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Towards a theory of sustainable city sizes
Check for updates

Liton Md Kamruzzaman

This study proposes a new theory of sustainable city size: the condition where a city’s actual
population aligns with its theoretical capacity to function effectively. Drawing from four foundational
theories (locational fundamentals, increasing returns, central place, and central flow), the study
develops a conceptual framework to estimate theoretical city size using data from 655 Urban Centres
and Localities (UCLs) in Australia. It examines how deviations of actual size from this theoretical size
influence sustainability outcomes, using rent, walking-to-work rates, and multi-vehicle household
share as proxies for economic, environmental, and socio-environmental sustainability. Results show
that UCLs within ±4% of their theoretical size achieve optimal outcomes across all indicators.
Nationally, achievingequilibriumcould save$5.3 billion in annual rent, generate 44,000additional daily
walking trips, and reduce multi-vehicle dependency in 275,000 households. These findings support
the proposed theory and offer a practical tool to align cities with their systemic capacity.

Hundreds of new cities are built globally each decade1–4, yet few have
population size targets grounded in systematic theory. Most rely instead on
political aspirations or speculative investment, raising critical planning
questions: (a) How can city sizes be determined before they are built or
exceed their limits? and (b) Would systematically predetermined sizes
enhanceurban sustainability?Determining city size is foundational tourban
planning5, shaping land use, infrastructure, and service provision6.Without
a priori estimates, urban planning becomes reactive and fragmented. Yet,
the literature offers little guidance onhow to determine the size of new cities.
Existing approaches focus on current size distributions (e.g., rank-size rule)
or project growth based on past trends7, offering little strategic guidance or
sensitivity to planning interventions. As a result, many cities face unsus-
tainable growth or population decline2.

The case for a priori city size estimates is further complicated by
conflicting evidence on the relationship between city size and sustainability.
While larger cities are often seen as growth-inducing8, others find that
productivity is independent of size9, or highly context-dependent10,11. Large
cities also face challenges such as crime12, emissions13, heat islands14, unaf-
fordable housing15, social segregation16, and declining civic engagement17—
yet remain attractive for their amenities18 and innovation19. Some studies
suggest medium-sized cities perform better on life satisfaction20, and
environmental sustainability21. Although commuting distances typically
increase with city size22, the effect is often small23,24, or even absent25,26. This
study proposes that such inconsistencies stem from a reliance on actual
population size, without considering a city’s theoretical or systemic capacity.
This reflects the absence of a robust framework for estimating theoretical city
size—that is, the population a city can sustainably support given its unique
opportunities and constraints. Importantly, theoretical city size is not fixed
but can be altered through planning interventions. The study further

hypothesises that cities perform better on sustainability outcomes when
their actual sizes approximate their theoretical sizes, a condition referred to
here as sustainable city size.

To support this hypothesis, it is essential to revisit the theoretical
foundations that explain how city sizes form and evolve. A large body of
literature offers insights into the drivers of urban growth, structure, and
interaction, though often in fragmented strands27,28. Early approaches aimed
to identify a universal optimum29, but this notion was dismissed as overly
simplistic. Zipf’s law, a widely cited empirical regularity, proposes that city
size follows a rank-size distribution30,31; yet it lacks predictive capacity28,32,
especially for forward-looking planning. Cities differ in their specificity (e.g.,
topographic or climatic conditions) and unicity (e.g., capital city status)33,
resulting in varying theoretical sizes34 that can change over time through
interventions such as infrastructure investment, zoning reforms, or insti-
tutional change.

Three dominant theories explain how individual cities grow: random
growth, locational fundamentals, and increasing returns to scale35,36.
Random growth theory posits that cities grow randomly, eventually con-
forming to Zipf’s law37. Locational fundamentals theory suggests that
geographic, physical, and climatic attributes (e.g., elevation, port access,
and rainfall) are randomly distributed and shape a city’s potential38–43.
Although traditionally seen as fixed, recent studies suggest that these
fundamentals can shift in response to technological or social change44.
Increasing returns to scale theory highlights how economic agglomeration
drives growth through specialisation, diversity, and productivity8,45. These
effects are dynamic and policy-sensitive: labour productivity, connectivity,
and spatial clustering canbe shapedby zoning reform, regional investment,
or new transport infrastructure44,46,47. However, these theories focus on
individual cities and overlook their interactions within broader urban
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systems. Central place theory explains vertical hierarchies based on func-
tional differentiation and service range (Fig. 1a)48. Central flow theory, by
contrast, highlights horizontal flows (e.g., labour, capital, freight, infor-
mation), emphasising inter-city connectivity (Fig. 1b)49–52. Concepts such
as ‘borrowed size’ and ‘borrowed function’ illustrate how cities can benefit
from their neighbours—e.g., smaller cities borrowing function, and larger
cities borrowing population27,53–55.

This study integrates four theoretical traditions (locational funda-
mental, increasing returns, central place, and central flow) into a unified
framework for estimating theoretical city size (Fig. 2). These theories have
typically been applied in isolation due to perceived contradictions or
assumptions that each applies to a different stage of urbanization36,38. For
example, Meijers56, p.246 states that central flow theory “is essentially

opposite to the central place model”, emphasising horizontal rather than
vertical hierarchies. In contrast, this study considers the theories as com-
plementary and jointly explanatory of city size and growth. The framework
identifies theory-specific factors and shows how policy interventions can
influence them. It also recognises feedback loops: for example, population
growth can enhance accessibility and specialisation, which in turn attract
further growth57,58, highlighting the co-evolutionary nature of city size. This
framework informs amethod to assess whether cities operate above, below,
or near their theoretical size. Cities near this threshold are defined as having
sustainable city size. The paper tests whether such cities perform better
across three sustainability outcomes—economic (median rent), environ-
mental (% of commuters walk to work), and socio-environmental (share of
households with 2+ vehicles)—using data from 655 Urban Centres and

Fig. 1 | Schematic representation of the hier-
archical distribution of cities.This figure compares
conceptual frameworks for understanding city sys-
tems. a shows a vertical hierarchy based on central
place theory, with central, middle, and low-order
places. b illustrates a combined vertical and hor-
izontal flow hierarchy, reflecting the interaction of
centrality with functional linkages in the urban
network.
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Fig. 2 |Conceptual framework for theorising sustainable city size.This conceptual
diagram presents an integrated framework connecting policy levers to urban the-
ories and the factors that influence theoretical city size. On the far left, key policy
levers (e.g., governance, transport infrastructure, digital connectivity, and land-use
planning) are shown as inputs that influence four foundational urban theories:
central place theory, central flow theory, agglomeration economics, and locational

fundamentals. Each theory is associated with specific city size factors, such as
accessibility, inter-city connectivity, productivity, and environmental constraints.
These factors contribute to the conceptualisation of a city’s theoretical size, which is
compared against actual population to identify deviations with implications for
sustainability outcomes. The superscript numbers in the figure refer to references
cited in the main text.
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Localities (UCLs) in Australia (Fig. 3). Two population thresholds are
examined: (a) UCLs with ≥4000 residents (n = 205) and those with ≥10,000
residents (n = 100), with and without inclusion of the seven mainland
capital cities. To ensure robustness, the analysis addresses potential reverse
causality between city size and its determinants using instrumental
variables.

