
sustainability

Article

Population Dynamics and Agglomeration Factors:
A Non-Linear Threshold Estimation of Density Effects

Mariateresa Ciommi 1, Gianluca Egidi 2, Rosanna Salvia 3 , Sirio Cividino 4, Kostas Rontos 5 and
Luca Salvati 6,7,*

1 Department of Economic and Social Science, Polytechnic University of Marche, Piazza Martelli 8,
I-60121 Ancona, Italy; m.ciommi@univpm.it

2 Department of Agricultural and Forestry Sciences (DAFNE), Tuscia University, Via San Camillo de Lellis,
I-01100 Viterbo, Italy; egidi.gianluca@unitus.it

3 Department of Mathematics, Computer Science and Economics, University of Basilicata, Viale dell’Ateneo
Lucano, I-85100 Potenza, Italy; rosanna.salvia@unibas.it

4 Department of Agriculture, University of Udine, Via del Cotonificio 114, I-33100 Udine, Italy;
civsirio@tiscali.it

5 Department of Sociology, School of Social Sciences, University of the Aegean, EL-81100 Mytilene, Greece;
k.rontos@soc.aegean.gr

6 Department of Economics and Law, University of Macerata, Via Armaroli 43, I-62100 Macerata, Italy
7 Global Change Research Institute of the Czech Academy of Sciences, Lipová 9, CZ-37005 České Budějovice,
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Abstract: Although Southern Europe is relatively homogeneous in terms of settlement characteristics
and urban dynamics, spatial heterogeneity in its population distribution is still high, and differences
across regions outline specific demographic patterns that require in-depth investigation. In such
contexts, density-dependent mechanisms of population growth are a key factor regulating
socio-demographic dynamics at various spatial levels. Results of a spatio-temporal analysis of the
distribution of the resident population in Greece contributes to identifying latent (density-dependent)
processes of metropolitan growth over a sufficiently long time interval (1961-2011). Identification
of density-dependent patterns of population growth contributes to the analysis of socioeconomic
factors underlying demographic divides, possibly distinguishing between the effects of population
concentration and dispersion. Population growth rates were non-linearly correlated with population
density, highlighting a positive (or negative) impact of urban concentration on demographic growth
when population is lower (or higher) than a fixed threshold (2800 and 1300 inhabitants/km2 in 1961
and 2011, respectively). In a context of low population density (less than 20 inhabitants/km2), the
relationship between density and growth was again negative, contrasting with the positive and linear
relationship observed in denser contexts. This result evidences a sort of ‘depopulation’ trap that leads
to accelerated population decline under a defined density threshold. An improved understanding of
density-dependent mechanisms of population growth and decline contributes to rethinking strategies
of sustainable development and social policies more adapted to heterogeneous regional contexts.

Keywords: density-growth curve; urban expansion; municipalities; indicators; Mediterranean Europe

1. Introduction

Globalization, structural economic change and accelerated demographic dynamics have been
demonstrated to affect urban expansion at the continental and country scales [1–4]. In advanced
economies, local-scale population density and the related demographic trends are considered as
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relevant variables in the recent evolution of metropolitan agglomerations and rural districts [4–11].
In these regards, demographic dynamics, local development, and socioeconomic divides are regarded
as intimately interconnected issues [12–15], whose complexity requires a long-term investigation of the
representative socioeconomic contexts at different geographical scales [16].

A number of interpretative models investigating human population dynamics were based on
density-independence [17]. These models assume that (i) population growth rates were dependent
on the environment rather than on population density, and that (ii) density independence is a
time-invariant property of the given demographic system [18]. However, as humans are uniquely able
to consciously alter their environment to increase its carrying capacity [19], density dependent processes
affecting population growth rates are quite common in specific socioeconomic and territorial conditions,
requiring the use of transition models that simulate how density and population growth rates change
over time, e.g., recalculating growth rates as a function of the relevant density component [20]. There
are many kinds of density-dependent processes, which can be differentiated according to effect,
cause, response, mechanism and severity [21]. Positive density-dependence (or density-dependent
facilitation), describes a situation where population growth is facilitated by increased population
density [22]. Negative density-dependence (or density-dependent restriction) describes a situation
where population growth is curtailed by crowding [23].

Empirical investigations of density-dependent processes of population growth have reported
mixed effects (both positive and negative) mediated by specific density thresholds, and the negative
effects of density dependence are usually better known than the positive ones [24]. As a matter of fact,
overcoming density-dependent limits on human population growth has intrinsic costs in terms of e.g.,
congestion, pollution, and social conflicts for the use of land and natural resources [25–27]. Positive
density-dependent effects never regulate population density, as is inherent in all positive feedback
mechanisms, which magnify their effects [22]. These processes are considered to be unstable and
less predictable, as they tend to change towards density independence or negative interactions in a
relatively rapid time span [28]. Negative density dependence can also lead to unstable population
dynamics [29], especially in a context of settlement dispersion leading to (reversible) population
shrinkage or irreversible processes of extinction from a given place [30].

