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Abstract: Land use/land cover (LULC) maps are a key input in environmental evaluations for the 
sustainable planning and management of socio-ecological systems. While the impact of map spatial 
resolution on environmental assessments has been evaluated by several studies, the effect of the-
matic resolution (the level of detail of LU/LC typologies) is discordant and still poorly investigated. 
In this paper, four scenarios of thematic resolutions, corresponding to the four levels of the CORINE 
classification scheme, have been compared in a real case study of landscape connectivity assess-
ment, a major aspect for the biodiversity conservation and ecosystem service provision. The PAN-
DORA model has been employed to investigate the effects of LULC thematic resolution on Bio-
Energy Landscape Connectivity (BELC) at the scale of the whole system, landscape units, and single 
land cover patches, also in terms of ecosystem services. The results show different types of impacts 
on landscape connectivity due to the changed spatial pattern of the LULC classes across the four 
thematic resolution scenarios. Moreover, the main priority areas for conservation objectives and 
future sustainable urban expansion have been identified. Finally, several indications are given for 
supporting practitioners and researchers faced with thematic resolution issues in environmental 
assessment and land use planning. 

Keywords: land use and land cover maps; CORINE; PANDORA 3.0 model; landscape connectivity; 
urban planning 
 

1. Introduction 
Human exploitation of land considerably modifies the landscape, altering the Earth’s 

topography, the energy balance, and the biogeochemical cycles, which in turn affect the 
provision of ecosystem services [1–4]. Consequently, land use and land cover (LULC) 
maps production, processing, and employment are central themes for remote sensing as 
well as for environmental sciences and landscape planning, in particular in urban and 
periurban areas [5–7]. 

Ecological and environmental processes are multi-scaled in nature and their evalua-
tion requires input data fitting the scale of the investigated processes in order to avoid 
spurious relationships and/or erroneous results [8,9]. The scale of a LULC map is com-
monly defined by a spatial extension (the represented area), a spatial resolution, and a 
thematic resolution. 

The spatial resolution is usually related to the cell size and minimum mapping unit 
for raster and vector maps, respectively. The thematic resolution, also called the class or 
categorical resolution, represents the level of detail of discrete (or qualitative) variables 
(LU/LC typologies) with known and definable boundaries [10]. The smaller (or bigger) 
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the raster cell or the minimum mapping unit are, the higher (or lower) the spatial resolu-
tion is. The higher (or lower) the number of LULC types mapped is, the higher (or lower) 
the thematic resolution is. 

In general, if the spatial and thematic resolutions are high, the possibility of map ap-
plication in environmental evaluations is high. However, environmental assessment pro-
cedures and related environmental modeling can require different spatial and thematic 
resolutions of the LULC map to be efficiently implemented in a study case. For example, 
in the case of modeling of LULC change, higher spatial and thematic resolutions of input 
data increase the complexity of the simulation, hence increasing model noise and decreas-
ing model performance [10]. Consequently, a lower resolution can be preferred to achieve 
better model validation scores even if it leads to simpler simulations. 

The extension of analysis and the resolution of other variables included in an envi-
ronmental evaluation play a fundamental role in the definition of the required LULC map 
resolution [10]. Moreover, producing accurate LULC maps with both high spatial and the-
matic resolution require high-resolution remote sensing data, plus complex and time-de-
manding processing procedures based on an elevated number of ground truths and train-
ing data [11]. In many cases, when the existing LULC maps are not adequate to the scopes 
of territorial study, specific LULC maps can be produced or the available LULC data can 
be updated. Spatial and thematic resolutions of LULC maps are primarily affected by the 
pixel size and the spectral bands of the sensor in the remote sensing device, and by the 
image processing and LULC classification method [8,11,12]. Innovative methods for the 
production of accurate LULC maps from remote sensing data have been proposed using 
free images and tools [13,14] and in absence of field data [15]. However, despite the com-
plexity of these methods, the thematic resolution of maps still remains limited to few (5–
7) LC classes. Indeed, the production of LULC maps with high thematic content remains 
a time and resource-demanding process. 

While the impact of map spatial resolution on environmental assessments has been 
evaluated by several studies, the effect of the thematic resolution is still poorly investi-
gated [8,16]. Indeed, the thematic resolution of the LULC map is usually a compromise 
among the available data and the specific requests of the adopted environmental evalua-
tion procedure. Furthermore, the choice of the assessment procedure and of the environ-
mental model can be influenced by the available thematic resolution of the LULC maps. 
Therefore, the potential effect of different thematic resolutions of the LULC map on the 
final evaluation can be relevant and it deserves to be further investigated. 

The thematic resolution of a LULC map can be defined by a ruleset and criteria aimed 
at describing the relationships between the classes. A hierarchical classification scheme 
was originally proposed in [17] to standardize LULC data following different levels of 
aggregation, from the more detailed categories to less detailed ones. This hierarchical ag-
gregation scheme has been adopted by several projects on LC mapping, such as the 
CORINE Land Cover Programme (CLC) [18,19]. CLC characterizes land cover in general 
because it has been developed for large areas with an extremely diversified LULC [20]. 
The CLC classification scheme has been adopted at the continental (e.g., European), na-
tional, and subnational scales. CLC categories are distinguished by five levels following a 
common classification scheme based on standardized codes ranging from the first the-
matic level characterized by the lower resolution, through to the fifth thematic level char-
acterized by the higher resolution. While the third level of thematic resolution has been 
produced at the European level, and the more detailed fourth and fifth levels have been 
carried out at the national, regional, or sub-regional scales. The CLC classification scheme 
is also adopted in specific maps based on high spatial resolution (e.g., aerial photos), 
choosing the most appropriate level of classification for the available resources and time. 
In many cases, a first or second CLC level can be chosen as a reference for new LULC 
maps to support specific local plans (e.g., municipal, natural reserve plans) or environ-
mental evaluations (e.g., hydrological, ecological). 
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In this paper, an environmental assessment procedure is carried out with different 
thematic resolutions of the CORINE system to evaluate their effects on the final assess-
ment. In particular, the environmental evaluation regards the landscape connectivity, and 
it is conducted with the PANDORA 3.0 model [21,22]. Landscape connectivity, i.e., the 
ability of the landscape to facilitate or impede exchanges of energy, organisms, and mate-
rials among habitat patches [21], is a key theme in land use planning and biodiversity 
conservation policies [23,24]. Indeed, the reduction of landscape connectivity (i.e., habitat 
loss and fragmentation) is recognized as a major cause of species decline [25,26], the de-
crease of socio-ecological resilience, and the disruption of ecosystem services [21,22,24]. 

Landscape connectivity assessment is then proposed for an urbanized context in the 
Bari metropolitan area (southern Italy). The objectives of the paper are: (1) to assess the 
impact of CLC thematic resolution on landscape connectivity; (2) to define priority areas 
for conservation objectives and future sustainable urban expansion. Indications are given 
for supporting practitioners and researchers faced with thematic resolution issues in en-
vironmental assessment and land use planning. The manuscript is organized as follows. 
Section 2 reports on the literature review and key concepts on landscape connectivity. 
Section 3 presents the material and methods while the results, discussion, and conclusions 
can be found in Sections 4–6, respectively. 