Results
By testing the research hypotheses, the study addresses the following three
research questions: (1) How can the theoretical size of cities be robustly
determined? (2) How does a city’s actual size affect its ability to achieve its
theoretical size? and 3)How does the alignment (ormisalignment) between
actual and theoretical size influence sustainability outcomes?

Table 1 presents descriptive statistics for the variables used to estimate
theoretical size of Australian cities. On average, each of the 655 UCLs had
approximately 25 Kpeople in 2016.As expected, the average population size
increases to 78 K and 152 K when the analytical samples are reduced to
UCLs with ≥4 K and ≥10 K populations, respectively. However, this
reduction in sample size increases variability, suggesting that the excluded
UCLs have more homogenous (albeit smaller in size) populations.

The increase in population density with reduced sample sizes indicates
that the excluded UCLs are more rural, occupying larger lot sizes. Similarly,
job accessibility levels increased as the sample was restricted, suggesting that
accessible employment opportunities are more concentrated in larger set-
tlements. Average driving time to the nearest train station was lower for the
≥4 K sample (40min) compared to the full sample (56min) and the ≥10 K
sample (46min), implying that many mid-sized UCLs (4 K–10 K) had a
train station nearby. On average, each UCL had 57 K population in nearby
settlements (borrowed size), a figure that decreased slightly (to 46–50 K) as

the sample was restricted. This suggests that larger UCLs had lower bor-
rowed sizes due to their greater internal population mass. However, the
slightly higher borrowed size for the ≥10 K UCLs compared to the ≥4 K
UCLs suggests that mid-sized UCLs (≥4 K and <10 K) are more isolated.
Borrowed function indicators showed similar patterns. A gradual decrease
in per capital availability of amenities (per 10 K population) with reduced
sample sizes indicates that smaller settlements enjoyed greater access to
amenities relative to their size. Little variationwas observed in travel time to
the nearest capital city or across climatic variables (rainfall, sunshine,
temperature), indicating that excluded and included UCLs are similarly
distributed in geographic terms.

LargerUCLs had a higher proportion of specialist jobs compared to
smaller UCLs. However, occupational diversity levels were similar
across settlement groups, suggesting that smaller UCLs trade off spe-
cialist roles with a broader base of non-specialist employment. Little
variation was found in closeness centrality across the groups, while
betweenness centrality scores were notably higher for larger UCLs,
indicating that they more frequently fall on the shortest paths con-
necting other cities. However, higher standard deviations for the
=>10 K group imply greater internal variation in network dominance.
Only 7 UCLs are designated as state or territory capitals (Sydney,
Melbourne, Brisbane, Adelaide, Perth, Canberra and Darwin) (Fig. 3),
and all are included in the ≥10 K sample group.

Smaller UCLs performed better on two of the three sustainability
outcomes examined in this study (economic and environmental), but
exhibited the opposite pattern for the socio-environmental sustainability
outcome. As shown in Table 2, smaller settlements had lower median rents
and a higher share of people walking to work, indicating stronger economic
and environmental sustainability. However, they also exhibited a slightly

Fig. 3 | Location and population distribution of Urban Centres and Localities
(UCLs) across Australia.Themap displays urban centres across Australia, classified
by their 2016 population size (UCL) into five categories. Major transport

infrastructure, state boundaries, and key cities are overlaid. It shows that Australia’s
larger cities are all located along the coastline, with a greater concentration in the
southeast.

https://doi.org/10.1038/s42949-025-00254-4 Article

npj Urban Sustainability |            (2025) 5:66 3

www.nature.com/npjurbansustain


higher proportion of households owning two or more vehicles, suggesting
reduced socio-environmental sustainability due to increased reliance on
private transport.

Overall, the descriptive trends observed across different indicators
align with the literature as reported in the Introduction and are commen-
surate with the general understanding of the topic.

Determinants of theoretical city sizes
Table 2 presents results from four multiple linear regressions models esti-
mating how theoretically derived factors explain city sizes in Australia
(Model 1: ≥10 K model with capital cities; Model 2: ≥10 K model without
capital cities; Model 3: ≥4 K model with capital cities; and Model 4: ≥4 K
model without capital cities).

Table 1 | Descriptive summary of the variables

Variables Population ≥1 K Population≥4 K Population≥10 K

Mean Std. Dev Mean Std. Dev Mean Std. Dev

Dependent variable

Population size 25,495.12 215,419.40 77,845.85 381,447.80 152,380.50 536,044.20

Explanatory variables

Population density (person/km2) 407.11 265.02 477.76 250.86 550.62 259.35

Job accessibility (driving) 30,249.71 56,643.00 38,877.96 82,848.54 58,303.40 111,615.40

Average driving time to train station (min) 55.76 112.62 40.09 100.83 45.76 139.84

Borrowed sizes (population) 57,180.15 86,291.29 45,959.69 70,419.31 49,782.31 73,439.49

Borrowed functions (professional job) 5,347.63 9000.54 4412.60 7849.89 4912.03 8695.78

Point of Interests per 10,000 population 117.99 111.34 82.65 60.75 72.04 51.90

Occupational diversity index 0.86 0.01 0.86 0.01 0.86 0.01

Specialist jobs (% of professional job) 15.60 5.17 16.90 4.62 18.43 4.74

Closeness centrality* 1.18 0.31 1.19 0.31 1.18 0.32

Betweenness centrality 4170.30 7525.83 4378.20 7791.32 4681.06 8518.96

Capital city status (1 – Yes, 0 – No) 0.01 0.10 0.03 0.18 0.07 0.26

Travel time to capital city 219.56 244.17 219.87 243.86 209.14 244.69

Rainfall 851.56 434.14 857.19 428.76 829.13 398.95

Sunshine 6.74 0.94 6.71 0.97 6.71 1.05

Temperature 17.20 3.38 17.31 3.39 17.40 3.53

City outcome variable

Median rent (AU$) paid per week (economic) 261.56 80.70 274.15 63.33 282.59 56.91

% of people walked to work (environmental) 5.66 6.15 4.08 1.68 3.52 1.23

% of households with 2+ vehicles (socio-environmental) 54.67 11.58 52.40 7.49 52.50 6.28

N 655 205 100

* Original values are multiplied by 1000,000,000.