A relatively vast consensus has been reached in the analysis of density values that determine
urban congestion [31]. In these cases, urban concentration and settlement compactness are responsible
for a slowdown of population growth rates compared with urban contexts where density is below that
threshold [3,32,33] and which display comparatively higher growth rates [1,7,34]. Less information is
available on the reverse mechanism, i.e., a positive (or negative) regulation of population growth at low
densities [28]. In these cases, it is reasonable to hypothesize that rural districts with particularly low
densities experience negative population growth rates more frequently than rural districts with a higher
resident population concentration [35]. Particularly low density and continuous population decline
are symptoms of depopulation [36–38]. A refined, comparative analysis of demographic dynamics
over a sufficiently long time interval and a detailed enough spatial scale seems to be appropriate for
identifying density thresholds [39–41] that more likely lead to positive (or negative) growth rates in
both urban contexts (e.g., congestion effects) and rural contexts (e.g., depopulation effects).

Comparing local-scale demographic trends in homogeneous socioeconomic contexts (e.g.,
a country or a set of regions with similar characteristics, including the socioeconomic structure,
history, and political/cultural background) provides specific knowledge in the analysis of latent
mechanisms of population growth, thereby underlying both processes of urban expansion and rural
development [42–46]. While being informative of regional growth trends, a comparative, local-scale
analysis of demographic dynamics along the whole urban–rural gradient is still only partially complete
in many European countries [25,33,47,48]. By considering both urban and rural dynamics over a long
time span, this type of empirical analyses reveal latent socioeconomic transformations and give precise
information on the density-dependent mechanisms of population growth, leading to identification of
distinctive models of urban expansion/shrinkage and rural development/collapse [13,49–51].
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A wealth of factors were demonstrated to shape the spatial distribution of resident population
in Europe in conditions of both high and low density [52–55]. In this continent, a relatively complex
economic cycle took place in the aftermath of World War II, together greatly influencing urban expansion
and rural development [56–58]. While compact urbanization driven by internal (rural-urban) migration
was associated with high population densities [59–62], residential mobility to suburban areas led
to discontinuous urban expansion in more recent times, fueling economic growth in intermediate
(non-urban, non-rural) locations [63–66]. Suburbanization in turn influenced metropolitan structures
and socioeconomic functions, determining population decline in many urban cores and an unexpected
expansion in more peripheral districts [6,39,52,67–70]. Based on these premises, a better investigation of
density-dependent mechanisms of population growth along the entire urban–rural gradient in a given
country (i.e., considering the whole range of population densities at a very local scale) may provide a
basic, integrated knowledge of apparent (or latent) processes of urban concentration/deconcentration in
metropolitan regions and rural depopulation in more marginal districts. This knowledge also evidences
spatio-temporal convergences or divergences in demographic dynamics leading to more cohesive
settlements or consolidating territorial disparities and economic polarization in dense-dynamic regions
and depopulation-disadvantaged areas [22,29,40].

The Mediterranean basin is considered to be a paradigmatic region in Europe showing
homogeneous population dynamics and compact-dense urban structures [71]. The urban population
in this region has grown from 89 million inhabitants in 1950 to 258 million inhabitants in 1995, and
is expected to reach more than 400 million inhabitants in 2030 [10,58,72]. The Mediterranean urban
population is largely concentrated in major countries such as Italy, Spain, France, and Greece. In 1995,
urbanization rates ranged between 59.2% (Greece) and 76.5% (Spain), and will increase (more or less
markedly) by the year 2030. The socioeconomic and territorial processes that occur when demographic
growth rates are regulated by the size of a population in a given amount of resources have been
relatively poorly investigated in this region. In contrast, analysis of density-dependent population
dynamics fills a gap in the current literature on the role of agglomeration factors in the formation and
consolidation of Mediterranean settlements.

By adopting municipalities as the elementary analysis unit, the impact of density-dependent
mechanisms of population growth was investigated in our study by using a non-linear estimation
of the role of urban concentration in demographic increase (or decline) at five time intervals in
Greece [73–75]. Under the hypothesis that countries in Southern Europe have displayed similar
demographic dynamics in the aftermath of World War II (e.g., hyper-concentration in urban areas
fueled by rural-urban migration with the consequent depopulation of rural districts [58]), results of the
present study may highlight internal and external factors shaping local-scale demographic growth
rates [69] along the entire density gradient, from urban to rural areas. Assuming that local-scale
population growth is positively correlated with urban concentration, demographic dynamics were
assumed to shape spatial divides with distinctive temporal patterns and intensity [27,76–78]. In this way,
the results of an exploratory analysis of local-scale population dynamics may inform strategies of urban
planning/containment and rural development which are better adapted to changing socioeconomic
contexts [8,56,79].