2. Thematic Resolution and Landscape Connectivity 
Biodiversity and landscape connectivity measures are strongly scale-dependent. This 

means that assessment results can greatly vary with the extension and resolution of input 
data. The effects of the spatial resolution of LULC data on fragmentation and landscape 
connectivity have been largely recognized [23,27,28], as well as the effects of varying the 
extension of the study area [21]. Major efforts are required for the analysis of thematic 
resolution impact on landscape connectivity. Indeed, only a few studies have faced this 
issue and the results appear sometimes discordant. 

A higher thematic resolution of LULC data seems to provide a more accurate repre-
sentation of habitat suitability for bumblebee in Belgium [29]. Similar results have been 
obtained in other studies. Seoane et al. (2004) [30] demonstrated that a higher thematic 
resolution resulted in a better predictive performance of bird species distribution models. 
Moreover, they showed that general-purpose LULC maps (e.g., CORINE) can be a satis-
factory alternative to more detailed vegetation maps obtained from satellite data. Cush-
man and Landguth (2010) [31] proved that appropriate specification of the thematic reso-
lution dominates the effects of spatial resolution and extent in the assessment of landscape 
genetic pattern–process relationships. Zeller et al. (2017) [32] showed that pumas distri-
bution in southern California responds more strongly to topographic variables and hu-
man development (i.e., roads and settlements) than to other characteristics related to the 
thematic resolution of LULC. Moreover, since equivocal results have been reported in the 
literature, the authors call for further research on the thematic resolution effect on the 
model performance and the study of habitat and movement relationships [32]. Bailey et 
al. (2007) [16] found that an intermediate level of thematic resolution (14 LULC classes) is 
sufficient to well correlate landscape metrics with the diversity of most species groups at 
the European scale. Simpkins et al. (2017) [33] underlined that determining the optimal 
thematic resolution for landscape connectivity evaluation often involves expert opinion, 
or it is imposed by the use of LULC maps developed for other purposes. Consequently, 
the selection of thematic resolution presents levels of uncertainty difficult to quantify [33]. 
Kallimanis and Koutsias (2013) [27] underlined that many studies of landscape ecology 
and environmental assessment use few LC classes (10 or fewer) and several evaluations 
of landscape connectivity are based on only two classes. Indeed, several species have a 
reduced areal with few relevant LULC classes [34]. In contrast to traditional conservation 
management approaches, land-use planning focuses on the sustainable development of 
multi-functional socio-ecological systems [24]. In this view, the administrative boundaries 
usually define the relevant spatial extension and higher LULC thematic resolutions are 
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used in landscape connectivity evaluations [21]. In this context, Kallimanis and Koutsias 
(2013) [27] showed the correlation between spatial and thematic resolutions in diversity 
patterns across Europe, using different Corine thematic levels. Their results indicated that 
a low thematic resolution conveys a significant portion of information that can be used in 
combination with high spatial resolution. However, by combining low spatial and the-
matic resolutions, even the spatial pattern properties change, as well as the geographic 
location of diversity peaks and troughs [27]. 

Definitely, the effect of thematic resolution in landscape connectivity assessment ap-
pears scarcely studied and, consequently, a generalizable assumption is not possible. In-
deed, depending on the objective of the study and the considered species, the optimal 
thematic level to be used in the assessment can differ, as well as the choice between the 
use of an available LULC map and a more detailed one to be produced.  

In this perspective, we propose to investigate the effect of the different spatial distri-
bution of LULC classes as a predictor of the impact of thematic resolution on landscape 
connectivity. The conceptual scheme of Figure 1 reports a graphical synthesis of the as-
sumed hypothesis. The scheme assumes a fixed spatial resolution to focus only on the 
possible impact of the thematic resolution on the connectivity measures. In general, land-
scape connectivity studies employ LULC data in habitat maps and/or cost surfaces, i.e., 
representations of the difficulty for an organism to traverse landscapes [33,35]. So, habitat 
or cost values are assigned to each LULC patch based on a range of species-specific factors 
that influence presence and movement. It is noteworthy that true values are not always 
available, and expert opinion can be employed [33]. The scheme of Figure 1 reports some 
scenarios of such value attribution to a LULC map with different levels of thematic reso-
lution. The scheme displays some of the types of combinations that can lead to connectiv-
ity evaluation changes among CORINE levels. The values in the example refer to the Bio-
logical Territorial Capacity (BTC) index, an index of vegetational metabolism used in the 
PANDORA model (see following Section 3.1 and Appendix A) to define the bioenergy 
connectivity among landscape units. In general, the greater the BTC index in a landscape 
unit, the higher its ecological value and the potential bioenergy exchange among adjacent 
landscape units.  

The six scenarios of Figure 1 show that depending on the types of LC present in a 
landscape unit, the measures of bioenergy and length of the perimeter can vary across the 
CORINE level both in urban and natural scenarios: higher values of BTC can be revealed 
at the fourth, third or second CORINE thematic levels. To understand the relative impact 
on landscape connectivity of this hypothesis and, in general, of the change in thematic 
resolution of the LULC map, we propose to compare four thematic resolutions in a real 
study case using the PANDORA model (see Section 3).  
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Figure 1. Simplified landscape units representing six patterns of land cover across the four CORINE classification levels. 
Values represent the Biological Territorial Capacity (BTC value associated with each land cover (LC) (see Table A1, Ap-
pendix A). Green scale refers to BTC values of patches, with darker colors signifying higher ecological value. L represents 
the perimeter, i.e., the ecotonal zone of the LC patch with a BTC > 0. Higher values of ΣL describe more landscape diversity 
and the possibility of bio-energy exchange. Bold characters indicate higher total BTC and L values for each scenario. 