Table 2 | Multiple linear regression model results showing the factors associated with optimum city sizes

Explanatory factors Dependent variable: natural log of population sizes in UCLs

Population≥10 K
Population≥4 K

(1)
Population ≥10 K

(2)
Population ≥10 K without
capital cities

(3)
Population≥4 K

(4)
Population≥4 K without capital
cities

B B B B

Capital city status (1 – Yes, 0 – No) 2.53** - 3.26** -

Log of job accessibility 0.43** 0.37** 0.36** 0.33**

Logof%employed in the professional category (high-
level urban function)

1.55** 1.51** 1.24** 1.23**

Log of urban diversity 27.13** 27.48** 20.59** 20.38**

Log of betweenness centrality −0.04** −0.05** NS NS

Constant 5.44** 6.35** 5.54** 5.74**

R2 0.72 0.38 0.60 0.29

F 48.96** 13.23** 74.80** 25.80**

N 100 93 204 197

- Variables are not included in the model, **Coefficients are significant at the 0.05 level, NS Not statistically significant.
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Among the 15 explanatory factors considered in this study (Table 1),
Model 1 shows that only five of them had a statistically significant asso-
ciation with theoretical size of cities (capital city status, job accessibility,
high-level urban function, urban diversity, and betweenness centrality).
Thesefive factors explained 72%variations in the population size among the
100UCLs considered for this sample. The signs of the coefficients were also
found to be intuitive. Model 1 shows that the expected percent increase in
the geometric mean of population sizes from non-capital cities to capital
cities is about 1155%(((e2.53 -1)*100) ≈ (12.55-1)*100 ≈ 1155).Or, simply, it
can be said that population sizes were nearly 12 times higher for the UCLs
designated as capital cities than the other UCLs considered in this group.
This finding indicates the strong influence of the locational fundamentals
theory in determining city sizes in Australia. It is also to be noted here that
this variable was strongly correlated with the travel time to the capital city
variable, suggesting the strong influence of the central place theory as well.
The influence of central place dynamics is also reflected by the high-level
urban function variable in Model 1. It shows that a one percent increase in
the high-level urban function increases the theoretical size of cities by 1.5%.

The increasing returns to scale theory is represented by the job
accessibility indicator in Table 2, the effect of which is also verified in this
study.Model 1 shows that for a one percent increase in job accessibility level,
theoretical sizes increased by 0.43%. The effect of the increasing returns to
scale theory is further reinforced by the evidence that a one percent increase
in urban diversity level, theoretical sizes increased by 27%.

In contrast to the theoretical underpinning of the central flow theory
that cities receiving an increasing flow will have a larger theoretical size, the
betweenness centrality factor in Model 1 shows that the UCLs that fre-
quently fell on the shortest paths between otherUCLhad a lower theoretical
population size. To be specific, the theoretical size of a UCL decreased by
0.04% with a one percent increase in their betweenness centrality. This
finding is not unexpected in the Australian context, where major cities are
historically located on the coastline (Fig. 3), reducing their likelihood of
falling frequently along the shortest paths between other settlements.

Model 2 broadly corroborates the results of Model 1, suggesting that
the underlyingdrivers of theoretical city sizes are similar for both capital and
non-capital cities. Since Model 2 represents non-capital cities exclusively,
the capital city variable logically does not appear in this model.

The modelling results from the ≥4 K sample group (Model 3) follow
the general trend observed in the≥10 Kgroup (Model 1), with the exception
of four significant factors identified in Model 3 instead of five factors in
Model 1.While the betweenness centrality factor was statistically significant
in Model 1, this factor became insignificant in Model 3. However, the
remaining four significant factors inModel 3were also appeared inModel 1,
and the signs of the coefficients remained consistent, suggesting the stability
of these factors across different sample groups. The magnitude of the
coefficients was slightly modified, which is expected due to the inclusion of
relatively smaller-sized UCLs in Model 3. For example, Model 3 indicates
that capital cities theoretically contained 25 times more people than other
UCLs in this group. Overall, Model 3 explains 60% of the variation in city
size. Additionally, Model 4 in Table 2 supports the conclusions drawn from
Model 3, indicating that the determinants of theoretical city sizes are con-
sistent across both capital and non-capital cities.

Table 3 presents findings generated from a two-stage least squares
(2SLS) model applying instrument variable approaches to isolate the effects
of reverse causality between city size and its determinants. Models 5 and 8
replicate Models 1 and 3, respectively; and are included in Table 3 to
facilitate comparisons. Four 2SLSmodelswere estimated. InModels 6 and7,
job accessibility and urban diversity are respectively instrumented based on
the specification of Model 5 for the ≥10 K group, while Models 9 and 10
represent the same for the ≥4 K group. Identifying suitable instruments is
widely recognised as a methodological challenge59. Nevertheless, the
strength test results of the applied instruments in this study (spatial lag of job
accessibility and spatial lag of urbandiversity) indicate that theywere strong,
as reflected by their partial R2 values. The overall explanatory powers of the
2SLS models (Models 6, 7, 9, and 10) remained similar to their respectiveT
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structural models (Models 5 and 8). Despite the strength of the
instruments, both the Wu-Hausman and Durbin test results show that
they are not statistically significant in Models 6 and 7 for the ≥10 K
group, and in Model 10 for the ≥4 K group. This means that the urban
diversity variable was not subjected to endogeneity bias for any of the
sample groups whereas the presence of endogeneity is confirmed for the
job accessibility variable for the ≥4 K group. Consequently, the linear
regression coefficient for job accessibility inModel 8 is likely biased, and
Model 9 provides the preferred, unbiased estimate for ≥4 K group.
Irrespective of the presence/absence of endogeneity, the directions of
the coefficients are identical, and the magnitudes of the coefficients are
in an acceptable level of agreement between the models. As expected,
the result from the 2SLS model (Model 9) shows a relatively weaker
coefficient estimate for the job accessibility variable.

These results establish a robust basis for estimating theoretical city
sizes, enabling the subsequent comparison between cities’ actual and the-
oretical population sizes.

Actual vs. theoretical city sizes in Australia
This section presents results based on Model 1, as key findings remain
consistent across alternative model specifications (Models 1–10). Figure 4
plots the theoretical population sizes (log-transformed) as estimated in
Model 1 against the actual population sizes (log-transformed) for the 100
UCLs in the ≥10 K group, with selected UCLs labelled for contextual
illustration.

It is evident that several UCLs, such as Perth, and Canberra, operated
near equilibrium conditions in 2016, lying close to the diagonal line. Their
actual population sizes closely matched their theoretical sizes. Importantly,
actual population size itself was not a determinant of whether a UCL
operated in equilibrium. For example, Perth had a large actual population
(14.23 in log scale), while Port Pirie had amuch smaller population (9.34 in
log scale), yet both aligned closely with their estimated theoretical sizes.

Conversely, many cities exhibited stress—where actual population
exceeded theoretical capacity—as indicated by points located above the
diagonal (e.g., Melbourne, Gold Coast, Murray Bridge). Despite large dif-
ferences in actual population, both Melbourne and Murray Bridge showed

signs of stress, illustrating that stress was not simply a function of absolute
population size.

Cities falling below the diagonal line represent cases where the actual
populationwas lower than the theoretical size. These cities could be deemed
unproductive because they have the available infrastructure and services to
accommodate more people, yet experience population shortfalls. As with
stress, underpopulation was not driven by size alone. For example, both
Darwin (11.46 in log scale) and Lara (9.25 in log scale) had actual popula-
tions below their theoretical expectations, despite Darwin being sub-
stantially larger.

Having established how actual and theoretical city sizes align or
diverge, the next section examines how these deviations relate to cities’
sustainability outcomes.