Density-dependent Population Growth and the Spatial Distribution of Settlements

Density-dependent mechanisms regulating population growth are an important factor whose
local- and regional-scale influence on the spatial distribution of human settlements in metropolitan
regions and rural districts were (and still are) widely discussed [10]. Density-dependent mechanisms
of population growth (or decline) are relatively well studied in non-human populations [80], and reflect
particularly complex regulatory processes at the community level [81–83]. For human populations,
analysis of density-dependent mechanisms of demographic dynamics is relatively more difficult
because of the inherent complexity of the background context and the wealth of socioeconomic factors
and constraints influencing settlement density [84].
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Assuming spatial variability in population growth rates as a density-dependent process [85],
the relationship between population growth and demographic density was tested in this study. Our
work hypothesizes a non-linear relationship between demographic density and population growth [23],
in line with earlier evidence of density-dependent population dynamics (Figure 1). Non-linearity
in the relationship between the two variables reflects the distinctive action of density thresholds in
population growth (or decline), implying complex effects and more volatile interactions over space
between economic factors and the background social context [3,39,41]. More specifically, population
growth rates under equilibrium conditions were assumed to increase with urban concentration (i.e.,
high population density) up to a specific density threshold, progressively decreasing for higher values
of population density (e.g., reflecting over-crowded settlements). This assumption paralleled urban
growth models envisaging agglomeration benefits for a level of concentration below a critical threshold,
and negative externalities from urban congestion for concentrations above a critical threshold [1,7,33].
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Figure 1. A graphical hypothesis on the relationship between population growth rate and population
density (logarithm) in the study area (1034 Greek municipalities during the decade 2001–2011). Arrows
indicate empirical (critical) thresholds for depopulation (left) and urban congestion (right).

We also hypothesized the presence of additional, critical thresholds that distinguish the positive
effects of medium-density agglomeration on urban growth from a sort of ‘depopulation trap’ [28].
In local contexts characterized by a persistently low population density, the relationship between
demographic growth and urban concentration was no longer positive, while becoming heterogeneous,
less predictable and, in some cases, negative [36]. Depopulation of rural areas is a widespread
phenomenon that has occurred in advanced economies, especially in countries with a long established
rural tradition, such as in Southern Europe [37]. To identify the main trends in the dynamics of rural
populations in the Central Pyrenees in the last century, Alados et al. [38] used density independent and
density dependent models, testing a power law distribution of population size over a long time interval.
According to Alados et al. [38], “populations exhibited density-dependent positive feedback between
1960 and 2010, and a long-term positive correlation between agricultural activity and population size,
which has resulted in a free-scale population distribution that has been disrupted by the collapse of
the traditional agricultural society and by emigration to the industrialized cities”. In this context,
negative density-dependent regulation of population growth in hyper-rural districts can contribute to
disruptive population collapses, which can be identified by changes in the spatial pattern of population
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distribution [86]. These reflect complex socio-ecological systems that have strong feedback mechanisms
assuring (or undermining in some cases) their intrinsic regulation [87].

The socioeconomic system analyzed in our study is considered in dynamic equilibrium, being
continuously influenced by a set of endogenous and exogenous factors [85]. Assuming each year studied
as representative of dynamic equilibrium conditions, a comparative analysis of 5 different intervals
covering a time window of 50 years allows identification of intrinsic and stable factors in the given
settlement model and the possible factors of discontinuity and imbalance at the same time [35]. Based
on non-linear modeling, results of the empirical analysis identify density thresholds showing a possible
turnaround in population growth rates (from positive to negative or the reverse in areas with population
density above or below a given threshold). Comparing the critical density thresholds between time
intervals allows a refined inference on the socioeconomic processes underlying the density-dependent
relationship between population density and growth across the entire metropolitan hierarchy [29,40,88].
In this context, analysis of the entire urban–rural gradient in a given country (considering urban and rural
municipalities together), allows the identification of different density thresholds, evidencing divergent
demographic dynamics at both high and low density. This investigation contributes to clarifying the
role of demographic dynamics in both urban contexts with population concentration/shrinkage and
in highly depopulated rural contexts, thus evidencing coordinated/uncoordinated mechanisms of
population growth [21]. This approach is original since it integrates, for the first time to our knowledge,
a refined investigation of urban cycles (e.g., urbanization vs. suburbanization) with basic evidence on
rural development.

Given the amplitude of recent urban transformations [63], density-dependent population dynamics
have been relatively poorly investigated across European regions [14,53,89]. Since homogeneous
databases with representative data at disaggregated spatial scales are rather scarce in Europe, and
often need standardization, validation and control procedures [51,57,76], testing density-dependent
population dynamics in a given country may benefit from the operational definition of Territorial
Statistical Units developed by Eurostat. Considering municipalities as the elementary analysis unit,
Eurostat made a relatively vast and stabilized amount of demographic data from national censuses
available for the last five decades (1961–2011), allowing appropriate within-region comparisons
of population dynamics. In Mediterranean Europe, a paradigmatic region with homogeneous
demographic dynamics and urban structures, high variability in the spatial distribution of resident
population reveals characteristic demographic patterns at local scale. These patterns reflect a spatial
structure of settlements centered on dense, central locations intrinsically distinct from the dispersed
and discontinuous settlements typical of rural areas.