3. Materials and Methods 
The following Section 3.1. describes the PANDORA model. The study case is re-

ported in Section 3.2, while Section 3.3. accounts for the data preparation and conducted 
assessments. 
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3.1. PANDORA Model 
PANDORA is a “species-agnostic” modeling approach aiming to investigate the 

structural landscape connectivity [24,36,37]. The model integrates thermodynamic con-
cepts, mathematical equilibrium, landscape metrics, graph, and metabolic theory 
[4,21,22]. The model assumes that solar energy feeds ecosystems that in turn release bio-
energy through metabolism creating organized low-entropy structures [38,39]. The BTC 
index of vegetation metabolism is used to describe the bio-energy of each LULC patch, 
i.e., the flux of energy (Mcal/m2/year) that the ecological system has to dissipate in the 
environment to maintain its level of metastability [4]. Such bio-energy flows across the 
landscape and landscape elements can be limited by natural and anthropic barriers. Sig-
nificant barriers to bio-energy fluxes define sub-systems called Bio-Energy Landscape 
Units (BELUs). PANDORA simulates the bio-energy of each BELU and the fluxes of bio-
energy between adjacent BELUs using the so-called Bio-Energy Landscape Graph (BELG). 
The BELG, and the data used to build it, is used in the PANDORA algorithm, and by 
iterative computation, it calculates the mathematically asymptotic bio-energy metastable 
state related to a specific landscape pattern. Such an asymptotic value of bio-energy (Mas) 
is the PANDORA index of Bio-Energy Landscape Connectivity (BELC). Changes in the 
landscape pattern and factors affecting vegetational metabolism (i.e., climate, exposition, 
soil) that have an impact on the BELC can be measured by Mas. Moreover, PANDORA 
version 3.0 provides for each considered LULC patch a connectivity index (dMtot) and an 
ecosystem service value index for biodiversity conservation (ESV) (see Appendix B for a 
detailed description). The dMtot index is related to the contribution of each patch to the 
overall BELC. The dMtot index ranges between 0 and 100, where 100 indicates the greater 
contribution to BELC. The ESV index refers to the estimated ecosystem service value for 
biodiversity conservation of each patch, considering its habitat (i.e., LC), extension (m2), 
and contribution to BELC (i.e., dMtot index). The ESV can be expressed in monetary or 
non-monetary form. The PANDORA 3.0 model is a free and open-source plugin working 
on QGIS v.2.16 or earlier. Interestingly, PANDORA 3.0 uses a SQlite database for BTC 
values and value coefficients for ESV calculation based on the CORINE classification sys-
tem. This feature makes the tool very helpful for testing different scenarios of thematic 
resolution. A full description of the PANDORA 3.0 model can be found in [21,22]. 

The PANDORA model has been used in different environmental planning contexts 
such as the scenario assessment of urban sprawl [4] and road development [40], or the 
planning of agricultural parks [22], eco-passages [41], and forestation areas [42]. The PAN-
DORA model has been also applied in the assessment of the territorial resilience in the 
Douro Valley (Portugal) [43] and in the integrated spatial planning of the Parc Naturel 
Régional de la Montagne de Reims (France) [44]. In particular, the PANDORA version 3.0, 
with the possibility to also evaluate single patches in terms of ecosystem services, finds 
applications in urban green infrastructure planning. Pelorosso et al. (2016,2017) [21,22] 
used PANDORA 3.0 to evaluate the contribution of non-urbanized areas to landscape 
connectivity in Bari City (south Italy). Wanghe et al. (2019, 2020) [45,46] assessed urban 
green spaces in Tongzhou District (Beijing, China) to achieve a sustainable development 
strategy. The effects of land-use change and urbanization on ecosystem services for bio-
diversity conservation have been studied by PANDORA 3.0 in Xishuangbanna city [47] 
and Yunnan Province (Southwest China) [48]. 

3.2. Study Case 
The study case is a strongly urbanized territory in the metropolitan area of Bari 

(Southern Italy) (Figure 2). The study area corresponds to the landscape unit known as 
“La Conca”, defined by the Apulia Region Territorial Landscape Plan. The extension of 
this territory (43.4 km2) has been previously evaluated as the best scale for landscape con-
nectivity analysis to support sustainable urban development of the Bari city and adjacent 
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municipalities [21]. The past and present urbanization phenomena and the growth of ag-
ricultural areas have strongly reduced naturalistic features that now are limited in the so-
called Lame, natural incisions that form ephemeral rivers after heavy rainfalls [49]. The 
rural landscape is characterized by remaining agricultural patches intertwined with set-
tlements, intensive cultivation of olive trees and table grapes [50]. The Lame represent, 
therefore, the most important connection systems from an ecological point of view, since 
they are characterized by the presence of spontaneous vegetation in an intensely culti-
vated and urbanized context. 

 
Figure 2. Case Study “La Conca” in the metropolitan area of Bari (Southern Italy). 

3.3. Data Preparation and Scenarios Assessment 
In this work, four scenarios of thematic resolution have been tested by the PAN-

DORA 3.0 model corresponding to the four levels of CORINE classification systems, 
namely LEV1, LEV2, LEV3, and LEV4, respectively. According to the conceptual scheme 
of Figure 1, the spatial resolution of the maps was maintained as fixed, but the polygons 
were dissolved to join adjacent LC patches having the same class. The base LULC map 
used in this study is the Apulia Region LULC map (scale 1:5000, Minimum Map Unit 2500 
m2, 1600 m2 for urban areas) that is compliant with the standard CORINE classification 
system, fourth level (see Appendix A). The LULC map was produced in 2008 and updated 
in 2011 increasing the thematic information [21]. The BTC index has been associated with 
each land cover class considering previous literature and a downscaling methodology of 
calculation [4,21,22,40,51]. Starting from the BTC values assigned to LULC class of the 
third and fourth levels, the BTC indexes of the second and first levels have been calculated 
as the mean of the BTC index of the superior level. This procedure aims at maintaining 
coherence between levels considering an objective criterion of calculation. See Appendix 
A for the specific BTC values assigned to each LC. 
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The impact of thematic resolution variation on landscape connectivity was analyzed 
at two levels. The first level of analysis focuses on the BELC by investigating the variation 
of the Mas index at BELU and of the whole system. The second level of analysis regards 65 
non-urbanized areas (NUAs) subjected to urban development and distributed across the 
study area. The aim of the NUA sample assessment was to highlight to what extent the 
thematic resolution affects the evaluation of similar patches (i.e., same original land cover: 
urban vegetated areas, BTC = 0.4) that are different in extension and spatial localization. 
The change in priority ranking of NUAs for conservation objectives was then analyzed 
according to the dMtot and ESV values (see Appendix B). In strongly urbanized areas, 
these indexes are usually small but the dMtot and ESV rank of NUA can support prioriti-
zation of interventions for conservation objectives and future sustainable urban expan-
sion. A Kendall’s Tau-b coefficient was then computed between the four scenarios to test 
the similarity of ranks. In this work, ESV is expressed in non-monetary terms considering 
a value coefficient of 3 for all the NUAs [see 21]. Further model settings or details on NUAs 
can be found in Pelorosso et al. 2016 [21]. 

4. Results 
Figure 3 shows the different distribution of BTC values assigned to the single land 

cover patches in the four scenarios of thematic aggregation. The image displays also the 
decreasing spatial resolution due to the aggregation of patches passing from the highest 
level (LEV4) to the lowest level (LEV1). The change in resolution of the patches can be also 
appreciated in Figure 4 by the K ecotope index at the BELU level. K ecotope index is an 
input parameter of PANDORA aimed at characterizing the bio-energy exchange among 
landcover patches with BTC >0. K ecotope takes into consideration the perimeter of the 
vegetated patches (the length of the ecotope zone where there is contact among different 
biotopes) and varies from 0 (no exchange) to 1 (maximum bioenergy exchange). 

