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Abstract: Although peri-urban landscapes in Southern Europe still preserve a relatively high level
of biodiversity in relict natural places, urban expansion is progressively consuming agricultural
land and, in some cases, forest cover. This phenomenon has (direct and indirect) environmental
implications, both positive and negative. The present study contributes to clarifying the intrinsic
nexus between long-term urban expansion and forest dynamics in a representative Mediterranean city
based on diachronic land-use maps. We discuss some counterintuitive results of urbanization as far
as forest expansion, wildfire risk, and biodiversity conservation are concerned. Forest dynamics were
investigated at two time intervals (1936-1974 and 1974-2018) representing distinctive socioeconomic
contexts in the Rome metropolitan area in Central Italy. Additionally, the spatial relationship between
forest cover and urban growth was evaluated using settlement density as a target variable. All
over the study area, forest cover grew moderately over time (from 18.3% to 19.9% in the total
landscape), and decreased along the urban gradient (i.e., with settlement density) more rapidly
in 2018 than in 1936. The diversification of forest types (Shannon H index) was higher in areas
with medium-density settlements, indicating a tendency towards more heterogeneous and mixed
structures in rural and peri-urban woods that undergo rising human pressure. The dominance
of a given forest type (Simpson’s D index) was higher at high settlement density areas. Evenness
(Pielou’s ] index) was the highest at low settlement density areas. The long-term assessment of
land-use dynamics in metropolitan fringes enriched with a spatially explicit analysis of forest types
may inform regional planning and environmental conservation, which could delineate appropriate
strategies for sustainable land management in Southern European cities.
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1. Introduction

Land-use change has been demonstrated to cause, in many cases, physical fragmenta-
tion, ecological simplification and the biological deterioration of natural ecosystems [1-3].
At the same time, ecosystem degradation due to human-driven landscape change is associ-
ated with biodiversity loss [4—6]. Landscape fragmentation was hardly quantifiable over
larger time scales, and was more appropriate as a reflection of the synergic effect of climate
change and human pressure on both agricultural systems and marginal, natural land [7-9].
These modifications resulted in landscape homogenization, although some processes of
change remained largely unclarified [10].

Urbanization, cropland decline, and the natural reforestation of pastures made the
wildland—urban interface extremely diversified and heterogeneous [11-13]. Fueled by
population increases and economic growth [14], settlement expansion has altered fringe
landscapes for a long time [2,15,16]. Fringe land results in the physical overlap of settle-
ments and natural habitats including forests [17,18]. These landscapes represent a complex
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ecosystem and a sort of laboratory for integrated monitoring and planning that experiences
threats such as wildfires, sealing, pollution, and increases in invasive species [19]. Assess-
ing the transformations of fringe landscapes means understanding the intimate interplay
of urbanization, agricultural intensification and land abandonment. Understanding this
knowledge is a basis for sustainable land management [20,21].

Metropolitan landscapes in Europe experienced rapid and intense transformations
during the last century following urbanization, economic growth, and infrastructural de-
velopment [12,22-24]. A considerable decline in agricultural land together with a parallel
expansion of settlements and forests was observed in Mediterranean Europe, a recognized
hotspot of landscape change, reflecting the shift from rural to urban lifestyles [25-27].
Featuring a persistent interplay between nature and humans [28-30], fringe landscapes
in Southern Europe have been especially affected by rapid urbanization, which has deter-
mined the progressive abandonment of the surrounding uplands and mountains, resulting
in their natural forestation [31-33]. At the same time, coastal areas were transformed into
anthropogenic and fragmented land mosaics [34-37].

In Italy, fringe landscapes expanded largely following metropolitan growth [33].
Fringe landscape changes included (i) the abandonment of marginal land causing a parallel
increase in forest cover, (ii) intensified agricultural systems on flat land, and (iii) urban
expansion with economic decentralization towards suburban locations. Rome is one of the
best examples of metropolitan development and fringe transformation in Italy (16). The
evolution of the socioeconomic context fueled legal and informal settlement expansion
that generated a complex mosaic of fringe landscapes [38]. In these regards, the traditional
(rural and socially permeable) landscape surrounding Rome provided the necessary source
of buildable land for such a transformation [10,16,39,40], while undergoing a progressive
homogenization and simplification during the last century [20]. Despite a generalized
decrease in natural and semi-natural areas [41] and the loss of a primary cultural her-
itage [42] because of urban expansion, fringe landscapes in Rome still preserve biodiversity
within a mosaic of croplands, relict forests, pastures, and shrublands [42], thanks to nearly
40 protected areas and more than 50 Natura 2000 sites covering about 20% of Rome’s
metropolitan area [36].