2. Methodology

2.1. Study Area

In this study, long-term demographic dynamics in Greece were considered as representative of
more general population trends in Southern Europe. While displaying heterogeneous population
dynamics at the local scale, with different population size across municipalities, the Greek settlement
model was regarded as being spatially polarized and intrinsically compact-dense, basically centered on
the capital city (Athens) and the surrounding region. Greece—like other Mediterranean countries—has
very dense urban agglomerations and depopulated rural areas, displaying highly variable rates of
population growth over time [70]. The Local Administrative Units (LAU) introduced by Eurostat for
statistical purposes were adopted in this study as the elementary analysis unit (Figure 2). LAUs are the
basic elements of NUTS (Nomenclature of Territorial Statistical Units), and include spatial units that are
fully representative of local communities administered by homogeneous authorities (municipalities,
‘communes’, or equivalent units). LAUs play a key role in official statistics because of data availability
from national censuses and relevance for policy implementation. Eurostat disseminated a homogenized
list of spatial units and boundaries for regional comparisons, together with a collection of population
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data derived from national censuses carried out every 10 years at each LAU unit for six time points
encompassing 50 years between 1961 and 2011. Population figures were recalculated for the most
recent administrative boundaries (2011) and interpolated for the 1961–2011 census period.
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Figure 2. A map of Greek municipalities (circles indicate the metropolitan region of Athens in yellow,
and the Salonika province in blue).

2.2. Data and Indicators

Population data were analyzed using spreadsheets, and illustrated through maps produced with
ArcMap software (ESRI, Redwoods, USA) using a shapefile of Greek municipalities provided by
Eurostat. Two indicators were adopted in this study: (i) population density, calculated as the ratio
of resident population in the municipal area (km2); and (ii) per cent annual change in the resident
population (1961–1971, 1971–1981, 1981–1991, 1991–2001, 2001–2011). Scatter plots were used to
investigate the relationship between population density and annual (per cent) rate of growth by year.

2.3. Statistical Analysis

The intrinsic properties of the empirical distribution of population density at the municipal scale in
Greece (representative of the spatial distribution of settlements) were studied separately for each year
through descriptive statistics (elaborating both central tendency and dispersion measures) and diversity
indexes. Being derived from the ecological literature, these metrics provide a comprehensive analysis
of dominance, diversification (Simpson, Brillouin, Menhinick and Margalef indexes), and homogeneity
(Pielou evenness and equitability) of settlements in the area, while considering the spatial variability in
population density across Greek municipalities. The relationship between population growth (Y) and
demographic density (X) was analyzed separately for each time window testing 5 equations (with
aj and e being the estimation coefficients and the random effect, respectively) reflecting a specific
empirical relationship between growth and density:

— a linear form hypothesizing a unique effect—positive or negative—of population concentration
on demographic dynamics (growth or decline) along the entire density gradient based on the
following equation:

Y = a0 + a1X + e (1)

— a quadratic form assuming a divergent effect of population density on growth rates below (or
above) a defined threshold:

Y = a0 + a1X+ a2X2 + e (2)
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— a cubic form assuming two divergent effects of population density on growth rates below (or
above) two thresholds:

Y = a0 + a1X+ a2X2 + a3X3 + e (3)

— more complex polynomial forms (forth- and fifth-grade) assuming multiple, divergent effects of
population density on growth rates below (or above) defined thresholds:

Y = a0 + a1X+ a2X2 + a3X3 + a4X4 + e (4)

Y = a0 + a1X+ a2X2 + a3X3 + a4X4 + a5X5 + e. (5)

Forms (4–5) predict a particularly volatile relationship between population density and growth
and should be considered as intrinsic controls in the experiment. A best-fit non-linear estimation of
the equations (1–5) using empirical data was evaluated using two performance metrics (adjusted R2

and Fisher–Snedecor F statistic) for each equation. The best model was chosen that maximizes the
explained variance (F statistic) taking account of the degrees of freedom (the number of estimated
parameters, ranging from 2 in the linear form to 6 in the fifth-grade polynomial form). Coefficients
representing the most performing model were reported separately for each year. Population density
was log-transformed prior to analysis. In the case of polynomial models, density thresholds were
derived in correspondence of a local peak (or low) of the estimated function for each time interval.
Local peaks at high density (or at low density) were considered indicative of the effect of urban
concentration (or depopulation) above (or below) a given density threshold. The population growth
rate (per cent annual) corresponding with any function’s peak (or low) was derived from the estimated
equation coefficients separately for each time interval.