 
Figure 3. BTC distribution among the four CORINE levels. See appendix A for detailed BTC values. 



Remote Sens. 2021, 13, 1232 9 of 25 
 

 

 
Figure 4. Land cover patch diversity at (Bio-Energy Landscape Units) BELU level displayed by K ecotope. K ecotope is a 
PANDORA factor related to the perimeters (i.e., ecotone length) of vegetated land cover patches (BTC > 0). 

4.1. Bio-Energy Landscape Connectivity Evaluation at BELU Level 
Figure 5 shows the Bio-Energy Landscape Graphs (BELG) for the four scenarios. 

Small variations of bio-energy M (see also Table 1) and bio-energy fluxes can be observed 
among different CORINE levels, however, the effect of the LC thematic aggregation on 
the Bio-Energy Landscape Connectivity (BELC) is better described by the Asymptotic 
Generalized Biological Energy (Mas). Mas is the comprehensive PANDORA index of BELC 
and it represents the combined evaluation of land use, morphology, climate, anthropic 
and natural barriers. The graph in Figure 6 describes the evolution and the reaching of 
equilibrium values for each scenario relative to the Mas of all the systems (standardized 
value). LEV3 has the highest Mastot (0.17086), followed by LEV4 (0.17044), and they pre-
sent similar evolution. Major differences in terms of evolution and equilibrium of Mastot 
among scenarios are in LEV1 (0.14354) and LEV2 (0.15641). 
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Figure 5. Bio-Energy Landscape Graph (BELG). Circles represent the bio-energy of each BELU and arcs describe the fluxes 
of bio-energy between adjacent BELUs. 

 
Figure 6. Evolution and the reaching of equilibrium values for each scenario relative to the gener-
alized bio-energy of all the systems’ Mastot (standardized values). 

Figure 7 presents standardized Mas maps displaying the most important BELUs for 
the ecological functionality of the entire La Conca system. The diversity in the ranking of 
values among scenarios is also investigated by Tau-b statistics that describe the similarity 
of ordering among datasets (Table 1). The highest similarity among scenarios was found 
between LEV4 and LEV3 (Tau-b = 0.585, 0.990, 0.868, p < 0.01 for M, Mas, and K ecotope, 
respectively). In contrast, minor similarities have been identified between LEV4/LEV1 in 
terms of Mas (Tau-b = 0.894, p < 0.01), LEV2/LEV1 in terms of M (Tau-b = 0.369, p < 0.01), 
and LEV3/LEV1 in terms of K ecotope (Tau-b = 0.554, p < 0.01). Because small variations 
of Mas can be found among the scenarios, a study of the relative changes among BELUs is 
required to appreciate the effects of the different land cover aggregations. Figure 8 shows 
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the change between couples of CORINE levels in terms of standardized Mas. Noteworthy 
is the minor Mas of several BELUs in LEV4 with respect to LEV3. Finally, the Normalized 
Root Mean Square Deviation (NRMSD) of Mas among scenarios is presented in Figure 9. 
NRMSD highlights the BELU variability among scenarios of thematic aggregation in 
terms of Mas. The effect of the thematic level change on Mas is evident in BELU no. 9, fol-
lowed by BELU nos. 50, 42, 83, 174, 181, and 187. 

 
Figure 7. Asymptotic Generalized Biological Energy (Mas)–standardized value. Note that each Masi is divided by the max-
imum M value for the specific BELUi. 

Table 1. Comparison between couples of scenarios at the Bio-Energy Landscape Unit (BELU) 
level. 

 M Tau-b Mas Tau-b K eco Tau-b 
LEV2/LEV1 0.369 ** 0.934 ** 0.554 ** 
LEV3/LEV1 0.419 ** 0.900 ** 0.470 ** 
LEV4/LEV1 0.417 ** 0.894 ** 0.475 ** 
LEV3/LEV2 0.457 ** 0.948 ** 0.626 ** 
LEV4/LEV2 0.509 ** 0.945 ** 0.685 ** 
LEV4/LEV3 0.585 ** 0.990 ** 0.868 ** 

** p < 0.01. 
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Figure 8. Asymptotic Generalized Biological Energy (Mas) change between couples of CORINE levels–standardized val-
ues. Note that Mas changes are divided by the maximum Mas change among the six level comparison couples. 
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Figure 9. Effects of the four (Land Use/Land Cover) LULC class aggregation on Bio-Energy Landscape Connectivity at 
BELU level: Normalized Root Mean Square Deviation (NRMSD) of asymptotic M. 

4.2. Bio-Energy Landscape Connectivity Evaluation at the NUA Level 
The LEV4 scenario, presenting the most detailed information about the land cover, is 

expected to be the optimal base layer for landscape connectivity assessment. A synthetic 
comparison of the 65 NUAs among the four scenarios is represented in Tables 2 and 3. 
Table 2 shows data (mean, standard deviation, and maximum value of dMtot and ESV) 
related to each of the four scenarios, while Table 3 shows a direct comparison between 
pairs of scenarios (i.e., LEV2 vs. LEV1). The aim is to investigate the effect of the LULC 
category aggregation on NUA assessment, in particular with respect to the expected best 
level available for the analysis of landscape connectivity (i.e., LEV4). Interestingly, de-
scriptive statistics of Table 2 show that the LEV3 scenario has the highest dMtot index 
while LEV4 presents the highest ESV values. 

Table 2. Land cover aggregation scenario comparison: descriptive statistics. Bold numbers repre-
sent maximum values. 

 dMtot (mean) dMtot (SD) dMtot (max) ESV (mean) ESV (SD) ESV (max) 
LEV1 0.006 0.024 0.151 90,127.4 141,456.6 735,591.5 
LEV2 0.006 0.023 0.142 90,939.7 141,919.8 735,591.5 
LEV3 0.007 0.030 0.219 88,829.3 138,036.4 735,591.5 
LEV4 0.006 0.021 0.132 90,959.7 141,963.2 735,591.5 

Table 3. Comparison between couples of scenarios at the Non-Urbanized Area (NUA) level. Bold 
numbers represent maximum values. 

 
Δ%dMtot 

(mean) 
Δ%dMtot 

(SD) 
dMtot 
RMSD 

Δ%ESV 
(mean) 

Δ%ESV 
(SD) 

ESV RMSD 
dMtot Tau-

b 
ESV Tau-b 

LEV2/LEV1 149,366.7 1,203,199.1 0.007 0.463 4.909 7500.7 0.858 0.996 
LEV3/LEV1 137,453.7 1,107,063.8 0.011 −0.473 4.162 11,454.8 0.873 0.993 
LEV4/LEV1 137,673.8 1,109,794.8 0.007 0.510 4.823 7472.0 0.874 0.997 
LEV3/LEV2 521.8 2030.4 0.010 −0.875 2.903 10,516.0 0.902 0.993 
LEV4/LEV2 174.6 398.1 0.002 0.052 0.534 174.7 0.886 0.999 
LEV4/LEV3 −5.5 51.9 0.011 1.031 3.367 10,636.0 0.945 0.994 
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The comparison between coupled scenarios in Table 3 shows that the highest per-
centage increases for the values of dMtot mean and SD occur in scenario LEV2 with re-
spect to LEV1. The couple LEV4/LEV3 presents a lower difference for average dMtot 
(−5.5%). This trend is reversed for average ESV values, where the difference between LEV4 
and LEV3 is the greatest (+1.031%). Opposite trends between average dMtot and average 
ESVs are also revealed for the couples LEV3/LEV1 and LEV3/LEV2 where the average 
ESVs are −0.473% and −0.875%, respectively.  