Taken together, this context represents a paradigmatic case reflecting long-term urban—
forest dynamics at the fringe and justifies a specific investigation of land-use changes and
settlement growth covering more than 80 years, a time window encompassing the whole
development cycle of forests. We assumed a non-linear effect of urban expansion on natural
landscapes, such as threatening agricultural systems and consuming fertile soils around
settlements. At the same time, we assume forests, generally concentrated in economically
marginal locations of metropolitan regions, indirectly benefit from urban expansion, thanks
to the reforestation of (progressively abandoned) cultivated land. Two time intervals
(19361974 and 1974-2018) corresponding to distinctive socioeconomic contexts at the local
level were considered when assessing long-term changes in forest cover and the spatial
relationship with settlement expansion in the study area. The present work illustrates a joint
analysis of fringe forest dynamics based on a specific assessment of selected forest types.
The final aim of this study is to inform appropriate strategies of sustainable development,
regional planning, and land management in light of an integrated governance of fringe
land in contemporary cities.

2. Materials and Methods
2.1. Study Area

We studied a metropolitan area encompassing Rome’s prefecture (5355 km?) that
corresponds to the NUTS-3 level of the European nomenclature of territorial statistics; this
area has 30% flat land and 20% highly steep land that is up to 1820 m above sea level in
the Apennine district [38]. The area was administered by 122 municipalities, the largest
being Rome (1285 km?). The lowlands are concentrated in the alluvial plain of the Tiber
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River. A brief description of the area is provided in Table 1, which considers territorial and
demographic indicators together.

Table 1. Demographic and territorial characteristics of Rome’s metropolitan area at selected years
based on official statistics.

Indicator 1936 1971 2020
Land surface (km?) 5354
Resident population 2,775,380 3,761,067 4,227,588
Population density (inhabitants km~?2) 518 702 790
Population growth (% by year) 2.8 0.5 0.2
Suburban/urban population (%) 26.9 355 479
Urban population density (inhabitants km~2) 1460 1852 1860
Urban population annual growth (%) 3.2 —0.1 —0.2
Suburban population density (inhab. km~2) 152 256 362
Suburban population annual growth (%) 1.8 1.5 1.4

Industrial and service settlements were located east of Rome, whereas a mosaic of
cropland and forests were located west of the city [16]. As a result of occasional degradation
due to wildfires and rising human pressures, a sparse forest cover was preserved in both
coastal and upland districts [20]. Road infrastructure was diffused all over the study area.
Areas located at a distance of more than 1 km from national roads are relatively scarce
and concentrated only in remote districts (Figure 1). The climate in the area is typically
Mediterranean, with rainfalls concentrated in autumn and spring and mild temperature in
winter. The average long-term (1981-2010) annual precipitation and mean air temperature
were 700 mm and 17 °C, respectively [43].
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Figure 1. Land classification based on the linear distance (km) from road infrastructure.

2.2. Settlement Maps

Diachronic maps of building density (produced by aerial photograph processing at
1:10,000 scale in urban areas and 1:25,000 scale in rural areas, including the axis of the
streets and the outlines of the blocks) were derived from the geographical information
system supporting the National Censuses of Population and Households in Italy. The
density of buildings was calculated in 1945, 1971, and 2011 from data collected in the
framework of the national census of buildings by the Italian National Institute of Statistics
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(Istat). In the above-mentioned years, maps were derived from the digital data available
at the census tract scale. The vector map obtained from Istat reports the geometry of
nearly 16,000 enumeration districts corresponding to 5-10 building blocks in urban areas
and 20-50 blocks in rural areas, depending on population density and land constraints
(elevation, rivers, lakes, and the sea coast). The surface area of each enumeration district
was calculated using ArcGIS “spatial analyst” tools (Esri Inc., Redwoods, CA, USA). The
building density was calculated at each enumeration district polygon for each study year.
To estimate the spatial distribution of settlements, enumeration districts were classified
into four density classes: (i) <0.5 buildings per hectare, (ii) 0.6-5.0 buildings per hectare,
(iii) 5.1-10 buildings per hectare, and (iv) >10 buildings per hectare. The total surface area
of each density class was calculated by summing up the surface area of each enumeration
district within that class.