Actual vs. theoretical sizes and sustainability outcomes
A key hypothesis of this study is that cities performmore sustainably when
their actual population sizes align closely with their theoretical sizes. This
condition is referred to as having a ‘sustainable city size’. Figure 5 sum-
marises findings generated from piecewise linear regression models show-
ing how the deviations between theoretical and actual population sizes are
linked to the three sustainability outcomes examined in this study (weekly
median rent, % of households with two or more vehicles, and % of people
walking to work) across the two groups of UCLs (≥4 K and ≥10 K). Further
statistical details generated from these models are shown in Table 4. These
models were estimated separately with and without the two covariates
considered (population density andmedian household income), yielding 12
models in total (Models 11–22).Models without andwith the covariates are
referred to as the basic and expanded models, respectively. For theoretical
size estimation, Model 1 was used for the ≥10 K group andModel 9 for the
≥4 K group.

In Fig. 5, the x-axis shows the percentage deviation of each UCL from
its theoretical population size (on a log scale), while the y-axis presents the
real values of the three sustainability outcome variables. A zero value on the
x-axis represents perfect population equilibrium; positive values indicate
actual population exceeding theoretical size, and negative values indicate
population shortfall. Vertical lines in Fig. 5 indicate breakpoints – i.e., the
optimal point for each outcome, estimated using Stata’s nl (nonlinear
regression) command.

Table 4 confirms that all basic models (without covariates) achieve
statistical significance at the 95%confidence level, suggesting that deviations
in city size meaningfully predict sustainability outcomes regardless of
sample groups. Including covariates substantially increased explanatory
power (expanded models), suggesting that sustainability outcomes are also
influenced by other factors. Nevertheless, the primary intent here is to test
the robustness of the deviation effect. Table 4 demonstrates that the sign and
magnitude of the deviation coefficients remain stable across basic and
expandedmodels, confirming that city size deviation is a robust predictor of
sustainability. Figure5 is basedon thebasicmodels, offering a consistent and
interpretable visual representation of the core relationships without the
influence of covariates.

In Fig. 5a, UCLs with actual populations below their theoretical size
experienced higher rental burdens. Prior to the breakpoint, a 1% reduction
in thedeviation (i.e., actual size approaching theoretical)was associatedwith
$9 (β1) decrease in the rent, reaching the lowest predicted rent of $244 (as
indicated by the model constant) when the deviation was approximately
-3% (α). The figure is $30 lower than the overall average rent ($274) for this
group, translating to annual savings of $1560 per household. After the
breakpoint, rent increased by $3 (β2) for every 1% increase in actual
population compared to theoretical size. A similar pattern is evident for the
≥10 Kgroup (Fig. 5b), although the breakpoint shifts to 1.12%with different
rates of decline and increase (β1 =−4.29; β2 = 6.90). The minimum rent at
the breakpoint is $256, which is $27 less than the group’s average of $283,
implying annual savings of $1404 per household.

Figure 5c, d show that equilibrium city sizes are associated with lower
household vehicle ownership. In the ≥4 K sample, two-plus vehicle

Fig. 4 | Theoretical vs. actual population sizes of cities with ≥ 10,000 residents.
This scatter plot compares the actual population size of Australian cities (≥10,000
residents) with their theoretical size, as estimated from the integrated urban fra-
mework. The 1:1 reference line (diagonal line) indicates perfect alignment between
theoretical and actual sizes. Cities plotted above the reference line exceed their
theoretical population, while those below fall short. To provide contextual under-
standing, selected cities are labelled based on their categories. Cities labelled in
orange represent those whose current population exceeds what can be theoretically
supported. Cities labelled in red have the capacity to accommodate further growth,
while those in green are considered to be in population equilibrium.
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a) Economic sustainability (≥4K sample) b) Economic sustainability (≥10K sample)

c) Social/environmental sustainability (≥4K sample) d) Social/environmental sustainability (≥10K sample)

e) Environmental sustainability (≥4K sample) f) Environmental sustainability (≥10K sample)

Fig. 5 | Piecewise regression plots showing relationship between deviations from
theoretical city size and sustainability outcomes. This figure presents six scatter
plots illustrating how deviations from a city’s theoretical size are associated with
three sustainability outcomes: median weekly rent (top row), percentage of house-
holds with two or more vehicles (middle row), and percentage of people walking to
work (bottom row). The left column includes Urban Centres and Localities (UCLs)
with populations ≥ 4000, and the right column includes those with populations
≥10,000. Each red line represents a fitted piecewise regression line (based on basic
models without covariates), identifying potential breakpoints where the relationship
between size deviation and the sustainability outcome shifts. The x-axis in each panel
shows the deviation between actual and theoretical city size, while the y-axis shows

the corresponding value for each sustainability measure. The individual panels are
described below for clarity: aMedian weekly rent vs. size deviation for UCLs with
populations ≥ 4000. bMedian weekly rent vs. size deviation for UCLs with popu-
lations ≥10,000. c Percentage of households with two or more vehicles vs. size
deviation for UCLswith populations≥ 4000. dPercentage of households with two or
more vehicles vs. size deviation for UCLs with populations ≥10,000. e Percentage of
people walking to work vs. size deviation for UCLs with populations ≥ 4000.
f Percentage of people walking to work vs. size deviation for UCLs with populations
≥10,000. These plots support the evaluation of whether city over- or under-sizing is
associated with better or worse sustainability performance.
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households decline to 50% at the breakpoint (α =−1.20), then increased
thereafter (Model 15). For the ≥10K sample (Fig. 5d and Model 17), two-
plus vehicle ownership declined significantly up to α =−4.21, after which
the pattern flattened. Across both groups, equilibrium cities had about 2.5%
fewer households with multiple vehicles (50% vs. 52.5%).

Sustainable travel outcomes are shown in Fig. 5e, f. In the ≥10K group
(Fig. 5f), walking rates rose by 0.06% for every 1% shift towards equilibrium,
peaking at 4%when the deviation reached+3%. Beyond this point, walking
declinedby 0.14%per 1% increase in actual population size. On average, 4%
of commuters walked to work in UCLs with equilibrium sizes, higher than
the group mean of 3.52%. Similar trends are observed for the ≥4 K group.

These findings consistently support the theoretical proposition that
deviations from sustainable city size, in either direction, are associated with
measurable reductions in sustainability performance, reinforcing the value
of aligning actual city sizes with their theoretical capacities.

Discussion
The optimum city size has long been debated in the literature, yet findings
linking city size to sustainability outcomes remain inconsistent. This study
posits that such inconsistency arises from relying on actual population
measures, rather than assessing cities against their theoretical capacity to
function within an urban system. To test this, a unified conceptual frame-
work was developed by integrating four foundational theories—location
fundamentals, increasing returns to scale, central place, and central flow.
The findings demonstrate the utility of this integrated approach for esti-
mating theoretical city size and confirm that these theories collectively
explain variation across urban contexts, challenging the view that they are
only applicable in specific spatial or temporal conditions36,38,56.

This theoretical contribution is supported by empirical evidence. The
study found that the determinants of theoretical city size—particularly
capital city status, job accessibility, urban diversity, and high-level urban
functions—are consistent across different sample groups (≥10 K and ≥4 K
UCLs) and remain stable when capital cities are excluded. While
betweenness centrality exhibited a negative association with city size among
larger UCLs, this finding aligns with Australia’s unique coastal urban
morphology. Instrumental variable analyses further validated the model,
identifying endogeneity in the job accessibility measure for the ≥4 K group
but confirming the stability of the core results. Together, these findings
provide strong empirical support for factors determining theoretical city size
and set the stage for testing the main hypothesis: that cities perform better
when their actual populations closely align with their theoretical size—a
condition defined in this study as sustainable city size. This hypothesis is
confirmed by piecewise regressionmodels, which show that cities operating
near their theoretical sizes—within a ± 4% deviation—consistently achieve
better outcomes in rental affordability, multi-vehicle ownership, and active
commuting. Based on the findings, three key conclusions are drawn: (1)
Theoretical city size can be determined a prior; (2) Actual city size does not
determine whether it operates near theoretical size; and (3) A city’s sus-
tainability hinges on its equilibrium size, not its actual size.