To highlight the closing or the distance of assessment among scenarios, the root mean 
squares deviations (RMSD) for both dMtot index and ESV values were computed. The 
RMSD confirms the greater dissimilarity between LEV3 and the other ones in terms of 
both the dMtot index and ESV; in particular, the highest difference is found in the couple 
LEV3/LEV1 (dMtot RMSD = 0.011, ESV RMSD = 11,454.8). The closer similarity is found 
in the couple LEV4/LEV2 (dMtot RMSD = 0.002, ESV RMSD = 174.7). 

The assessment of NUAs in the four scenarios points out only small variations of 
indexes (see the low RMSD values in Table 3). The highest variations in real units 
(>|0.004| for dMtot and/or >|100| for ESV) were observed for the NUAs reported in Ta-
bles 4 and 5, respectively. NUA no. 42 has the most variable evaluation in terms of dMtot 
(RMSD = 0.056) but it is stable for ESV across the scenarios (RMSD = 0). NUA no. 14 shows 
the highest ESV variation (RMSD = 56,719.292) with the major evaluation change between 
the LEV3 and LEV1 (ΔESV = −82,001.9). 

Figure 10 shows the spatial distribution of the NUA in terms of dMtot and ESV for 
LEV4 scenario. It is noteworthy that the most important NUAs in terms of dMtot fall in 
the most important BELU for the overall ecological connectivity of La Conca. In contrast, 
some of the highest ESVs are associated with large NUAs, confirming the weight of the 
area in the calculation of the ESV (see Appendix B, eq. A2). 

The NUA priority ranking among scenarios was evaluated by Kendall’s Tau-b statis-
tic (Table 3). The highest similarity of ordering among datasets in terms of dMtot was 
found between scenarios LEV4 and LEV3 (Tau-b = 0.945, p < 0.01), followed by the couples 
of scenarios LEV3/ LEV2 (Tau-b = 0.902, p < 0.01) and LEV4/ LEV2 (Tau-b = 0.886, p < 0.01). 
In contrast, no appreciable change in priority ranking in terms of ESV was identified by 
the Tau-b statistic, the circumstance that confirms the strongest similarity of the couple 
LEV4/LEV2 (Tau-b = 0.999, p < 0.01). 

Tables 6 and 7 show the ranking difference among scenarios (respectively the dMtot 
and ESV ranking) where the first ten NUAs of LEV4 were taken as the reference for the 
comparison. NUA no. 42 was identified as the most important patch in terms of dMtot 
index and ESVs in all four scenarios. NUA no. 14 results in all scenarios at second and 
third position for dMtot and ESV, respectively. The first nine positions are stable in LEV2, 
LEV3, and LEV4 in terms of dMtot, while LEV1 presents an alteration of NUA ranking 
starting from the third position. Looking at the ESV ranking, the assessment shows greater 
robustness across the LC category level. Indeed, the ranking of the first five NUAs of LEV4 
is confirmed at the scale of LEV1, LEV2, and LEV3. 

Table 4. Higher NUA assessment variations in real units (>|0.004| for dMtot) among scenarios. 
Bold numbers represent maximum absolute values. 

NUA. 
ΔdMtot 
LEV2/1 

ΔdMtot 
LEV3/1 

ΔdMtot 
LEV4/1 

ΔdMtot 
LEV3/2 

ΔdMtot 
LEV4/2 

ΔdMtot 
LEV4/3 

dMtot RMSE 

42 −0.008 0.068 −0.019 0.077 −0.011 −0.087 0.056 
14 −0.007 −0.013 −0.013 −0.006 −0.006 0.000 0.009 
12 0.055 0.051 0.051 −0.004 −0.004 0.000 0.037 
11 −0.005 −0.009 −0.009 −0.004 −0.003 0.000 0.006 
10 −0.004 −0.008 −0.008 −0.003 −0.003 0.000 0.005 
13 −0.002 −0.004 −0.004 −0.002 −0.002 0.000 0.003 
47 −0.013 −0.012 −0.008 0.001 0.005 0.004 0.008 
20 0.002 −0.001 0.000 −0.002 −0.002 0.000 0.001 
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Table 5. Higher NUA assessment variations in real units (>|100| for ESV) among scenarios. Bold 
numbers represent maximum values. 

NUA 
ΔESV 

LEV2/1 
ΔESV 

LEV3/1 
ΔESV 

LEV4/1 
ΔESV 

LEV3/2 
ΔESV 

LEV4/2 
ΔESV 

LEV4/3 
ESV RMSE 

42 0.0 0.0 0.0 0.0 0.0 0.0 0.000 
14 −3326.1 −82,001.9 −2182.5 −78,675.8 1143.7 79,819.4 56,719.292 
12 60,327.2 36,058.3 60,143.8 −24,268.9 −183.4 24,085.5 40,261.570 
11 −1257.7 −11,801.4 −1072.5 −10,543.7 185.1 10,728.8 7834.930 
10 −1924.4 −17,535.4 −2374.0 −15,611.0 −449.6 15,161.4 11,478.966 
13 −101.9 −7464.0 26.8 −7362.1 128.8 7490.8 5260.733 
47 −1117.5 −1377.0 −506.0 −259.5 611.5 871.0 875.689 
20 192.4 −254.7 62.6 −447.2 −129.8 317.3 265.624 

 
Figure 10. Spatial visualization of NUA assessment using CORINE fourth level thematic aggregation. (a) dMtot index; (b) 
Ecosystem Service Value (ESV) for biodiversity conservation. Numbers represent the ID of the first ranked NUAs. 
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Table 6. NUA ranking in terms of the dMtot. The bold value represents the NUAs rank that shows 
the correspondence between the scenarios (LEV1, LEV2, LEV3) and the LEV4. 

No. NUA LEV1 LEV2 LEV3 LEV4 
42 1 1 1 1 
14 2 2 2 2 
12 21 3 3 3 
11 3 4 4 4 
10 4 5 5 5 
13 5 6 6 6 
47 6 7 7 7 
20 7 8 8 8 
21 8 9 9 9 
28 10 14 12 10 

Table 7. NUA ranking in terms of the ESV. The bold value represents the NUAs rank that shows 
the correspondence between the scenarios (LEV1, LEV2, LEV3) and the LEV4. 