2.3. Forest Maps

We considered three thematic land cover maps of Rome’s metropolitan area, span-
ning between 1936 and 2018 and with a similar resolution (1:100,000 nominal scale):
(i) the forest map produced by the Italian Milizia Forestale (the Italian Forest Service dur-
ing the fascist epoque) as part of the first national forest inventory dated to 1936 and
digitized according to three independent layers (sea coast, administrative boundaries,
and roads); (ii) the ‘agro-forest map” of Rome province that is dated to 1974 and that
was recently made available in a digital format (shapefiles) by the Cartographic Ser-
vice of the Rome metropolitan area; and (iii) the Corine land cover map of Italy dated
to 2018 and provided by the Italian National Institute for Environmental Protection
and Research (ISPRA) at the fourth level of the European NUTS classification. Four
types of forest management were considered the most common information in all maps
(chestnut, beech, conifer, and mixed broadleaf). To verify the precision of the aggregate
information derived from the three maps, we considered additional datasets from in-
dependent sources providing estimates of forest cover, including: (i) the annual forest
surveys (Istat), (ii) a 1:25,000 topographic map produced by the Italian Military Geographic
Institute (Florence) dated to 1949, (iii) national forest inventories dated to 1985 and 2003,
(iv) land-use maps produced by the National Research Council, the Italian Cadastre, and
the Italian Touring Club referring to the early 1960s, (v) four Corine land cover maps
dated to 1990, 2000, 2006 and 2012 and, finally, (vi) the 1:25,000 ‘land-use map of Latium
region’ produced in 1999 and updated in 2016 by the Cartographic Service of the Regional
Authority of Latium.

2.4. Statistical Analysis

Two sources of data (population censuses and forest maps) with a slightly different
timetable were adopted in this study. We assume this is acceptable when the chronological
difference between observations is low enough, as in this case, and when the investigated
period is sufficiently long and justifies some minor disalignments in the survey timetable,
such as in a historical context (for instance, World War II). The latter case was deemed
acceptable when the availability of geospatial, digital data was structurally restricted [44].
In order to reduce the eventual effect of this disalignment on the empirical results, we
calculated indicators on an annual basis (e.g., percent rates of change as the average
annual value for each time period investigated) when appropriate. The three forest maps
were separately overlaid with the respective building maps illustrated above (1936 forest
maps vs. 1945 building map, 1974 forest map vs. 1971 building map, 2018 forest map vs.
2011 building map). The shapefile intersect of ‘forest” polygons with ‘settlement” polygons
was created using the ArcGIS (Esri Inc., Redwoods, CA, USA) ‘intersect” tool. Settlement
density was calculated at each study year; forest cover was estimated at each density class
by wood type.

To assess changes over time in the spatial distribution of wood types along the fringe,
three well-known landscape indexes were calculated by year and settlement density:
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(i) Simpson’s dominance index (D) evaluating the proportion of the most abundant
wood type in the landscape, (ii) the Shannon H diversity index (ranging between 0
and infinity, with increasing values that indicate a high landscape diversification) and
(iii) Pielou’s ] evenness index, both of which consider the proportion of wood types in each
settlement density class. Pielou’s ] index was estimated as the ratio of the Shannon H index
to the maximum potential H value based on the number (W) of wood types (Hmax = In(W))
recorded at each density class. Pielou’s index ranges between 0 (low evenness) and
1 (high evenness), indicating a balanced forest composition with increasing J values. D, H,
and ] values were finally plotted against settlement density separately for the beginning
(1936) and the end (2018) of the study year.

3. Results
3.1. Changes in Forest Cover over Time, 19362018

Forests expanded during the study period from 18.3% to 19.9% of the total landscape
(Table 2). The total area of chestnut, beech, and conifer stands decreased moderately over
the first time interval (1936-1974), although they increased afterwards.

Table 2. Change over time in forest cover, Rome’s metropolitan area (1936-2018).