3. Results

Table 1 describes the main properties of the statistical distribution of population density on a
municipal scale in Greece for 6 years of study, from 1961 to 2011. Against a constant increase in the
average values, a more contained increase in the median, which justifies a progressive decline in the
median-mean ratio, indicates a substantial and persistent deviation from normality. The standard
error of the average increased up to 2001, and then decreased moderately in 2011. The same temporal
pattern was observed for the geometric average. For all the years investigated, the spatial distribution
of population density was largely asymmetric, as the skewness and kurtosis indices clearly suggest.
However, both indices tend to decline over time.

The minimum and maximum density values confirm a spatial polarization in hyper-compact
and dense urban areas and in hyper-rural, low-density areas. The two most relevant percentiles
(25th and 75th) show a trend towards densification of rural municipalities (with a density slightly
less than 100 inhabitants/km2), while a more discontinuous trend was observed for hyper-rural
municipalities. Finally, the coefficient of variation tended to decrease progressively, especially in
the last two decades. A similar trend was observed for the dominance index. A value close to zero
indicates a statistical distribution dominated by a small number of elements. In our case, this translates
into a few municipalities with a high density (mainly in the metropolitan region of Attica and in the
Salonika’s province) and in many rural municipalities with a low and very low density scattered
across the mountain districts of the country. According to Simpson diversity and Pielou equitability,
the difference in density values on a local scale increased slightly over time. A similar trend (reverse
scale) was observed for Margalef’s and Menhinick’s diversity indexes.
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Table 1. Descriptive analysis of the statistical distribution of population density (inhabitants/km2) in
Greek municipalities (n = 1034) by year.

Metric 1961 1971 1981 1991 2001 2011

Statistical indices
Mean 373 486 612 650 693 695

Standard error 52.0 66.9 83.9 83.7 85.4 81.7
Median 41.6 36.7 36.7 38.2 39.9 35.0

Minimum 0.2 0.3 0.3 0.7 1.2 1.1
Maximum 19,809 24,650 36,781 34,431 34,106 29,976

Median-to-mean ratio 0.11 0.08 0.06 0.06 0.06 0.05
Coefficient of

variation 4.48 4.43 4.41 4.14 3.96 3.78

25th percentile 26.5 22.2 21.2 21.6 21.6 17.4
75th percentile 76.5 69.6 74.5 80.2 91.2 93.5

Skewness 7.2 6.7 6.9 6.4 6.0 5.5
Kurtosis 59.6 51.4 59.9 49.7 44.8 36.2

Geometric mean 54.1 49.4 51.2 55.0 59.1 53.0
Diversity indices

Dominance index 0.020 0.020 0.020 0.018 0.016 0.015
Simpson diversity 0.98 0.98 0.98 0.98 0.98 0.99
Brillouin diversity 4.64 4.53 4.50 4.59 4.66 4.71

Menhinick diversity 1.67 1.46 1.30 1.26 1.22 1.22
Margalef diversity 80.31 78.69 77.33 76.99 76.62 76.61
Evenness (Pielou) 0.10 0.09 0.09 0.10 0.10 0.11

Equitability (Pielou) 0.67 0.65 0.65 0.66 0.67 0.68

The homogeneity in the statistical distribution of the density values according to Pielou evenness
assumes a U-shaped trend, with the greatest heterogeneity observed in 1981, corresponding with
the greatest population concentration and maximum urban–rural polarization. Brillouin’s diversity
followed a similar pattern. In general, the descriptive statistics show some significant trends over time:
(i) an increase in the average density and population disparities along the urban–rural gradient; (ii) the
highest urban polarization in 1981; (iii) faster population loss in small municipalities, especially in
the 2000s. Greek municipalities were classified according with 8 fixed classes of population density
(Table 2). The most frequent classes are those with a density between 25 and 50 inhabitants/km2 and
between 50 and 100 inhabitants/km2. In both cases, however, the number of municipalities belonging to
these two classes decreased progressively from around 60% in 1961 to 40% in 2011. The classes that grew
the most are those with low density (10–25 inhabitants/km2) and high density (>1000 inhabitants/km2).
This suggests a marked polarization in urban and rural areas.

Table 2. Per cent distribution of municipalities in Greece (n = 1034) by year and density class
(inhabitants/km2).