No. NUA LEV1 LEV2 LEV3 LEV4 
42 1 1 1 1 
34 2 2 2 2 
14 3 3 3 3 
58 4 4 4 4 
50 5 5 5 5 
12 9 6 7 6 
65 6 7 6 7 
10 7 8 8 8 
15 8 9 9 9 
7 10 10 10 10 

5. Discussions 
5.1. Thematic Resolution and Bioenergy Landscape Connectivity 

The obtained results show that variability of connectivity measures exist within the 
four thematic resolutions of the LC map corresponding to the four levels of the CORINE 
classification system (i.e., LEV1, LEV2, LEV3, and LEV4 scenarios).  

The most detailed thematic resolution (LEV4) is expected to display a better repre-
sentation of the habitats and landscape patterns. As consequence, LEV4 should be consid-
ered the most tailored data for simulating the actual ecological fluxes in terms of bio-en-
ergy, followed by LEV3, LEV2, and LEV1. However, the analysis at the whole landscape 
scale reveals that the Mastot of LEV3 is very similar to LEV4 (Figure 6). Indeed, LEV3 and 
LEV4 have strong similarities, as verified by the assessment conducted at the BELU level 
(Figure 7 and Table 1). The small difference between LEV3 and LEV4 can be also explained 
by the similar K ecotope values, the landscape metric related to the mosaic fragmentation, 
and bio-energy exchanges among LC patches (Figure 4 and Table 1). Besides that, LEV4 
shows lower Mas values in several BELUs with respect to LEV3 (Figure 8). This phenome-
non highlights that a higher thematic resolution is not always related to higher landscape 
connectivity.  

The conceptual scheme of Figure 1 asserts that the spatial distribution of LC classes 
could affect connectivity evaluation more than a change in thematic resolution. While the 
scheme of Figure 1 shows a hypothetical isolated system, the presented results derive 
from the modeling of multiple bio-energy fluxes among landscape units. The variability 
of Mas confirms therefore that the hypothesis of Figure 1 is verified also in a real landscape 
connectivity case study, where the interactions between ecological systems (i.e., BELUs) 
are considered. Moreover, it is noteworthy that some BELUs present a higher variability 
of Mas values across the four scenarios (BELU no. 9, 50, 42, 83, 174, 181, and 187). Moreover, 
these unstable BELUs have ecological importance for the BELC of the whole system as 
they are in, or they are close to, the Lame system (see Figure 9). Consequently, the results 
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prove that the thematic resolution of the LULC map can determine hotspots of landscape 
connectivity changes.  

To understand if these global and local variations of BELC could significantly alter 
environmental evaluations in planning decisions, the analysis has been focused on a sam-
ple of areas distributed among the BELUs. In particular, the assessment aimed at revealing 
evaluation changes of a set of non-urbanized areas (NUAs) that could be developed in 
future urban expansions. Each NUA has been evaluated in terms of the dMtot and ESV 
that express the importance of the NUA for biodiversity conservation in terms of connec-
tivity index and ecosystem service value, respectively. In general, indexes present small 
variations in NUAs across the four scenarios but with a varied pattern of values that de-
serves to be discussed. LEV3 scenario displays the highest dMtot index and the lowest 
ESV; LEV4 presents the highest ESV values and the lowest dMtot index (see Table 2). The 
comparison among couples of scenarios (Table 3) reveals the highest percentage differ-
ence of the dMtot index when considering LEV1: In this first level, the simplification of 
the landscape mosaic and the assigned BTC values have reduced the dMtot index of some 
NUAs nearly to zero; consequently, the average percentage variation of dMtot index be-
tween LEV1 and the other levels are very high. The dMtot index in the coupled scenarios 
LEV4/LEV3 presents the lower average percentage difference (Δ%dMtot = −5.5%) but the 
highest difference in real values (dMtot RMSD = 0.011). It is noteworthy that very small 
variations of dMtot exist across the four scenarios as the dMtot index ranges between 0 
and 100. In contrast, ESV evaluation displays a minor average percentage difference with 
the higher changes between LEV4 and LEV3 (+1.031%). The other couples of scenarios 
present a certain variability of values making it difficult to define a clear lecture of the 
results. For example, the average ESV of the NUAs is smaller in LEV3 than LEV2 or LEV1, 
while, surprisingly, the more similar scenarios appear in the couple LEV4/LEV2 (dMtot 
RMSD = 0.002; ESV RMSD = 174.7). 

These results highlight that the thematic resolution has a potential impact on the 
BELC, nevertheless a direct relationship among the number of LC classes and landscape 
connectivity does not exist and the spatial pattern of LC can strongly influence the final 
evaluations. Indeed, PANDORA indexes significantly vary in a few NUAs (see Tables 4 
and 5). To understand if these variations of the dMtot and ESV could affect the planning 
decision, a further evaluation has been carried out in NUA priority ranking for conserva-
tion actions. In general, rankings of NUA present a limited change across scenarios of 
thematic resolution with a higher stability of ESV ranking compared to the dMtot ranking 
(see Table 3, Tau-b statistics). However, the results show that the thematic resolution can 
determine errors in the identification of the priority of intervention. Indeed, taking into 
consideration LEV4 as the reference, several NUAs change position in the rankings  
(Tables 6 and 7). The rankings that are based only on measures of landscape connectivity 
(i.e., the dMtot index) present certain stability for the LEV2, LEV3, and LEV4 within the 
first nine positions, while the LEV1 ranking starts to change from the third position. The 
ESV rankings are more stable in all four scenarios with priority changes in LEV1 and LEV3 
after the fifth position. The higher stability of the ESV ranking is due to the formulation 
of indicators that relies on the integration of dMtot, the LC type, and the extension of the 
patch [21,22]. 

5.2. Limitations and Future Developments 
The PANDORA model is based on a “species-agnostic”, or top-down, structural 

landscape connectivity approach usually proposed for management and planning pur-
poses [24,36,37]. This approach considers mainly the degree of naturalness and human 
intervention and how these features interact with physical processes. A wide range of 
thematic classes of CORINE land cover can be employed in PANDORA thanks to the 
compatibility of the SQlite database inside the model and the possibility to assign a bio-
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energy value (BTC index) for each LC class until the fourth level. This possibility has al-
lowed testing a large set of thematic resolution changes across different artificial, seminat-
ural, and natural LC classes. 

It is noteworthy that an evaluation focused on specific species could require a differ-
ent modeling approach, such as least-cost path analysis, circuit theory, matrix theory, 
agent or individual-based modeling [21,25,26], or more detailed information on specific 
vegetation types, habitats, and landscape features [27]. 