Forests in Total Forest Type Area (% in Total Forest Stock)

Year o
Landscape (%) Chestnut Beech Conifers Mixed Broadleaf
1936 18.3 13.8 10.1 1.7 74.4
1974 19.7 10.2 8.5 1.7 79.6
2018 19.9 18.5 9.8 3.0 68.7

Chestnuts and conifers increased, respectively, from 13.8% to 18.5% and from
1.7% to 3.0% of the total forest stock. In turn, beech experienced a moderate decline
from 10.1% to 9.8% of the total forest stock. The long-term evolution of forest cover
(Figure 2) suggests that multiple socioeconomic forces have stimulated landscape trans-
formations along the urban gradient in Rome. Cropland abandonment around Rome
was a factor fueling, at least indirectly, natural afforestation upland. At the same time,
urbanization determined a progressive fragmentation of relict forests around the city.

Figure 2. The spatial distribution of forest cover in Rome’s metropolitan area, 1936 (left) and 2018 (right).
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A specific analysis of forest cover (percent of total landscape) by distance from down-
town Rome indicates a substantial increase in woodland area moving further away from
the inner cities (Figure 3), reaching the highest value (50% of the total landscape) at
distances of >30 km.

50%
40%

30% /\

20%

Forests (%)

10%

0% T —
<5 5-10 10-15 15-20 20-25 25-30 30-35 >35

Distance from downtown Rome (km)

Figure 3. The spatial distribution of forest cover (%) and distance from downtown Rome at the
beginning (1936, black line) and the end (2018, grey line) of the study period in Rome.

Comparing the same distance profile at the beginning (1936) and the end (2018) of the
study period, an evident concentration of forest land in remote areas was observed thanks
to land abandonment and natural/human-driven forestation. A parallel, slighter expansion
along the fringe (distance of <10 km from downtown Rome) was also observed, suggesting
that peri-urbanization went hand in hand with forest preservation and cropland decline.
Another net effect of land-use changes over the last 80 years in Rome was the generalized
reduction in forest cover at intermediate distances from the city, corresponding to largely
accessible, rural districts that originally preserved a diversified landscape matrix that
mixed cropland, pastures, forests and shrublands. This was progressively simplified into
more intensive agricultural systems.

3.2. Urban Growth and Forest Cover in Metropolitan Rome

Forest landscapes displayed a different evolution over time depending on settlement
density (Table 3).

Table 3. Percent distribution of the total forest stock by class of settlement density (buildings/hectare)
and year in Rome’s metropolitan area.

Year <0.5 0.6-5 5.1-10.0 >10
1936 89.1 9.3 0.5 1.1
1974 62.5 29.8 3.2 4.5
2018 54.4 255 8.5 11.6

Forest cover structurally decreased with settlement density, although this occurred
with a distinctive trend at the beginning and the end of the study period: 89% of forest
cover was concentrated in low-density rural areas (<0.5 buildings per hectare) in 1936,
whereas it decreased substantially in 1974 (62.5%) and 2018 (54.4%). Conversely, forest
cover in the intermediate class of settlement density (0.5-5 buildings/hectare) increased
over time from 9% (1936) to 30% (1974) and 26% (2018). Forest cover was relatively scarce
in fringe land (>5 buildings/hectare), whereas it increased substantially over time (from
2% in 1936 to nearly 20% in 2018). This trend is consistent with the findings presented
above and indicates a substantial shift in the spatial distribution of woodlands becoming
progressively closer to medium-density settlements.
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3.3. Urban Growth and Wood Types in Metropolitan Rome

A specific analysis of wood types indicates a substantial decline further away from
central locations, especially in the first time interval, with a counter-intuitive, moderate
increase near settlements in more recent decades (Table 4).

Table 4. Percent distribution of wood types by class of settlement density (buildings/hectare) and
year in Rome’s metropolitan area.