Density 1961 1971 1981 1991 2001 2011

<10 3.8 6.6 8.2 7.4 7.1 12.1
10–25 17.9 23.8 23.0 23.8 24.6 26.3
25–50 37.5 33.3 31.5 29.0 27.3 23.0

50–100 23.1 19.1 18.1 18.7 18.0 14.7
100–250 8.6 7.4 7.6 8.2 9.5 9.4
250–500 1.8 1.9 3.2 3.5 2.7 3.0

500–1000 1.7 1.4 1.0 1.6 2.5 2.4
>1000 5.5 6.6 7.4 7.7 8.4 9.1

Urban–rural polarization in Greece can be more effectively described with the results of a
quantitative analysis of the spatial distribution of the population residing in the main urban areas of
the country (Table 3). While consolidated urban areas (central municipalities of Piraeus, Athens and
Salonika) began to lose population in 1961, 1971, and 1981, respectively, peri-urban areas around these
cities have consolidated their demographic dimensions. The metropolitan area of Athens (outside
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the Greater Athens’ area) and Salonika’s province were the districts that have attracted part of the
population from the rest of the country (69% of the population in 1961, 55% in 2011) and abroad during
the entire study period. Density differentials have followed this trend. Central cities had the highest
population density in the country, decreasing slightly in the last few decades. Intermediate (non-urban,
non-rural) areas settled on fairly high (and continuously growing) density values. Rural and inland
areas stably stagnated on density values lower than 50 inhabitants/km2.

Table 3. Per cent share of resident population in total Greek population by district and year.

District 1961 1971 1981 1991 2001 2011

Per cent share of population in country population
Athens 7.5 9.9 9.1 7.5 6.8 6.1
Piraeus 2.3 2.1 2.0 1.8 1.6 1.5

Greater Athens * 12.2 16.7 19.7 20.3 20.2 20.4
Athens metro ** 2.2 2.8 3.4 4.4 5.4 6.3

Attica *** 0.4 0.4 0.4 0.3 0.3 0.3
Salonika 3.0 3.9 4.2 3.7 3.3 2.9

Salonika metro **** 3.5 4.2 4.8 5.5 6.3 7.2
Rest of Greece ***** 68.9 60.0 56.5 56.4 56.0 55.3

Population density
Athens 16,113 22,234 22,735 19,824 19,142 17,065
Piraeus 16,948 16,760 17,543 16,317 15,694 14,478

Greater Athens * 3052 4390 5751 6217 6621 6680
Athens metro ** 71 92 125 172 224 262

Attica *** 44 42 44 42 48 45
Salonika 13,699 18,864 22,262 20,962 19,872 17,192

Salonika metro **** 81 100 126 154 189 216
Rest of Greece ***** 46 42 44 47 49 49

* except for the municipalities of Athens and Piraeus; ** except for the municipalities of the Greater Athens’ area;
*** except for the municipalities of the Athens’ metropolitan region; **** except for the municipality of Salonika;
***** except for Attica and Salonika province.

On the basis of these results, density maps (Figure 3) show a particularly aggregated distribution
of resident population across Greek regions. The most evident density increases were observed
in urban and peri-urban areas (Athens and Salonika, Crete, coastal Peloponnese, Central-Western
Macedonia). In the inner areas, isolated medium–high density settlements were intermixed with
extensive hyper-rural districts with a very low population density. Despite rapid population growth,
the Greek urban system at the beginning of the study (1961) consolidated in the following decades,
maintaining a mono-centric structure gravitating on Athens.
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The maps shown in Figure 4 illustrate the spatial distribution of population growth rates on a
local scale. A greater demographic dynamism was observed over three decades (1971–1981, 1981–1991,
1991–2001). Demographic dynamics in the initial decade (1961–1971) led to a consolidation of the
Athens’ metropolitan area as the central country’s node for population. Significant increases in the
resident population have been observed in a very sparse way across rural Greece, especially in coastal
districts and around the provincial head towns.
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In the most recent decade (2001–2011), the greatest increases were observed outside the
metropolitan area of Athens, mainly in Salonika’s province, Crete, Rhodes, and in other accessible
and medium density areas. However, some rural areas have also experienced a significant population
increase. In the intermediate decades, population growth has been more pronounced almost everywhere.
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The internal districts of Thessaly and the Peloponnese, however, presented a rather stagnant population,
even in these periods. Results of the analysis of the relationship between population density and
growth over time were presented in Table 4.

Table 4. Distribution of two goodness-of-fit metrics of the relationship between population growth
rate and density using linear and non-linear estimation by equation grade (from 1 to 5) for Greek
municipalities (n = 1034) by time interval, 1961–2011.

Country 1 (Linear) 2 (Square) 3 (Cubic) 4 (Polyn.) 5 (Polyn.)

Adjusted R2

1961–1971 0.153 0.179 0.254 0.277 0.281
1971–1981 0.045 0.050 0.102 0.103 0.115
1981–1991 0.008 0.009 0.080 0.082 0.091
1991–2001 0.015 0.016 0.121 0.133 0.143
2001–2011 0.124 0.167 0.214 0.227 0.229

Fisher–Snedecor F statistic
1961–1971 186.9 112.1 116.9 98.6 80.5
1971–1981 48.2 26.9 39.1 29.4 26.8
1981–1991 8.6 4.7 29.9 23.1 20.6
1991–2001 15.5 8.5 47.4 39.7 34.4
2001–2011 145.6 103.5 93.7 75.7 61.0

The R2 index was associated with a measure of the variance explained by each model, considering
the relative degrees of freedom. The highest fit was observed for the first and last decade. The R2

index increased with the number of parameters, while the Fisher–Snedecor F test statistic assumed the
maximum value systematically for the cubic model. This result has been confirmed for all the decades
under study, suggesting the validity of the cubic model for the analysis of the relationship between
urban concentration and population growth in Greece.