The proposed BTC values are assigned with a logical criterion across the four 
CORINE thematic levels. The connectivity measures could vary by adopting different 
BTC assignment criteria or BTC values for specific LC classes. However, we argue that, 
according to [35], measured BELC would not be sensitive to the thematic resolution if the 
rank order of BTC values is maintained across LC classes. Indeed, connectivity estimates 
are usually robust against errors in cost values associated with LC classes, as the overall 
rank-order of the cost values remains consistent [33]. It is noteworthy that uncertainty in 
connectivity estimates is inevitable, as the data available often are limited, incomplete, or 
out-of-date [33]. 

From this point of view, a measure of uncertainty would be desirable. As an example, 
the underlying continuous variability of land cover classes could be mapped based on 
fuzzy sets theory [52]. In most cases, boolean membership is often used to create LULC 
maps by thresholding the original data based on a maximum likelihood criterion. On the 
contrary, the landscape under study has a continuous variability of LC in space. Hence, a 
fuzzy membership might be used by considering the possibility for each pixel to attain a 
certain class, by further creating a map for each class with membership possibilities for 
each entity (e.g., each pixel) [53]. 

Besides the boolean idea under the CORINE scheme, a further problem is mainly 
related to anthropogenic classes. A classification related to the underlined ecosystem pro-
cesses, e.g., vegetation dynamics, would lead to better ecological insights. This caveat 
would lead to the conclusion that LC classes-related diversity is not always related to bi-
odiversity in the field. This is still an open question in the literature [27]. However, the LC 
heterogeneity estimate would be the first exploratory tool to further guide the field-based 
studies to inspect in situ diversity. From this point of view, historical data, providing in-
formation on LC classes as well as the management of the different areas, could be bene-
ficial for the effective planning of further management practices.  

Finally, the LULC thematic resolution is expected to affect several environmental 
evaluations, consequently, similar studies deserve to be realized in different research 
fields in the future. For example, investigating the thematic resolution impact on hydro-
logical modeling [54] and related research topics, such as soil erosion, sediment transport 
[55], and hydraulic risk [56]. 

6. Conclusions 
Which is the best LULC thematic resolution for environmental assessment and land 

use planning? The present paper aims at addressing this issue, evaluating the possible 
impact of different thematic resolutions on landscape connectivity assessment, a crucial 
environmental aspect for biodiversity conservation. Answering the question is not easy, 
because several variables play a role in the final decision. The modeling approaches, the 
considered species, the availability of data and resources to produce LULC maps with a 
suitable spatial resolution are some of the factors that surely affect the choice of the the-
matic resolution of the map. The present manuscript presents the landscape connectivity 
assessment of four scenarios with increasing thematic resolution (namely, LEV1, LEV2, 
LEV3, and LEV4) corresponding to the four CORINE levels in an urban context of south-
ern Italy. The PANDORA 3.0 model was used to evaluate Bio-Energy Landscape Connec-
tivity (BELC) based on bio-energy fluxes among landscape units. Scenarios comparison 
was investigated through the indicators of landscape connectivity and ecosystem services 
working at three scales: the largest (whole system), the middle (Bio-Energy Landscape 
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Unit), and the smallest one (land cover patch). The results show that with a fixed spatial 
resolution:  
 The thematic resolution has a potential impact on the BELC but a direct relation be-

tween the number of LC classes and landscape connectivity measures does not exist. 
 The higher thematic resolution is not always related to the higher measure of land-

scape connectivity, but LEV1 strongly differs from the other more detailed levels. 
 The spatial distribution of LC classes can affect connectivity evaluation more than 

the change in thematic resolution. 
 The changes in thematic resolution of the LULC map can determine hotspots of land-

scape connectivity changes. 
 The changes in thematic resolution can determine errors in the identification of pri-

ority of intervention. 
 The proposed index of ecosystem services provides a more stable ranking of conser-

vation priority among different thematic resolutions. 
In conclusion, we demonstrated that the thematic resolution of the LULC map im-

pacts the landscape connectivity evaluation due to the spatial pattern of the LULC classes. 
Researchers and practitioners, when choosing thematic resolution, should be aware of the 
possible misleading assessment that is synthetically aforementioned. Moreover, measures 
of ecosystem services that integrate connectivity index with other ecological features 
could be preferred to reduce the erroneous evaluation of priority ranking for conservation 
objectives. Further efforts are required to investigate the impact of thematic resolution and 
LC classification types (e.g., fuzzy map) on different approaches to landscape connectivity 
(e.g., functional connectivity), and on different environmental processes (e.g., hydrologi-
cal and hydraulic modeling). 
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Appendix A 

Table A1. Thematic levels of CORINE land cover system and BTC index. 

1st Level 
BTC Index1 

(Mcal/m2/year) 
2nd Level 

BTC Index2 
(Mcal/m2/year) 

3rd Level 
BTC index3 

(Mcal/m2/year) 
4th Level 

BTC Index4 
(Mcal/m2/year) 

1.
 A

RT
IF

IC
IA

L 
SU

RF
A

C
ES

 

0 1.1 Residential 
areas  

0 1.1.1 Continuous 
urban fabric 

0 1.1.1.1 Continuous and dense 
old urban fabric 

0 

       1.1.1.2 Continuous, dense and 
recent low urban fabric  

0 

       1.1.1.3 Continuous, dense and 
recent high urban fabric  

0 

    1.1.2 Discontinuous 
urban fabric 

0.2 * 1.1.2.1 Discontinuous urban 
fabric  

0 

       
1.1.2.2 Rare and 

discontinuous urban fabric 
0.2 * 

       1.1.2.3 Sprawl urban fabric 0.4 * 
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1.2 Industrial, 
commercial 

and transport 
units  

0 1.2.1 Industrial or 
commercial units 

0 1.2.1.1 Industrial units  0 
       1.2.1.2 Commercial units 0 

       1.2.1.3 Public and private 
service facilities 

0 

       1.2.1.4 Hospitals 0 

       1.2.1.5 Techonological sites 0 

       1.2.1.6 Farm facilities 0 

       1.2.1.7 Abandoned sites 0 

    
1.2.2 Road and rail 

networks and 
associated land 

0 1.2.2.1 Roads networks 0 

       1.2.2.2 Railways networks 0 

       1.2.2.3 Goods storage and 
marshalling facilities 

0 

       1.2.2.4 Telecommunication 
facilities 

0 

       

1.2.2.5 Areas and networks 
for the distribution, 

production and transport of 
energy 

0 

    1.2.3 Port areas 0    

    1.2.4 Airports 0    

 

1.3 Mine, dump 
and 

construction 
sites  

0 1.3.1 Mineral 
extraction sites 

0    

    1.3.2 Dump sites 
and mine deposits 

0 
1.3.2.1 Dump and mine 

deposits with an extension 
greater than 0.5 ha 

0 

       1.3.2.2 Dumps and car 
demolition sites 

0 

    1.3.3 Construction 
sites 

0 1.3.3.1 Construction sites 0 

       1.3.3.2 Artificial soils 0 

 

1.4 Artificial, 
non-

agricultural 
vegetated areas 

0.4 1.4.1 Green urban 
areas 

0.4    

    
1.4.2 Sport and 
leisure facilities 

0.4 
1.4.2.1 Camping areas, 
bungalows and other 

accomodotion facilities 
0.4 

       1.4.2.2 Sport facilities 0.4 

       1.4.2.3 Leisure facilities 0.4 

       1.4.2.4 Archeological sites 0.4 

    1.4.3 Cemeteries** 0.4    

2.
 