Year <0.5 0.6-5 5.1-10.0 >10
Chestnut

1936 81.5 14.6 0.5 3.4

1974 64.6 28.1 0.2 7.1

2018 49.0 28.3 7.3 15.4

Beech

1936 99.5 0.3 0.0 0.2

1974 94.0 5.3 0.0 0.7

2018 829 13.9 24 0.8
Conifers

1936 91.3 4.3 0.9 3.5

1974 66.0 29.0 0.9 41

2018 71.1 17.1 7.2 4.6

Mixed Broadleaf

1936 89.0 9.7 0.5 0.8

1974 58.7 32.9 4.0 4.6

2018 51.2 26.1 10.0 12.7

The concentration of chestnut woods decreased at low settlement density areas (from
81.5% to 49%, with a comparable decline in the two time intervals), increased at higher
settlement density areas and concentrated 15% of chestnut stands in 2018 along the fringe
(settlement density > 5 inhabitants/km?). Confirming the spatial distribution of beech
woods at a higher elevation in Rome, this wood type decreased moderately in the low-
density class of settlement density from 99% (1936) to 83% (2018). However, a residual
14% of beech cover concentrated in the 0.5-5 buildings/hectare class in 2018. The two
densest classes accounted only for 1-3% of beech stands, irrespective of the observation
year. Conifers showed a more mixed trend, decreasing over time in low-density settlements
and increasing in high-density settlements. Small differences between wood types did not
depart from a spatial shift of forest cover from less to more dense settlements.

3.4. Urban Growth and Wood Type Diversification

Figure 4 shows the relationship between forest diversification in different wood types
and settlement density over time. The highest dominance was observed in medium-high
density settlements and reflects poorly diversified natural contexts with a given, dominant
wood type. The lowest dominance index was observed in medium-low settlements, rep-
resenting a landscape matrix that integrates mixed cropland, multi-species wood types,
shrubland and pastures.

The highest Shannon diversity (H) was observed in medium-low density settlements.
At the same time, the highest Pielou’s evenness (J) index was observed in rural landscapes
with low (or very low) building density and reflects well-balanced forest communities
with moderate dominance of a given wood class and substantial diversification in multiple
stand /species types.
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Figure 4. Spatial distribution of landscape metrics (Simpson’s D dominance, Shannon H diversity,
Pielou’s ] evenness) by settlement density class in Rome’s metropolitan area.

4. Discussion

Economic transformations in Mediterranean Europe shaped land-use over the last
century. The synergic action of multiple drivers of change clearly complicates the inte-
grated assessment of urban growth and forest cover in fringe landscapes. Although this
study documents the expansion of forests in parallel with intense urban expansion over the
last 80 years in Rome, the empirical results of our study justify the need for a permanent
assessment of landscape dynamics and the appropriateness of environmental measures in-
volving the impact of urban expansion on forest cover. Natural/human-driven forestation
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and cropland abandonment in economically marginal and disadvantaged districts should
be better managed [45], and clear-cutting in flat areas—which frequently occurred in the
1950s and the 1960s—should be systematically avoided [46].

A spatial explicit analysis of forest cover and settlement growth provides a basic tool
for monitoring long-term landscape transformations and ecosystem quality [47]. More than
75% of forest cover in Rome was concentrated on rural land with less than 0.5 buildings
per hectare in 1936, decreasing to 49% in 1974 and 46% in 2018. This finding documents the
intrinsic diversification of rural spaces toward intensive croplands and sparse settlements.
By contrast, land with medium-high settlement density (>10 buildings per hectare)}—mostly
representing fringe districts around Rome—comprised less than 2% of forest cover in 1936,
and increased rapidly to 8% (1974) and 21% (2018).

According to the diverging socioeconomic contexts characterizing the study pe-
riod, different urban—forest dynamics at the interface were delineated during the former
(1936-1974) and the latter (1974-2018) time intervals. Although the fragmentation of forest
cover was rather common in both periods, forest areas changed at different paces when
considering both the total forest stock and selected wood types. An intense increase in
forest cover was observed in marginal districts between 1936 and 1974. This was associated
with a moderate decline in relict woodlands along the Tyrrhenian Sea coast. Between
1974 and 2018, forest cover was relatively stable in marginal districts, sometimes with a
higher fragmentation level, although it expanded moderately along coastal areas and in
flat districts close to Rome.

