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ABSTRACT 
In this paper, we describe some indicators used to interpret urban sprawl and some of its effects on 
the environmental and ecosystem matrix. These are examples taken from a number of research 
programs that the University of L’Aquila has been engaged in over the past ten years that have 
produced more than 15 new indicators of urban sprawl and the numerous threats that the latter poses 
for land and the environment. Using some parameters we were able to prove that the expansive 
settlement model that prevailed in Italy over the past 50 years does not follow the conventional 
international standard of sprawl, but has a different pattern named “sprinkling”. Other indicators show 
that this growth is independent of population dynamics, at least at microterritorial level 
(municipalities), while the result is different on a macroterritorial scale (regions). Furthermore, this 
highly sprinkled type of settlement also has adverse effects on the fragmentation of ecosystems and 
biodiversity hot spots and using other indices we were able to highlight these phenomena too, which 
are scarcely considered as territorial “diseases” that need to be tackled and overcome. Carefully 
designed sets of parameters, such as those described in this paper, should be included in technology-
assisted regional platforms to control and govern land transformation, in order to make the pursuit of 
improved land planning more efficient than what it is today. 
Keywords: indicator engineering, land take, settlement sustainability, urban sprinkling. 

1  INTRODUCTION 
The intensive urban development that has occurred in countries worldwide over the past 
decades is now producing its most harmful consequences, thus fully confirming the alarm 
raised by the European Commission in early 2000 and by some experts of the international 
scientific community [1], [2]. Most conventional urban development literature, especially 
in Italy, has reported this phenomenon almost solely in terms of its effects on landscape, its 
alteration of the age-old balance between cities and rural areas or social psychology, 
without identifying – other than in recent years – additional and more severe dysfunctions. 
These dysfunctions profoundly concern the energy footprint of settlements [3], the 
fulfillment of the need for social services [4], [5], the fragmentation of nature hot-spots [6]–
[8], the depletion of ecosystem services [9] and environmental risk resilience [10], [11]. In 
western industrialized countries, at least, there has been a huge and mostly unjustified 
increase in urban land take, despite minor demographic changes. This is an increase that in 
some political cultures, such as the Italian one, was viewed as an indicator of good 
administration by Mayors and Town councils for decades. Even the town planning 
legislation of Regions has encouraged new constructions as much as possible and the same 
can be said of tax regulations too. In this regard, national scientific literature has expressed 
some uncertainty, uncritically classifying the Italian pseudo-dispersed fabric under the 
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international standard of “sprawl” [1], [12]–[19] without considering the clear differences 
that entail increased recovery difficulties. 
     Therefore, in Italy’s case, a different definition is suggested, namely “sprinkling” [20] as 
it better conveys the layout of the peninsula’s urbanized areas, also present in other 
Southern European (Iberian, Mediterranean and Balkan) areas however, and, in other 
continental areas too, albeit in different ways. Although sprinkling is the emblematic layout 
of urbanized areas in the country’s chief plains, nearly the entire national territory is 
characterized by this form of land take without significant meridian differences.  
     In the following sections, we will set out a number of indicators developed over several 
years to respond to different requirements in terms of study and relationship between 
sprawled urban layout and other territorial, environmental and socio-economic aspects 
throughout the country and in specific geographical areas. 

2  EXPERIMENTAL DEMO-URBAN INDICATORS  
Between 2006 and 2015 the University of L’Aquila developed a broad range of data and 
indicators, investigating their qualities and shortcomings in reflecting settlement and 
environmental effects throughout the country. The set of exemplifying parameters 
described below are taken from a number of papers in which they were tested and even 
applied to territorial governance documents [20]–[26].  