The estimation coefficients of the cubic model are shown in Table 5. Based on the coefficients of
the relative equation, two critical density thresholds have been estimated on the basis of the cubic
model; the first threshold indicates the specific density value above which (or below which) negative
(or positive) population growth rates were more likely observed in Greek municipalities. As it is
systematically high (above 1000 inhabitants/km2), this density threshold was intended as a proxy of the
effects of population concentration and urban congestion on demographic growth rates. The second
threshold indicates the specific density value below which (or above which) negative (or positive)
population growth rates were more likely observed in Greek municipalities. Being systematically
low (above 20 inhabitants/km2), this threshold was intended as a proxy of the effects of population
dispersion, land abandonment and rural shrinkage on demographic growth rates.

Table 5. Equation coefficients (third-grade polynomials) using non-linear estimation (see Table 4)
between population growth rate (dependent variable) and population density (independent variable)
for Greek municipalities (n = 1034) by time interval, 1961–2011.

Parameter 1961–1971 1971–1981 1981–1991 1991–2001 2001–2011

a0 0.3675 0.6082 0.5777 0.6685 −0.0260
a1 −1.1298 −1.1720 −1.0098 −1.1235 −0.5252
a2 0.6741 0.6626 0.5756 0.6101 0.4098
a3 −0.0974 −0.0973 −0.0884 −0.0915 −0.0690

Based on these calculations, the (highest) density threshold distinguishing the positive and
negative effects of urban concentration on population dynamics was estimated at 2800 inhabitants/km2

in 1961 and decreased to 1300 inhabitants/km2 in 2011 (Table 6). These thresholds correspond to positive
population growth rates, decreasing progressively from 0.5% per year in 1961–1971 to just over 0.2% in
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2001–2011. The (lowest) density threshold evidencing the negative effects of rural depopulation on
population dynamics was instead estimated at a density of around 10–20 inhabitants/km2; the relative
population growth rate was around zero in the intermediate decades (1971–2001) and close to −0.2% in
the initial and final decade.

Table 6. Critical thresholds of population density and growth for urban congestion and depopulation
estimated from best-fit models in Table 5, Greek municipalities (n = 1034) and time interval, 1961–2011.

Time Window Population Density (Inhabitants/km2) Annual Population Growth Rate (%)

Urban congestion
1961–1971 2800 0.50
1971–1981 2500 0.45
1981–1991 1600 0.31
1991–2001 1400 0.29
2001–2011 1300 0.23

Depopulation trap
1961–1971 10 −0.20
1971–1981 12 0.00
1981–1991 15 0.04
1991–2001 20 0.06
2001–2011 8 −0.21

4. Discussion

European urban areas have grown by 78% in the last half century, while resident population
increasing by only 33% [90]. Such changes have shaped inner cities, suburban districts
and more peripheral rural areas [11,77,78] leading to spatial disparities and demographic
divides [60]. In turn, Southern European regions have experienced an intense cycle of
urbanization-suburbanization-reurbanization, accelerated by a rapid demographic transition toward
lowest-low fertility, higher life expectancy and immigration [46,66,87]. The original contribution of
the present study lies in a diachronic analysis of long-term population trends (1961–2011) in Greek
municipalities aimed at verifying density-dependent mechanisms of population growth at vastly
different levels of population concentration, from hyper-compact and dense urban areas to depopulated
rural districts. In these regards, local-scale settlement patterns in Greece consolidated the pre-existing
metropolitan hierarchy centered on large cities, such as Athens and Salonika, similarly to what was
observed in other Northern Mediterranean countries, such as Spain or Italy [58].

The variable density-growth thresholds identified in our study suggest that mechanisms of
demographic growth typical of urban areas (i.e., a negative density-growth curve) involved an
increasing number of peri-urban municipalities with less compact settlements and an intermediate
level of population concentration (>1300 inhabitants/km2). At the same time, mechanisms of growth
typical of rural areas (i.e., a positive density-growth curve) were more specifically observed in
locations far away from metropolitan regions, with medium-low values of population concentration
(100–1300 inhabitants/km2) and higher variability in the relative growth rates. Finally, municipalities
with a very low population density (<100 inhabitants/km2) in depopulated or marginal locations, have
displayed a mixed density-growth relationship, with heterogeneous and spatially variable patterns.
In such contexts, demographic growth (or decline) was largely independent from the overall level of
density, being influenced by other socioeconomic factors.