Urban planning typically relies on projected population growth5,7. For
existing cities, this is relatively straightforward to derive due to known
demographic trends. However, determining the population for new cities is
more complex, particularly given their diversity in type and function—
ranging from capital cities to smart cities, eco-cities, and airport hubs1,60,61.
Examples include Canberra, Brasilia, Putrajaya, Islamabad, Abu Dhabi,
Dholera, Songdo, Shenzhen, Kwinana, Yanbu,Waterfall City, and Lanseria
Airport City4,61–66. Many planned cities, such as Canberra, Yanbu, Putrajaya
have used arbitrary or politically motivated population targets, lacking
theoretical justification63,67,68. This study addresses that gap by demon-
strating that theoretical population size can be derived from known or
assignable characteristics—such as capital city status, planned job accessi-
bility, urban function diversity, and network centrality. These factors are
either designed explicitly by planners (e.g., land use zoning, transit infra-
structure) or known in advance (e.g., whether the city is a capital). The
framework is equally useful for recalibrating the size of existing cities whereT
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traditional trend-based projections fall short. Such projects often fail to
account for inter-city relationships or the impact of new infrastructure on
regional connectivity7. By incorporating central place and central flow
dynamics, the model captures how investments or spatial shifts influence
population potential—something absent in conventional methods.

The findings presented in this study confirm that cities of any
actual size can operate at or near their theoretical size. For example,
both Perth (a large capital city) and Port Pirie (a small regional centre)
aligned closely with their theoretical size in 2016. This supports the
study’s hypothesis: that each city has a unique theoretical size, shaped
by a specific combination of factors—capital status, urban function
diversity, job accessibility, professional job share, and network cen-
trality. These determinants are dynamic and can be modified through
targeted planning interventions, suggesting that a city’s theoretical size
is not static. For example, cities operating above their theoretical size
(e.g., Melbourne or the Gold Coast) could increase job accessibility or
functional diversity through new transport links or decentralised
employment strategies, helping align actual and theoretical sizes.
Conversely, underperforming cities like Darwin or Lara already have
the capacity to absorb growth without further investment—offering
latent potential for spatially distributed growth. These findings suggest
a new way of planning for growth—not by reinforcing expansion in
already large cities, but by identifying and leveraging untapped capacity
in smaller, well-positioned settlements. Unlike traditional population
distribution models, this approach embeds strategy, infrastructure
alignment, and systemic capacity into city sizing decisions69.

Findings presented in Fig. 5 show that cities whose actual sizes closely
align with their theoretical sizes—estimated here as being within ±4%—
consistently perform better across economic, socio-environmental, and
environmental sustainability metrics. Economically, households in equili-
brium cities save approximately $1560 per year in rent, equating to $5.3
billion in national savings across Australia’s rental population (30.6% of 11
million households in Australia lived in rental properties in 2021). Socio-
environmentally, equilibrium cities have 2.5% fewer households owning
two or more vehicles, reducing car-dependence and enhancing social
inclusion—equivalent to 275,000 households shifting to fewer vehicles in
Australia. Environmentally, these cities support 0.5%more walking trips to
work, generating 44,160 additionalwalking trips daily among theAustralian
commuters (there were 9.2 million commuters in Australia in 2021). These
optimal outcomes occur not at extremes of scale, but at the point where
actual and theoretical sizes are aligned—validating the sustainable city size
hypothesis. The findings provide an empirically grounded target range
(approximately −4.2% to +3.2%) that can serve as a benchmark for plan-
ning sustainable cities.

A range of actionable insights are drawn from the conceptual frame-
work (Fig. 2) and empirical findings. First, for strategic planning in new
cities: the ability to estimate theoretical size using a priori indicators enables
more informeddecisions on landuse, infrastructure investment, and zoning
provisions from theoutset of city development. Second, for targeting growth
in existing cities: underutilised cities (e.g., Lara, Darwin) can be identified as
strategic growth nodes, while over-capacity cities (e.g., Melbourne, Gold
Coast) may require interventions—such as high-speed rail, employment
decentralisation, or land use reforms— to expand their theoretical size and
reduce pressure on infrastructure and housing. Third, as an empirical
planning benchmark: the ±4% deviation threshold around theoretical size
provides an empirically grounded benchmark for assessingwhether a city is
operating within a sustainable population range. Fourth, for policy-
responsive growthmodelling: the framework highlights that theoretical size
is shaped by modifiable factors such as connectivity, diversity, and acces-
sibility. This enables policy levers to proactively shift a city’s capacity to
accommodate growth sustainably. Finally, for scenario planning and
investment alignment: by embedding the framework into spatial planning
or land use-transportmodels, agencies can assess how various interventions
(e.g., transit upgrades, zoning changes) alter theoretical capacity and asso-
ciated sustainability outcomes.

While the study presents a novel and empirically supported frame-
work, several limitations and future directions remain. First, city boundary
definitions: UCLs provides national consistency but may not fully capture
functional urban areas such as labour markets. Future studies could test
alternative spatial definitions to assess boundary sensitivity. Second, sus-
tainability indicators: the study relies on three proxies—rent, multi-vehicle
ownership, andwalking towork—which reflect data availability rather than
a comprehensive sustainability framework. Future research should consider
broader indicators such as emissions, equity, or health. This iswhy the study
frames it as a theory rather than a principle: it is strongly supported but
requires further evidence for generalisation. Third, generalisability: the
model is developed in an Australian context, and its relevance to other
countries ormetropolitan regions remains to be tested. Comparative studies
could strengthen its applicability. Fourth, governance and implementation:
institutional, political, or financial constraints may limit efforts to achieve
theoretical city size. Qualitative studies could explore these barriers. Fifth,
integration into dynamic models: applying the framework in Land
Use–Transport Interaction (LUTI) or simulation models would support
long-term, scenario-based planning. Finally,measurement of size deviation:
the use of log-residuals converted to percentage terms assumes small linear
deviations. While bias is likely minimal here, future studies could test
alternative formulations or directly model residuals to assess robustness
across broader size distributions.

Methods
This study adopts a three-step empirical strategy building on the conceptual
frameworkpresented inFig. 2: (a)Estimating the theoretical size of each city;
(b) Measuring the level of deviation between actual and theoretical popu-
lation sizes; and (c) Examining the relationship between these deviations
and cities’ sustainability outcomes.