2.1  Model indicators: sprawl vs. sprinkling 

The main result of our study, highlighting that the settlement development model followed 
its own specific course for several decades, was reached by analyzing the distribution 
models of urbanized areas using the Urban Dispersion Index – UDI, formulated as follows 
and applied to all Italian regions on a consistent grid of 1kmx1km plots (Fig. 1), together 
with Urbanization Density (UD). 
     Urbanization Density (UD) indicates the size of areas transformed for varying purposes 
in a given territorial zone. On a national scale, data is available mostly for “urbanization”, 
that is to say areas used for settlement-related purposes. Today, we can extrapolate data 
from various databases, such as regional Land Use Maps (generally on a scale varying 
between 1:10.000 and 1:5.000), or satellite data (Copernicus – https://spacedata. 
copernicus.eu/) again on a scale of 1:10.000.  

UD Au
Aedi

,                                                           (1) 

UDI = 
,
                                                               (2) 

where: 
Aedi= surface covered by buildings or sealed/urbanized layers 
Nuc = number of urbanized centers 
Au = surface of the reference territorial unit (km2) 
     A UDI increase over time (UDI+) highlights the rise in the number of separate urban 
cores within the reference area and therefore always corresponds to an increase in dispersed 
urbanization density (UD). A UDI drop (UDI-), instead, shows a reduction in separate 
urban cores and therefore the densification of existing ones with an increase in UD. When 
UDI is constant (UDI0), we can have two conditions: if UD increases (UD+), it means that 
existing urban cores have grown in size, with new urbanized parts in contact with existing 
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ones (UDI0). If UD = 0 too, then it means that there are no changes compared to the initial 
state (No change) (Fig. 1(a)). 
     The diagrams in Fig. 1(b) show that in Italy the prevailing model of urban growth is the 
one of significant dispersion (UDI+). On average, all regions have done little to densify 
settlements (30% of the territory at the most) and have essentially avoided aggregated urban 
growth (UDI0+DU) which rarely exceeds 10% of the territory but which instead is a 
generalized standard in Northern European countries.  

2.2  Demo-urban dynamic indicators 

The correlation between population dynamics and urbanization is very important as it helps 
develop models and apply inferential analysis to devise reliable prospective scenarios. As 
shown in the diagrams in Fig. 2, although falling within the previously mentioned 
prevailing proportionality on a regional scale, on a municipal scale the differences between 
Italian regions and geographical sectors are numerous. The diagrams in Fig. 2 were all 
contained within the 300% population and 1500% urbanized area increases, since all 
municipalities fall in these ranges across all the regions. There are, of course, higher values, 
but these concern very few cases. Amongst central Italian regions, Fig. 2 shows that only 
Umbria and Marche have a strong match between urbanization and population (where most 
municipalities do not exceed 400%). The models of the other central and southern regions 
share many similarities, with seven having stable demographic values matched by increases 
in urbanized areas ranging between 200% and 600%. 
     Changes in urban layout strongly depend on the population size of municipalities and 
their geographical relationship with the main metropolitan areas in the country. Fig. 3 uses 
the population size brackets of municipalities adopted by ISTAT (Central Institute of 
Statistics) and shows a very similar polynomial distribution for both demographic (∆Dem)  
 

Sprawl 

Sprinkling 

 

Figure 1:    (a) Models of urban growth in the timespan considered (50s–Noughties);  
(b) Models of urban growth in Italy obtained by combining the UDI and UD   
indicators. In grey the model UDI0(UD+) (aggregated urban growth). 
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Figure 2:    Relationship between urban rate increasing (% – x axis) and demographic rate 
increasing (% – y axis) on a municipal scale in some Italian regions. 