Settlement expansion, wildfires, and agricultural intensification during 1936-1974
were key factors shaping the physical structure of wildland-urban interfaces in Rome [8].
In particular, building density, the spatial configuration of settlements (mostly low-
density and physically discontinuous), and the intrinsic characteristics of Mediterranean
woodlands (e.g., low and intermediate vegetation cover, high sensitivity to wildfires,
degraded/poor soils, and a dry climate preventing the rapid regeneration of burnt vegeta-
tion) influenced forest cover until the late 1970s [37]. Since the mid-1970s, however, forest
cover showed a different evolution over time depending on the distance from downtown
Rome. Forest land decreased far from the urbanized areas (corresponding to the low values
of settlement density) over time, especially in the first period, and increased over time from
a settlement density of 0.5-1 building /ha to reach the highest extension in correspondence
with settlement densities ranging from 2-5 buildings/hectare to 10-50 buildings/hectare.
The three types of woods reveal the same trend, confirming a net expansion of the forest-
urban interface [48]. This trend suggests the increasing proximity of settlements and forests,
likely in connection with urban expansion, the abandonment of some flat cropland and the
consequent afforestation/reforestation over long time frames e.g., [49-51].

The empirical findings of our study give room for a thorough reflection of how the
socio-environmental consequences of forest-urban dynamics in the metropolitan contexts
of Southern Europe have contributed to sustainable/unsustainable landscape transfor-
mations. The simultaneous expansion of medium-low density settlements and scattered
forest patches was assumed to increase the risk of wildfires [20]. The specific results of our
study suggest how an important and counterintuitive assumption, i.e., forest expansion
increases wildfire risk as much as peri-urban growth, should be investigated further using
a comparative perspective. Starting from the long-term history of forest cover in Rome,
such kinds of landscape dynamics require the following: (i) continuous monitoring in
order to contain the risk of wildfire and (ii) spatial planning aimed at creating/maintaining
natural or agricultural buffer areas between settlements and woods.

The results of our study also indicate the need for policy strategies that specifically
address the urban—forest interactions within fringe landscapes [52]. As a matter of fact,
wildland—urban interfaces are increasing rapidly in the Mediterranean basin along with
dispersed urbanization e.g., [53], demographic change e.g., [54], and the abandonment
of the agricultural areas surrounding the main cities e.g., [55]. With the disappearance of
cropland from peri-urban landscapes often acting as a buffer between forest patches and
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References

urban settlements: [56], the proximity between buildings and woods tends to increase; this
produces important changes in the composition, structure and diversity of landscapes at
the wildland—urban interface e.g., [57]. The consequent increase in wildfire risk should
be managed through forest plans addressing the specificity of peri-urban woods [58].
Fire risk, increased by the mixing of human structures/activities and fuels [59], may also
affect forest biodiversity, which is in turn threatened by human disturbance, habitat loss,
and pollutants due to their proximity to settlements [19,47]. These processes may determine
a hardly reversible, downward environmental spiral [60,61]. Considering the established
network of protected areas in Rome’s metropolitan area and the focus of regional planning
on agricultural policies [30,62], land management strategies should reinforce the intrinsic
(ecological and economic) linkage between agricultural systems (declining over time) and
an ever-expanding forest cover [34,63,64]. The abandonment of traditional cropland, forest
biodiversity loss [65-67], and the mitigation of wildfire risk are related phenomena that
should be addressed with appropriate measures in tune with the specificities of local
contexts in metropolitan regions [68-70].

5. Conclusions

Landscape dynamics involving urban settlements and forest areas are anything but
linear, and reflect a particularly complex evolution over time and space. Urban expansion
creates a sort of ‘resonance’ effect on the surrounding landscape: although high-income
farming systems try to oppose urbanization, the low-value, high-biodiversity agricultural
mosaic tends to be more quickly developed. Such dynamics indirectly stimulate a pro-
gressive abandonment of marginal agricultural areas, which were re-colonized by natural
forests in the long-term. The final result of these changes sees both urban areas and forest
areas as possible ‘predators’ of the surrounding croplands, highlighting a sort of downward
environmental spiral that leads to a simplification of complex peri-urban landscapes, which
were originally based on the diversification of the agricultural matrix that was largely per-
meable to small rural settlements. How the persistence of such dynamics—consolidated in
many European cities that also follow the application of environmental policies aimed at
protecting natural areas and lack agricultural policies to support peri-urban farms—can
lead to an excessively simplified and polarized landscape is a subject of intense research.
The relationship between urban expansion, the simplification of fringe agro-forest mo-
saics, and biodiversity loss should be explicitly studied in landscape systems that are
representative of contemporary European cities.
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