Study context and city boundary definition
Defining the boundary of a city is a long-standingmethodological challenge
in urban research70. Common approaches include administrative bound-
aries (e.g., municipalities), morphological definitions based on contiguous
built-up areas (e.g., density), functional urban areas delineated by labour
market integration or commuting flows, and thresholding based on night-
time lights71–73. Each approach captures different aspects of urbanity—
governance, physical form, or socioeconomic function—and involves trade-
offs74,75. The study was conducted in Australia and applies the country’s
statistical definition of urban areas—Urban Centres and Localities (UCLs)
—developed by the Australian Bureau of Statistics (ABS)76. Only UCLs
classified as urban centres are considered, excluding localities. An urban
centre is defined as a cluster of contiguous SA1s (Statistical Area Level 1)
where each SA1 has a population density of ≥100 persons/km2 and a
dwelling density of ≥50 dwellings/km2, with an aggregated population of at
least 1000 people. This approach offers national consistency and compar-
ability across Australia’s urban settlement system. While UCLs may not
fully capture functional linkages (e.g., commuting across city edges), they
provide a pragmatic spatial unit for testing city size theories. Moreover, the
key explanatory variables used in this study—such as amenities, density, and
job accessibility—are closely aligned with the spatial extent of UCLs, rein-
forcing their suitability for the conceptual and empirical framework.

This study used data from the 2016 Census, as the 2021 Census was
conducted during COVID-19 lockdowns (in some states and territories)
andmay not reflect typical behavioural outcomes. In 2016, 1853UCLswere
identified. UCLs located within Mainland Australia and meeting the ABS
urban definition (population ≥1000) were initially selected, resulting in a
study sample of 655UCLs (Fig. 3). Subsequently, the hypotheseswere tested
across two population groups to verify the robustness of findings: (a) UCLs
withpopulationsof≥4000 (n = 205), enabling analysis across adiverse range
of urban centres; and (b) UCLs with populations of ≥10,000 (n = 100),
focusing on relatively larger cities. Each group was further subdivided by
excluding the seven UCLs designated as state or territory capitals in
Mainland Australia to explore whether the determinants of theoretical city
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size operate differently between capital and non-capital cities. These capital
cities also attract the largest share of international migrants in Australia77,
although recent trends suggest this dominance is diminishing58.

Mathematical formulation of theoretical city size
The choice of a place to live may be assumed to be driven by utility max-
imization, which occurs when the benefits of living equal or exceed the costs
of living. These benefits and costs can be represented as functions of loca-
tional and network advantages and disadvantages, as conceptualised in Fig.
2. However, city size itself can act as both a benefit (e.g., greater amenities)
and as a cost (e.g., longer commuting distance), as discussed in the
Introduction.

Using job accessibility anddistance to a train station as example factors
representing benefits (B) and costs (C) respectively, the functional forms can
be expressed as:

B ¼ f ðsize; job accessibilityÞ ð1Þ

C ¼ f ðsize; distance to train stationÞ ð2Þ

Assuming a standard Cobb-Douglas specification, these functions can be
further specified as:

B ¼ sizeα × job accessibilityβ ð3Þ

C ¼ sizeγ × distance to train stationδ ð4Þ
In an equilibrium state, themarginal cost equals themarginal benefit, that is:

δC
δðsizeÞ ¼

δB
δðsizeÞ ð5Þ

Expanding the derivatives:

¼) δðsizeγdistance to train stationδÞ
δðsizeÞ ¼ δðsizeα job accessibilityβÞ

δðsizeÞ ð6Þ

¼)γsizeγ�1distance to train stationδ ¼ αsizeα�1 job accessibilityβ ð7Þ
Rearranging:

¼)sizeγ�α ¼ α

γ

job accessibilityβ

distance to train stationδ
ð8Þ

Equation 8 can be log-linearized to obtain an estimable function:

ðγ� αÞlnðsizeÞ ¼ ln
α

γ

� �
þ β lnðJob accessibilityÞ � δ lnðdistance to train stationÞ

ð9Þ

Generalising using Y and X as vectors of benefits and costs respectively:

lnðsizeÞ ¼ aþ
X
k

bklnðYkÞ �
X
j

cllnðXlÞ ð10Þ

where, a = intercept, bk = coefficients of benefit factors, and cl = coefficients
of cost factors.

Equation10 shows that a city’s theoretical size can be systematically
derived based on its associated advantages and disadvantages as con-
ceptualised in Fig. 2. This estimated value is referred to as the city’s theo-
retical size throughout the study. To operationalise this model empirically,
indicators representing the key factors influencing theoretical city size
were constructed from various spatial and census data sources, as
described below.

Operationalising indicators of theoretical city size
Building on the theoretical model (Eq.10), this section describes the oper-
ationalisation of the framework using empirical data. It details how key
factors influencing theoretical city sizeweremeasured, the indicators used to
represent these factors, and the sources of data, and the methods applied to
estimate the theoretical population sizes of UCLs across Australia (Table 5).

The study focuses exclusively on indicators whose values can be either
derived or assigned for both new and existing cities. For example, in the case
of a new city, an urban planner can exogenously assign a target density,
measure distance to planned public transport services, quantify the provi-
sion of public amenities (e.g., parks, playgrounds, childcare, schools, hos-
pitals), estimate the number of jobs accessible within a certain travel time,
regulate land use diversity through zoning controls, estimate the population
or specialist functions in surrounding areas (borrowed size or borrowed
function), and calculate centrality measures based on geographic location.
This study used geographic centrality rather than flow centrality because the
former only requires the geographic position of a development, whereas the
latter depends on empirical data aboutflows of people, goods, or transaction
—information unavailable for new developments. Accordingly, some fac-
tors known to be associated with city size, such as crime rates, urban sprawl,
or rent levels, were excluded from the model28,34. These exclusions were
made to ensure that the framework remains plannable and applicable to
both new and existing cities, enhancing its practical relevance for policy-
makers and urban planners. While many factors were directly sourced,
some are derived as detailed below.

Time to train station: The study used OSM (open street map) railway
network data featuring the 2021 version of railway lines and stations,
downloaded from AURIN (Australian Urban Research Infrastructure
Network). The driving time (min) between all the SA2s in Mainland Aus-
tralia and their closest train station was derived using the Closest Facility
function in ArcGIS Pro (v.3.0) based on its built-in transport network. The
driving time of all SA2s belonging to a UCL was averaged to derive UCL-
level access to train stations.

Labourmarket efficiency: Labourmarket efficiency is measured by the
job accessibility indicator. Research shows that areas with good access to
employment exhibit increasing returns to scale due to agglomeration
effects46. Given that not all jobs are equally attractive (i.e., jobs located close
by are more attractive than those located further away), a distance decay
parameter was initially estimated to discount the travel time effect to derive
the job accessibility level of eachUCL. To estimate this parameter, 660 SA2s
(statistical area level 2) were randomly selected from 2308 SA2s because of
the limit posed byArcGIS Pro (v.3.0) to deriveOD (origin-destination) cost
matrix. The SA2s were chosen because it is the smallest statistical unit for
which the commuting flowdatawere available. This selection also enabled a
finer level analysis than UCL, given that most UCL contains one or more
SA2s (e.g., Melbourne as a UCL contains 292 SA2s). The commuting flow
data, people who drove to work, between the SA2s were downloaded using
the ABS TableBuilder functionality. The drive time (min) between the
centroids of SA2s was derived using the OD (origin-destination) Cost
Matrix function in ArcGIS Pro (v.3.0) based on its built-in transport net-
work. The flow data were classified by travel time bins, ranging from 3 to
149min, with one-minute interval. Commuting flows exceeding 149min
were found to be negligible (0.01%). The flow within each band was
transformed into three indicators: (a) natural log; (b) standardised prob-
ability density function (PDF); and (c) inverse cumulative density function
(ICDF)78. A range of curve estimation regression models were estimated in
SPSS using these indicators including logarithmic, inverse, power, and
exponential. Among them, the negative exponential function was found to
better fit the data with a decay coefficient of 0.058 (Fig. 6). As a result, the
negative exponential decay parameter was employed in this study, which is
also the most widely used function in travel behaviour research79.