 

 

Figure 3:  Population and urbanization dynamics per category of Italian municipalities. 

and urban change (∆Urb) (R2 greater than 0.80 and up to 0.98). Small towns (up to 3,000 
inhabitants) have lost their population, and quite significantly too, although their urbanized 
areas have increased and even doubled. The towns with the most significant dynamics are 
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those of about 60,000 inhabitants (medium-sized towns by Italian standards), where 
population rise amounting to about 50% is matched by an increase in urbanized areas 
exceeding 300% (6-fold higher). Almost stable population dynamics and urbanization 
increases by one-and-a-half fold can be found again in metropolitan areas with over 
250,000 inhabitants.  
     The similar dynamics shared by large municipalities (> 200,000 inhabitants) across Italy 
should be considered separately: in half a century, the greatest changes are not found within 
these municipalities, rather in the ring of surrounding municipalities within a range of 10 
km. Indeed, while large municipalities have a ∆Urb=136% and a ∆Dem = 14%, 
corresponding values in their respective hinterlands are 200% and 38%, thus confirming a 
well-known urban dispersion trend undoubtedly common to many countries, but which in 
Italy has far more serious problematic features, as will be discussed later. 
     Based on census and administrative data, the demo-urban contradiction indices (DUI–
DUC) highlight cases where urban and population growth match over a given period of 
time. The DUI helps select municipalities where the increase in urbanized areas is matched 
by population growth, while the DUC establishes a correlation between demographic 
decline and increase in urbanized areas (Fig. 4(a), (b)). These indices are expressed in per 
capita urbanized/built-up areas and per inhabitant acquired or lost, effectively highlighting 
extreme cases of actual residential/economic needs or, in the opposite case, considerable 
urban growth in areas marked by significant demographic decline (holiday homes and 
illegal buildings). 

 (m2/inhab.),                                                         (3) 

 (m2/lost inhab.),                                                    (4) 

where: 
∆urb(01–51)=Difference between urbanized areas in municipalities between the 50s and the noughties 
∆pop(01–51)=Variation in population residing in municipalities between the 50s and the noughties 
–∆pop(01–51)=Demographic decline in municipalities between the 50s and the noughties 
 
 

  

Figure 4:    (a) Map to select the positive values of the demo-urban increment index (DUI); 
(b) Map of the demo-urban contradiction index (DUC). 
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2.3  Indicators of landscape and environmental matrix pressure 

One of the major effects of widespread urbanization is the fragmentation of habitats and 
biodiversity hot spot ecosystems [27], [28]. The urbanization-induced ecosystem 
fragmentation index (UFI) describes urbanization density weighted by means of a shape 
factor (Fig. 5). The first term of the expression provides the incidence of urbanized areas in 
the reference (administrative or grid) area, while the second term represents the ratio 
between the overall perimeter of urbanized areas and the perimeter that these areas would 
have if they were all concentrated in a single round-shaped aggregation. This index 
highlights the prevalence of linear urbanization along roads that causes occlusion effects for 
potential biotic flows of four-footed animals. 




i

ii

Aurb

p
Au
Aurb

UFI
2

* ,                                              (5) 

where: 
Aurbi = urbanized areas  
Au = surface of reference territorial unit  
pi = perimeters of urbanized areas 
     A particularly adverse effect caused by urbanization on natural areas is the isolation of 
surrounding matrices. To this end, some parameters have been developed to measure this 
isolation applied to Natura 2000 habitats found within Sites of Community Interest (SCIs).  
     In this paper, the patches considered are SCIs that are highly dispersed throughout the 
country and the buffer radial step is equal to 500 m and therefore, the distances considered 
were: 500, 1000, 1500, 2000 and 2500 m (Fig. 6). Buffer depth, intended as the radial 
segment of patch edges, is always constant. Buffer generation around patches leads to 
reduced distances between them, until the buffers created overlap and are joined together, 
as a result of aggregation. This leads to a new layout where the number of patches actually 
drops and allows us to correlate buffer distances and number of patches, up to the extreme 
value of one patch, when all original patches are joined together. Hence, it is possible to 
plot curves correlating buffer distances and number of patches (fragmentation reduction 
curves), as shown in Fig. 6 for the Umbria Region. 
     Then, using this data, we developed fragmentation reduction curves by plotting buffer 
distance on the x-axis and the Fragmentation Reduction Rate (FRR) on the y-axis. 
     Considering an order 1 buffer and subsequent order 1+i buffers, the FRR value is: 

