more detailed data highlighting differences in potential yield
on a local food-by-food basis was not available at the time of modelling. Additionally,
further research on the energy requirements of irrigation and subsequent knock-on
carrying capacity impacts, would also improve this aspect of the modelling. For
instance, if biofuel needed to be grown to fuel irrigation pumps, then this would
reduce the amount of land available for crops, leading to a decrease in carrying

capacity.

In the Dashboard, the constraint of energy was restricted to liquid fuel and to a limited
extent, firewood (as part of the timber parameter) because these aspects are directly
affected by the availability of productive land within a carrying capacity model. The
methodology for their inclusion, with one parameter representing the amount of fuel
used and the other, a measure of the proportion of biofuel within the liquid fuel mix,
successfully captured the degree to which renewable and non-renewable fuel usage
affects carrying capacity. However, an effective method of including coal, gas, solar
photo-voltaics, wind, geothermal and hydro-energy was not found at this stage, so
could be something to consider for future models. Concerning the timber parameter, a
potential improvement for a more detailed model might be to differentiate between
timber for firewood and timber of other items because users may choose to adjust the
consumption level of each of these aspects independently of the other. For instance,

users may wish to assume that a future society may need to increase its energy use
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from renewable sources such as timber, but decrease its use of construction materials.
These materials such as concrete, steel, earth and brick are currently implicitly
included in modelling by way of the land requirements for infrastructure (e.g.

mining), but could potentially be made more explicit in the model.

In a method similar to that of the biofuel parameter, the resources incorporated into
Dashboard modelling for textile utilisation aims to highlight impacts of renewable and
non-renewable resources. For instance, the first two textile parameters (amount and
natural percentage) mirror the approach taken for biofuel — first a per person
consumption level is established and then the proportion of natural and artificial
components of that amount are given. The textiles category also offers a third choice
which proportions amounts of wool and cotton within the natural fibre category. This
is an important inclusion as these are the two most commonly used forms of natural
fibre and because wool requires pasture land and cotton requires cropping land, they
each affect carrying capacity in different ways depending on land availability within
any region. The methodology used for this textile section thus successfully correlates
consumption habits with land usage requirements not only in the overall amount of
land required but also in the type of land (e.g. cropping and pasture). One potential
improvement, however, could be the inclusion of other materials apart from wool and
cotton. This could include hemp, bamboo and flax even though at present these form

less than one percent of consumed textile resources in Australia (Plastina, 2011).

The inter-connectedness of Dashboard parameters is another important carrying
capacity assessment feature. For instance, when the adjustment of one parameter
impacts another, an ideal model would accommodate such indirect responses. The
Dashboard accommodates such inter-relationships in its dietary preferencing, wastage
and recycling parameters. For instance, when a user chooses a region which is

unsuited to particular crops, the dietary consumption components of the population
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are automatically adjusted to suit local availability (Lane et al., 2013a). Likewise,
when a user adjusts the diet or wastage rate for a certain population, the amount of
potential recycling is automatically adjusted based on the anticipated availability of
recyclable material. Additionally, when a user choses a consumption pattern which
increases the land usage beyond land availability for that particular land type, the next
best land type is automatically utilised instead. For example, if red meat consumption
pushes pastoral land usage above pasture land availability, then cropping land will
automatically also be utilised in the model. These automatic indirect adjustments are
important in simulating real-life prioritisation processes. However, further
improvements could be made in the incorporation of energy in this regard. At present,
no indirect relationships between the energy intensiveness of certain activities and the
land required to perform them have been established in the Dashboard. For example,
adjustments to irrigation rates could potentially affect energy required for water
pumping, having subsequent impacts on land usage particularly if the user has also

chosen a high proportion of biofuel consumption (Lenzen, 2012).

Lastly, trade between regions was successfully implied in the model but further work
on this aspect could make it more prominent. For instance, at present, food imports
and exports are incorporated into the food percentage parameter. If more than 100% is
chosen, it is assumed that the additional portion is exported and if less than 100% is
chosen, an importation of food is implied. This approach was possible for food where
a minimum level of consumption can be assumed for a population (based on basic
physiological requirements), but this is not the case for fuel, textiles or timber
consumption where minimum levels are less clearly defined. Consequently, in these
instances, users are able to adjust consumption levels by overall amounts (e.g.
kilograms of textiles, cubic meters of timber and litres of fuel) on a per person basis

and existing Australian consumption amounts were offered as benchmarks for users to
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gauge any increase or decrease from current levels. This approach successfully allows
each user to make informed choices but actual trading of materials is only implied.
For instance, if a population intended to export half the timber in its zone, the user
would currently need to calculate the amount of timber required per person and then
double this amount. While this approach does allow for trade, an approach which
mirrors the more overt food percentage parameter, would allow users to stipulate
imports and exports directly. This methodology could potentially be applied to the

fuel, textiles and timber parameters.

3.2 Limitations of data availability

Data availability is crucial to the successful incorporation of relevant and accurate
carrying capacity modelling parameters. The availability of agricultural yield data is a
fundamental constraint and the development of the Dashboard was limited to the
scales at which such data has been published in Australia. Likewise, insufficient detail
in land-use data, land suitability mapping and infrastructural requirements, all

imposed constraints on the development of the model.