The derived distance decay parameter was then used to calculate job
accessibility of the 655 UCLs based on Eq.11. The drive times between the
centroids of the 655UCLs and all SA2s in Mainland Australia were derived
using the OD Cost Matrix function in ArcGIS Pro based on its built-in
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transport network.This derivationwas conducted in stages, separating SA2s
for different states and territories, so that the maximum number of input
features does not exceed the limit imposed by the software. The number of
jobs available within the SA2s was derived based on the total number of
commuting flows destined there from all SA2s.

Ai ¼
Xn
j¼1

Oje
�βtij ð11Þ

where,Ai = Jobs accessibility ofUCLi,Oj =Numberof jobs available in SA2j,
β = estimated decay parameter, tij = driving time (min) between UCLi
and SA2j.

Job diversity: The urban diversity was calculated following the formula
of Simpson’s diversity index (Eq.12). The study used occupation data from
the 2016 ABS census for the 655 UCLs and calculated the percentage of
people employed in the eight occupational status categories (Managers,
Professionals, Technicians and TradesWorkers, Community and Personal
Service Workers, Clerical and Administrative Workers, Sales Workers,
Machinery Operators and Drivers, and Labourers). The diversity index
ranges between 0 (homogenous) and 1 (fully diverse) for the UCLs.

Diversity ¼ 1�
P

nðn� 1Þ
NðN � 1Þ

� �
ð12Þ

where, n= % of employment in a particular category; N= % of employment
in all categories

Centrality and intermediacy: Two centrality measures were employed
based on spatial network analysis in this study: betweenness centrality to
represent intermediacy and closeness centrality to measure how close a city
is located to all other cities. Unlike topological/social network analysis,
where the distance between two contacts has little meaning, spatial network
analysis takes into account the geographic distance between two contacts to
derive centrality indicators. This is particularly important in the case of cities
because unlike social contacts in which not everyone is connected with
everyone else, all cities are to some extent connected with each other, and as
a result, all citieswill result in an identical score for some centralitymeasures
if the distances between them are not taken into account. Different types of
flows (e.g., passenger, telephone calls) between cities are often used as
weights in centrality measures80. However, this study has not applied such

weights given that flow data cannot be known for a new city. The two
centrality indicators were derived using the Urban Network Analysis
Toolbox 1.01 in ArcMap (v.10.8) (http://cityform.mit.edu/projects/urban-
network-analysis). The tool required a network dataset and building points/
polygons. The OSM road network for Australia was downloaded from
AURIN and used to derive a network dataset with travel distance as an
impedance. Given the national level analytical focus of this study, local and
minor roadswere excluded, keepingmotorways, primary, trunk, secondary,
and tertiary roads and giving a hierarchy score of 1, 2, 3, 4, and 5, respec-
tively. For similar reasons, the resulting road networks were simplified
through collapsing dual roads and thinning operations. The 655 UCL
centroids were used as inputs for ‘Buildings’ in the tool to derive the
indicators.

Borrowed size and borrowed function: The same distance decay
parameter was used to calculate the borrowed size and borrowed function
indicators (Table 5). A spatial lag formulation of the UCL boundary was
applied,which ensured that thepopulationorhigh-functional jobs thatwere
located within the boundary were excluded from analyses for the derivation
of these two indicators. For this reason, a largeUCL receives a low borrowed
size score compared to a smaller UCL located next a larger UCL. For
example, Melbourne as a UCL had a borrowed population size of 29 K
(distance weighted); whereas Lara, a small UCL located next toMelbourne,
had a borrowed population size of 250 K. Also, the application of the dis-
tance decay function ensured that the population/high-functional jobs that
were located in nearby SA2s received a higher weight than those located in
distant SA2s.

Operationalising the theoretical city size model
All indicators were nature log-transformed to be consistent with the func-
tional formderived inEq.10, except for theCapitalCity indicator,whichwas
dummy-coded. The population sizes of the UCLs were regressed on the
explanatory factors listed in Table 5 in a linear regression model – i.e., to
estimate how much of the observed variation in city sizes can be explained
by the identified theoretical factors. A four-step process was employed to
estimate the model:

a. Correlation analysis: A correlation analysis was conducted among the
explanatory factors, andvariableswith strong correlations (>0.75)were
excluded. A strong correlation was observed between capital city and

a) Standardised probability distribution of trips b) Inverse cumulative probability distribution of trips

Fig. 6 | Travel time decay curve for commuting flows between SA2s. This figure
shows how the likelihood of commuting between areas declines with increasing travel
time. Data on car-based commuting flows between Statistical Area Level 2 (SA2)
regionswere sourced from theAustralianBureauof Statistics and analysed using drive-
time estimates between SA2 centroids. Commute durations were grouped into one-

minute intervals up to 149min. a shows the standardised probability distribution of
trips in cities. b shows the inverse cumulative distribution of trips across the same
groups. A negative exponential function was found to best represent the pattern of trip
frequency decline, with a decay rate of 0.058. This function, commonly used in
transport studies, reflects howpeople are less likely to commute as travel time increases.
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travel time to capital city factors, and between borrowed size and
borrowed function factors (Table 6). Consequently, the capital city and
borrowed size factors were retained due to their better explanatory
power of theoretical city size;

b. Factor identification: The statistical significance of the remaining fac-
tors was tested in a simple (univariable) linear regression model and
any factors with insignificant (at the 0.1 level) statistical association
with theoretical city size were removed from further analysis;

c. Multicollinearity analysis: The remaining factors were then entered
into a multiple linear regression model to check multicollinearity
among the factors based on the variance inflation factor (VIF) and
variables with the highest VIF values were gradually removed until all
the variables in the model achieve a VIF value of ≤5;

d. Model refinement: A parsimonious model of theoretical city size was
estimated by gradually removing insignificant factors (p > 0.05).

Addressing endogeneity in explanatory variables
The above stepswere separately estimated for the two sample groups ofUCLs
(≥ 10 K, and ≥4 K). The significant factors were evaluated for potential
reverse causality based on theoretical reasoning, revealing that two of them –
job accessibility andurbandiversity -were susceptible to endogeneity bias. Job
accessibility serves as an indicator that captures the planning outcomes of
investments in both transport and land uses, particularly the job
opportunities57.Consequently, such investments tend tobemade inareaswith
high population concentration to maximise the benefits81. Similarly, urban
diversity, representedby thevarietyof joboptions available, plays a crucial role
in attracting individuals to reside and work in cities, thereby fostering
meaningful employment opportunities58. Contrary to this argument is that
large cities inherently possess a diverse knowledge base, which in turn attracts
firms seeking tocapitaliseon thiswealthof expertise throughdiversifying their
operations. Urban planning also responds to this diversity by provisioning
alternative goods and services that cater to the needs of the population82.