While identifying specific regimes at the local scale, the empirical results of this study outline the
intrinsic characteristics of each local context and a substantial similarity in the relationship between
population concentration and demographic growth across time and space [56]. Socio-demographic
changes are mostly associated with economic agglomeration, being a key factor of land-use change and
socioeconomic transformations [3,8,25,68]. Sequential waves of concentration and de-concentration of
central cities, continuous expansion of suburbs and the abandonment of marginal and peripheral rural



Sustainability 2020, 12, 2257 14 of 19

areas, have consolidated population density divides in Greece [10]. These processes are the base of
complex—mainly non-linear—density-dependent mechanisms [58].

The empirical evidence presented in this study provides an original interpretation of population
dynamics along the urban–rural gradient in a Southern European country. The results confirm
the presence of density-dependent non-linear effects on the population growth rate in Greece. In
particular, the proposed models highlight a critical threshold that discriminates between positive
effects of urban concentration and negative effects of congestion on population growth rates. This
threshold was estimated on density values ranging between 1000 and 3000 inhabitants per km2

along the study period. Such a threshold appropriately distinguishes medium-density contexts
from high-density hyper-compact ones, where the effects of congestion seem to be more evident.
From the point of view of the urban cycle, this threshold also distinguishes mature urban contexts,
which have experienced compact-dense urbanization and rapid population growth (e.g., the central
municipalities of Athens, Piraeus, and Salonika), from the surrounding municipalities under intense
suburbanization, with evident growth potentials and urban spaces that can still be further developed.
Critical density thresholds decreased over time, positioning at values around 1300 inhabitants/km2 in
2011 (2800 inhabitants/km2 in 1961). Such a decrease follows urban dynamics in the post-war period in
Greece, with the subsequent urbanization of peripheral areas of the Attica region and the province
of Salonika. The population growth rate corresponding to this density threshold also showed some
variations over time, decreasing from 0.5% per year (1961) to 0.2% per year (2011). This decline follows
a typical demographic trend in Greece, highlighting an equilibrium rate that converged towards a
growth rate of around 0.2% per year.

Results of the empirical analysis also show a fairly heterogeneous and unpredictable
density-growth relationship for levels of population concentration below 10–20 inhabitants/km2.
In other words, the positive impact of urban agglomeration on population growth was negligible in
low-density rural contexts. This threshold remained relatively stable over time, being associated with
zero (1971–2001) or slightly negative (1961–1971 and 2001–2011) growth rates. This highlights that
rural shrinkage underlies particularly volatile demographic dynamics, which require stabilization
policies aimed at promoting local development to counteract further depopulation. Considering both
R2 and F statistics, the model’s goodness-of-fit was rather variable over time, indicating that population
density is only one—albeit important—factor influencing demographic growth in Greece. The highest
model’s performance was found for the first and last time windows, corresponding respectively to
urban concentration (1961–1971) and rural depopulation (2001–2011).

These results indicate the relevant role of space in demographic dynamics. In this context, analysis
of the density-growth relationship characterizes distinctive socioeconomic phases that reflect multiple
factors of change at the regional scale [53,54,69]. While the negative relationship between urban
concentration and population growth at higher densities reflects congestion externalities and a subtle
process of peri-urbanization, the positive relationship between the same variables at intermediate
densities may indicate the contribution of agglomeration factors to metropolitan growth observed since
the 1960s in settlements with a density below 1000–3000 inhabitants/km2 [91]. Stability over time in the
relationship between urban concentration and the population growth rate was tested in this study with
the secondary aim to identify and characterize distinctive phases within the country’s urban–rural
cycle. Internal (political, institutional and cultural issues) and external (economic globalization and
socio-demographic change) factors have demonstrated to influence local-scale population dynamics
shaping metropolitan hierarchies at a broader spatial scale [41,92,93]. Results of this study may
definitely inform a comprehensive strategy for sustainable development, providing key information
for urban planning and rural development [31,32,94]. Our study is likely the first to provide a
sustainability-oriented (unifying) view of demographic dynamics linking urban growth in central
places to population shrinkage in more marginal locations.
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5. Conclusions

Density-dependent mechanisms of population growth are of interest for urban and regional
planning all over Europe [14,63,64,95–97]. These mechanisms reflect distinctive demographic dynamics
at multiple spatial and temporal scales. Analysis of the empirical relationship between population
density and demographic growth rates provided basic results clarifying density-dependent adjustments
of population growth along the urban–rural gradient in a European country, evidencing demographic
patterns typical of socioeconomic contexts with high and low density. Future research should
better integrate empirical results of density-dependent regulation mechanisms in complex systems,
comparing the results of different statistical approaches and theoretical models. Non-linear modeling
and non-parametric statistical techniques considering spatial and temporal dynamics seem to be
particularly appropriate in this direction. Geo-referenced databases with local-scale, up-to-date
information encompassing relatively long time intervals, are the essential pre-requisite of any informed
analysis of spatial regimes of population growth and the possible influence of scale and agglomeration.
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