,                                                        (6) 

 

 

Figure 5:  Sampling of the UFI index value range. 
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Figure 6:    FRD index calculation method: buffer aggregation graph with a constant radial 
segment (500 m), using the example of the Umbria Region. 

 
where: 
Np(1)= number of patches deriving from aggregation with an order 1 buffer 
Np(1+i)= number of patches deriving from aggregation with an order 1+i buffer 
     The fragmentation reduction curve shows that as buffer distance grows, patches are 
increasingly joined together, with an ensuing increase in environmental continuity. Using 
functions that express fragmentation curves (generally third grade polynomial), it is 
possible to calculate fragmentation reduction distances (FRDx), intended as those where the 
current subdivision of patches is reduced by a given rate: for example, FRD shows an 
aggregation distance equal to a 50–80% reduction. 
     In addition to FRR and FRD, another index called Fragmentation Reduction 
Performance (FRP) was created, which corresponds to the aggregate patch reduction ratio, 
while moving from one buffer to the next. 
     Considering an order m buffer and subsequent m+1 buffers, the FRP value is:  

,                                                     (7) 

where: 
Np(m)= number of patches deriving from aggregation with an order m buffer 
Np(m+1) = number of patches deriving from aggregation with an order m+i buffer 
     This index shows the buffer joining distance with the highest level of aggregation, 
where it seems to the more convenient to invest plan and project resources, in order to 
achieve continuity among Nature 2000 sites [29]. Fig. 7 shows the fragmentation reduction 
curves of SICs/SACs in some Italian regions, highlighting the three, previously defined 
parameters. 
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Figure 7:    Fragmentation reduction curves of SCIs/SACs in some Italian regions. On the y 
axis the FRR values and on the x axis buffer distances. In grey the FRD50 

values, while the dotted curve is the FRPmax (Fragmentation Reduction 
Performance) index. 

3  CONCLUSION 
The examples of indicators discussed in this paper are part of a broader panel developed to 
respond to the requirements of public agencies to monitor the conditions of their respective 
territories, in order to support current and strategic management decisions (Decision 
Support System – SSD). This approach is followed more and more and taps present-day 
technology to produce and process data. 
     Hence, the significant importance of “indicator engineering” that has to be able to design 
sets of indicators capable of capturing any changes in land use, using a multi-criteria 
approach, in accordance with the governance and control powers of the various 
administrative bodies (municipalities, regions, reclamation agencies, civil protection, parks 
and reserves), thus assuring the utmost interoperability and transparency of information. 
The correct and widespread use of official indicator panels helps set up correlation 
platforms that provide warnings when certain thresholds are reached, thus making it 
possible to implement adaptive control actions, with a view to achieving the desired results 
of plans and programmes. The careful design and optimisation of panels could help boost 
the quantity and quality of acquired information (fast monitoring) and significantly reduce 
the cost of collecting and processing primary data, following the gradual and widespread 
use of open source GIS systems.  
     Unfortunately there is still some reluctance towards innovative techniques and 
procedures, especially among public authorities: it is sufficient to consider that many Italian 
municipalities do not have their own SITs (Territorial Information Systems), nor a digital 
PRG (Land Planning Tool). Yet, today speed has become an essential aspect in planning. 
“Slow” planning is of no use and is already dated when ready to be implemented. Fast 
Planning can help overcome pressing issues in an adequate amount of time, assuring 
consistency with the strategic level of governance. In Fast Planning GIS, UAVs 
(Unmanned Aerial Vehicle) and RS (Remote Sensing) play a key role, by establishing the 
previously described multi-indicator and multi-criteria procedures at a multi-scale level. 
The key to this process is the full use of available technology, by resorting to scenario 
simulation analyses and introducing control techniques to modulate outcomes according to 
the expectations of stakeholders and public authorities, also in view of the goals established 
at European level to reduce land take by 2050 [30]. 
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