This study applied the instrument variable approach to isolate the
reverse causality bias, operationalisedwithin a two-stage least square (2SLS)
regression framework – a method widely utilised in the field36,83. The spatial
lags of job accessibility and urban diversity factors were used as instruments
for their respective variables (Table 1). The selection of these instruments
was guided by Tobler’s first law of geography84, p.236: “everything is related to
everything, but near things are more related than distant things”. This
implies that cities surrounded by otherswith higher levels of job accessibility
andurbandiversity are likely to exhibit higher levels themselves.However, it
is unlikely that population size in one city will directly determine job
accessibility and urban diversity levels in neighbouring cities. Using spatial

lag as an instrument thus captures spillover effects by leveraging the influ-
ence that neighbouring areas’ characteristics exert on a UCL’s own condi-
tions through spatial diffusion or policy interdependence. All models were
estimated using Stata software (v.16).

Measuring deviations from theoretical size
The parsimonious model, as developed in Section 3.1, was run and the
theoretical size of UCLs (unstandardised predicted values) and residuals
(unstandardised) were saved in a database. The residuals denote the dif-
ferences between actual population sizes (natural log transformed) and
theoretical (natural log transformed) population sizes of the UCLs. The
residuals were transformed as the percentage of actual population to
represent percentage differences between the actual and theoretical
population sizes.

Assessing sustainability outcomes of size deviation
The third research question essentially tests the validity of the inherent
hypothesis that cities in the equilibrium of theoretical and actual population
sizes would producemore sustainable outcomes for cities. If this hypothesis
is to be true, then an optimum sustainability outcome for cities would be
achieved when the differences between actual and theoretical population
sizes are zero. Empirically, this is operationalisedusingpiecewise/segmented
linear regressionmodels. This type of model has been widely applied to test
the effects of different policy interventions85, including in travel behaviour
research86. Mathematically, the model can be expressed as:

y ¼ β0 þ β1x þ γZ þ ε; x < α

β0 þ β1x þ β2 x � αð Þ þ γZ þ ε; x ≥ α

�
ð13Þ

where, y = sustainability outcomes of UCLs, x = deviations (% difference
between actual and theoretical population sizes), α = breakpoint to be
estimated, β0 = constant, β1 and β2 =model coefficients before and after the
breakpoint, γ is a vector of coefficients corresponding to covariates Z, and ε
= error term. The effect of Z is assumed to be the same on both sides of the
breakpoint.

The piecewise regression models were estimated in Stata (v.16). The
breakpoint was determined using Stata’s nl (nonlinear regression) com-
mand (https://stats.oarc.ucla.edu/stata/faq/how-can-i-find-where-to-split-
a-piecewise-regression/). To facilitate interpretation, the deviation variable
was centred at the estimated breakpoint, allowing the constant term to
represent the predicted sustainability outcome at the sustainable city size.

Three types of sustainability outcomes of cities were tested in this study:
economic, socio-environmental, and environmental. The economic outcome

Table 6 | Correlations among the factors* of city sizes (≥10 K Sample)

1 2 3 4 5 6 7 8 9 10 11 12 13

1. Job accessibility 1.00

2. Population density 0.62 1.00

3. Borrowed function 0.57 0.44 1.00

4. Borrowed size 0.56 0.46 0.99 1.00

5. % professionals 0.35 0.22 0.01 0.00 1.00

6. Time to train station −0.33 −0.41 −0.31 −0.34 −0.11 1.00

7. Point of interests 0.06 0.11 0.03 0.06 0.55 −0.09 1.00

8. Diversity −0.32 0.07 −0.02 0.02 −0.66 −0.08 −0.32 1.00

9. Time to capital city −0.78 −0.53 −0.40 −0.38 −0.34 0.31 −0.16 0.34 1.00

10. Betweeness centrality −0.11 0.00 0.13 0.14 −0.08 −0.14 0.04 0.03 −0.03 1.00

11. Closeness centrality 0.18 0.32 0.56 0.58 0.11 −0.21 0.16 0.03 −0.16 0.30 1.00

12. Rainfall 0.28 0.31 0.37 0.39 0.21 −0.16 0.19 −0.02 −0.13 −0.12 0.21 1.00

13. Capital City 0.56 0.35 −0.02 −0.02 0.37 −0.13 0.14 −0.32 −0.84 −0.05 −0.05 0.07 1.00

*All factors are in natural logarithmic scale, except for Capital City, which is represented as a binary variable. Strong correlation coefficients are highlighted in bold.
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ismeasured by theweeklymedian rent paid by households. Affordable rent is
considered to be directly related to urban productivity as it enables con-
centration of workers closer to their jobs and an important precondition for
digital start-ups87. The socio-environmental outcome is measured by the
percentofhouseholdshaving twoormorevehicles.High ratesofmulti-vehicle
ownership often reflect a lack of accessible, affordable, and inclusive transport
options, which can increase household financial vulnerability and social
exclusion88,89. Moreover, two or more vehicle ownership is associated with
increasedprivate vehicle travel andemissions,making it anegative indicatorof
both social and environmental sustainability90. Environmental sustainability is
further assessed by the percentage of people (aged 15 andover)whowalked to
work.Walking is associated with a range of environmental benefits including
air quality, reduced noise and reduced carbon emissions through a lower use
of car-based fossil-fuel. Studies have shown that if a one percent car trip is
substituted by active travel, it would reduce fuel consumption by 2–4%91. All
three datasets were downloaded from the ABS Census 2016.

The piecewise regression models were estimated twice: first, without
any additional covariates; and second, adding two covariates– population
density and median household income. The intent was to check the
robustness of the sustainable city size effects on sustainability outcomes.
These covariates were selected given their established relevance to the sus-
tainability outcomes under consideration: population density has been
consistently shown to influence housing costs through agglomeration
economies92, to reduce vehicle ownership rates by decreasing car
dependency90,93, and to promote walking behaviour throughmore compact,
walkable environments94. Similarly,medianhousehold incomeaffects rental
affordability95, multi-vehicle ownership96, and walking participation, as
higher-income groups often have more transport choices but are less
dependent on walking unless supported by a high-quality urban
environment97. By including these covariates, the analysis provides a more
conservative test of the hypothesis, ensuring that the observed effects of size
deviations are not confoundedby baseline density or income characteristics.

Data availability
The sources of data used in this study are listed in Table 5 and are publicly
available for download. Derived datasets generated and analysed during the
current study are available from the corresponding author upon reasonable
request.

Abbreviations
ABS Australian Bureau of Statistics
AURIN Australian Urban Research Infrastructure Network
BoM Bureau of Meteorology
GIS Geographic Information System
ICDF Inverse Cumulative Density Function
OD Origin–Destination
OSM OpenStreetMap
PDF Probability Density Function
SA1 Statistical Area Level 1
SA2 Statistical Area Level 2
UCL Urban Centres and Localities
VIF Variance Inflation Factor
2SLS Two-Stage Least Squares
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