This research discovered significant discrepancies between two reputable sources of
land-use data in Australia (Australian Bureau of Statistics, 2008b; c; 2009a;
Australian Collaborative Land Use and Management Program, 2009; Australian
Bureau of Statistics, 2010a; 2011a) and ultimately the decision to utilise the ABS
figures was made on the basis of consistency with other data-sources rather than
evidence of accuracy, so a revalidation of this source may be required in the future.
While the ABS dataset maps existing land-use areas, it was not possible to incorporate
potential future land-usage into the Dashboard. This would have involved the
inclusion of land suitability mapping highlighting which pieces of land might be able

to be converted from existing uses to other uses such as from pasture to cropping land.
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While some land suitability mapping has taken place in Australia, as yet, this data has
not been converted into NRM regionally-focused land boundaries (van Gool et al.,
2005), is state based, classification systems are inconsistent (Australian Government,
2011) and has not been conducted for all parts of Australia (Australian Government,

2011).

More accurate regional analysis would improve the methodology for the estimation of
infrastructural land-usage, but as this data was unavailable, only indicative figures for
various suburbs were used in the calculation of dwelling footprint rather than a
nation-wide analysis. It was also assumed that these nation-wide statistics are
indicative of dwelling sizes and densities for all regions. Additionally, even once it
was established that only 89m? of the estimated total per person residential land
amount of 963m? was alienated from agricultural production, the quality of the
remaining 874m? was not able to be determined as it appears that no research has
been done on this topic. Consequently, for modelling purposes, this land was placed
in the non-agricultural category which only allows the model to utilise it for timber
production. Future detailed analysis of the quality of residential open-space could
mean the transfer of this land portion to pasture or cropping land, thus increasing

carrying capacities for each region.

3.3 Components absent from model

While the Dashboard incorporates the parameters deemed essential for a resource-
based carrying capacity assessment model, some resourcing needs have been given
less emphasis, some have been incorporated into groupings which may obscure their
relevance, while other parameters have not yet been introduced. For instance, while
the Dashboard accounts for climate variability based on historic data, it does not yet
address the potential impacts of future anticipated climate change and sea level rise.

Alternatively, a resource which is integral but obscured in modelling is water. Rainfall
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and water storage capacity play significant roles in determining the carrying capacity
of any landscape (Chisholm, 1999). However, in most cases, water availability is
masked somewhat by the yields evident in the food supply and the technology of
water capture, storage and irrigation (Cohen, 1995). In a comparison of water
requirements for drinking and agricultural purposes, it is the latter which is by far the
thirstier. For instance, Cohen estimates that the amount of water required for the
production of one kilogram of bread (one cubic metre of water) exceeds the amount of
drinking water for one individual for an entire year (0.73 cubic metres) (Cohen,

1995). It was thus considered that evidence of sufficient supplies of water for growing
food is also likely to indicate sufficient supplies of water for drinking purposes, and as
such the parameter of rainfall is only explicitly incorporated into Dashboard
modelling in the irrigation parameter. Additionally, each zonally-attributed crop yield
reflects inherent climatic and rainfall constraints and the infrastructure parameter also

includes land used for water storage such as reservoirs.

One significant food resource absent from the Dashboard modelling is wild-caught
seafood. Currently, all seafood included in the modelled population’s diet is derived
from farmed fish-stocks. This approach is reasonable for land-locked areas without
access to marine resources. However, despite evidence of global marine fish-stocks
declining (Dilworth, 2010), they are a renewable resource which coastal regions, in
particular, could be expected to continue harvesting long-term, even if this is at lower
levels than currently achieved. Consequently, a more detailed and comprehensive
carrying capacity model might expand the boundary of coastal regions to also include

a certain amount of marine area from which seafood could be harvested.

Another omission from the Dashboard is energy sources other than liquid fuel and
firewood such as solar photo-voltaics, wind and geothermal. The reasons for this

omission include the difficulty of accurately calculating the energy they may generate
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long-term in the absence of accompanying fossil-fuel energy as well as the potential
for these energy sources to be used in tandem with other land-uses such as wind
turbines over grazing land. However, it is envisaged that with further research, these
difficulties may be overcome and other sources of energy may be incorporated into

Dashboard modelling in future.

A further omission from Dashboard modelling is that of alternate agricultural
production systems other than conventional farming and organics. For instance, multi-
cropping systems such as permaculture were offered as an option in Fairlie’s (2007)
carrying capacity model. However, Fairlie himself describes his calculation relating to
the permacultural closed-loop nitrogen cycle as, complicated and broad-brush (Fairlie,
2007). Whereas organic production was incorporated into Dashboard modelling by
comparing conventional and organic yields, such comparisons are more difficult
between intercrop and monoculture approaches because the total long-term yield over
the whole system needs to be taken into consideration (Brown, 2003). Unfortunately,
little research has been undertaken on the productivity of such systems in both
Australia and other parts of the world so these alternate agricultural systems have

currently been left out of Dashboard modelling (Lane et al., 2013b).

4. Conclusion

The Carrying Capacity Dashboard has incorporated the basic human resources
essential for a population’s physical survival including food, water, shelter and
energy. While in some instances constrained by the availability of relevant data, this
model highlights how each basic resource can be accommodated in the Australian

context.

Carrying capacity assessment models have not yet gained the prominence of

Ecological Footprint analyses such as the Global Footprint Network (2011). Part of
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the impediment for a more widespread adoption is the fact that each location requires
the development of individualised carrying capacity modelling incorporating specific
localised production yields. While the collection and collation of such data requires
significant investment of time and energy, the process of modelling itself need not
differ significantly between models. The publication of not only the results drawn
from carrying capacity assessments, but also discussion around the incorporation of
parameters and methodological processes (Lane et al., 2013a) thus has much validity.
The Carrying Capacity Dashboard is one such example featuring replicable
approaches for future carrying capacity assessment modelling in other regions and

other scales of analysis.
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