A
G

RI
C

U
L

TU
R

1.3* 2.1 Arable land 0.9* 2.1.1 Non-irrigated 
arable land 

0.8 * 2.1.1.1 Non irrigated arable 
land 

1 
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2.1.1.2 Field or greenhouse 

horticulture in non irrigated 
arable land 

0.7 
    2.1.2 Permanently 

irrigated land 
1* 2.1.2.1 Permanently irrigated 

arable land 
1.2 * 

       
2.1.2.3 Field or greenhouse 

horticulture in permanently 
irrigated arable land 

0.8 

    2.1.3 Rice fields 0.8    

 2.2 Permanent 
crops  

1.8 2.2.1 Vineyards 1.5    

    
2.2.2 Fruit trees and 

berry plantations 
1.5    

    2.2.3 Olive groves 1.5    

    
2.2.4 Other 

permanent crops** 
2.6    

 2.3 Pastures  1 2.3.1 Pastures 1    

 

2.4 
Heterogeneous 

agricultural 
areas  

1.6 * 
2.4.1 Annual crops 

associated with 
permanent crops 

1    

    
2.4.2 Complex 

cultivation patterns 
1.6    

    

2.4.3 Land 
principally 

occupied by 
agriculture, with 

significant areas of 
natural vegetation 

1.8    

    
2.4.4 Agro-forestry 

areas 
2    

3.
 F

O
RE

ST
 A

N
D

 S
EM

I N
A

TU
RA

L 
A

RE
A

S 

2.6 3.1 Forests 5.5 3.1.1 Broad-leaved 
forest 

6.5    

    
3.1.2 Coniferous 

forest 
5.5    

    3.1.3 Mixed forest 5.5    

    
3.1.4 Pastures with 
perennial plants** 

5    

 

3.2 Scrub 
and/or 

herbaceous 
vegetation 

associations 

1.9* 3.2.1 Natural 
grasslands 

1    

    
3.2.2 Moors and 

heathland 
1.8    

    
3.2.3 Sclerophyllous 

vegetation 
2    

    3.2.4 Transitional 
woodland-scrub 

2.8 3.2.4.1 Natural recolonization 
areas 

2.8 

       
3.2.4.2 Artificial 

recolonization areas 
(reforestation) 

2.8 
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3.3 Open spaces 
with little or no 

vegetation  
0.3 * 3.3.1 Beaches, 

dunes, sands 
0    

    3.3.2 Bare rocks 0    

    
3.3.3 Sparsely 

vegetated areas 
0.6    

    
3.3.4 Burnt areas or 
areas damaged by 

other causes 
0.8   

    
3.3.5 Glaciers and 
perpetual snow 

0    

4.
 W

ET
LA

N
D

S 

0.3 4.1 Inland 
wetlands  

0.3 4.1.1 Inland 
marshes 

0.3    

    4.1.2 Peat bogs 0.3    

 4.2 Maritime 
wetlands 

0.3 4.2.1 Salt marshes 0.3    

    4.2.2 Salines 0.3    

    4.2.3 Intertidal flats 0.3    

5.
 W

A
TE

R 
BO

D
IE

S 

0.1 5.1 Inland 
waters 

0.1 5.1.1 Water courses 0 5.1.1.1 Rivers and streams 0 

        5.1.1.2 Channels and 
waterways 

0 

    5.1.2 Water bodies 0.3 5.1.2.1 Water bodies 0.3 

       5.1.2.2 Water bodies for 
irrigation purpose 

0.3 

       5.1.2.3 Aquaculture 0.3 

 5.2 Marine 
waters  

0.2 * 5.2.1 Coastal 
lagoons 

0.3     

    5.2.2 Estuaries 0.3     

    5.2.3 Sea and ocean 0     
* Variation of BTC index with respect to the current SQLITE database in PANDORA 3.0 plugin. ** 3rd level CORINE 
classes present only in the Apulia land use map. 

Appendix B 
PANDORA 3.0 uses an algebraic hierarchy and an approximated solution of the fun-

damental Ordinary Differential Equations (ODEs) to calculate the final asymptotic ener-
getic equilibrium of each patch j belonging to a Bio-Energy Landscape Unit i (BELUi). The 
patch evolution is then regulated by several factors related to the metabolism (i.e., BTC 
index), the barriers to Bio-Energy fluxes inside the BELUi and the connectivity among BE-
LUs. The asymptotic Bio-Energy of the BELUi (Masi) is derived from the asymptotic Bio-
Energy of the patches j, adjusted by some specific K parameters related to the patch eco-
tones, climate, solar exposition and soil type of the BELUi. The Generalized Bio-Energy of 
the overall system Mastot is finally calculated as the sum of all the Masi. 

The dMtot index evaluates the contribution of each patch to the overall Bio-Energy 
Landscape Connectivity (BELC). It is calculated as follows: = − ⋅ 100 (A1)

where Mastotj is the Generalized Bio-Energy of the overall system that considers the as-
ymptotic values of all the patches j under the existing barriers to energy fluxes, climatic, 
morphological and soil conditions. 

dMtotkj indicates the importance of each patch j and land cover category k in terms of 
its contribution to the maintenance of the overall BELC by comparing the overall connec-
tivity difference before (i.e., Mastotj) and after (i.e., Mastot’j) changing patch j into an urban 



Remote Sens. 2021, 13, 1232 23 of 25 
 

 

area (i.e., impervious with no photosynthetic surface and BTC index = 0). dMtot ranges 
between 0 and 100, where 100 means a total BELC reduction after urbanising the patch. 

The ESV index describes the Ecosystem Services Value for biodiversity conservation 
of a patch considering the connectivity measure described by the dMtot index, its exten-
sion and LC type as follows: = ⋅ 1 + _ ∙  (A2)

where ESVjk is the Ecosystem Services Value for biodiversity conservation of a singular 
patch j of land cover category k, Aj is the area (m2) of the patch j, dMtotj_max indicates the 
maximum value of dMtot among all the analysed patches j of the landscape without con-
sidering land cover type difference. VCk is the value coefficient for biodiversity conserva-
tion of the land cover category k. VCk can be expressed in monetary or non-monetary form. 
The PANDORA 3.0 model plugin reports VC default values for supporting biodiversity 
in the scale 0–5 [22]. Then, ESV_B defines an increased value (which can be as high as 
double the original value) for patches significantly important for the BELC (high dMtot 
index) with respect to the evaluation that considers only habitat type (land cover) and area 
of the patches. 
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