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Landscape ecological aesthetics is a relevant conceptual framework for studying landscape multi-functionality.
While the relationships between aesthetic and ecological landscape qualities have been explored and debated
in landscape research they have been addressed very little in spatially explicit approaches, and never in a dy-
namic way. However, a set of spatial metrics can be used to characterize the visual and ecological dimensions of
landscape and changes in them. In this study, we propose a framework for analyzing covariation between visual
and ecological landscape qualities based on spatial metrics measured from land-cover changes. We apply this
framework to the urban agglomeration of Besancon (France) and its urban-rural fringes, which have been subject

to several forms of change such as urbanization and agricultural transformations. Cross-mapping of visual and
ecological variations reveals both their possible convergences and divergences in space. The study area is
empirically affected by much more marked convergence (16.5%) than divergence (5.3%). This contribution to
landscape ecological aesthetics provides insights for integrated landscape management with an alignment of
visual and ecological goals for landscape sustainability.

1. Introduction

Reconciling human well-being and biodiversity conservation is a
major concern in regional planning and it calls for an integrated and
multi-functional approach to landscape. Despite this multi-
functionality, the study of landscape has long been subdivided into the
separate domains of the natural sciences and the social sciences. Many
authors (e.g. Fry, 2001; Opdam et al., 2001) have emphasized the need
for researchers to move constantly back and forth between different
disciplinary approaches in order to integrate the multi-functional
character of landscapes (Tress et al.,, 2001; Tress and Tress, 2001).
Following the development of the now popular concept of ecosystem
services, the notion of landscape services (Termorshuizen and Opdam,
2009) emerged as a new means of interpreting the relationships between
ecosystems and human well-being with the aim of a sustainable devel-
opment of landscapes. In addition to its relevance for landscape plan-
ning due to its operational dimension, it offered a better spatial
understanding of these relationships in human-influenced areas (Bastian
et al., 2014). Among the different landscape services, and following the
ecosystem services’ typology of the Millennium Ecosystem Assessment
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(MEA, 2003), landscape is at one and the same time a medium in which
species’ life cycles unfold (support service) and a key element in peo-
ple’s living environments (cultural service).

From a theoretical point of view, the study of landscape services and,
more generally of landscape multi-functionality, is part of the frame-
work of landscape ecological aesthetics, defined as a link between the
aesthetic appeal and the ecological integrity of the landscape (Thorne
and Huang, 1991). Since the evolutionary theories of landscape pref-
erences such as prospect-refuge theory (Appleton, 1975) or biophilia
(Wilson, 1984), many works have suggested relationships between
ecological quality and human preferences for landscape. This is the case
for example of Ingram (1991), finding concordances between species
diversity and visual amenities in natural protected areas, and of Gobster
(1999) and Sheppard (2001), assuming that landscape of high ecological
quality would be more esthetically attractive for people and vice versa.
More recently, several empirical studies have identified these concor-
dant relationships for various environments such as brownfields
(Lafortezza et al., 2008), private gardens (Lindemann-Matthies and
Marty, 2013), wetlands and rivers or riparian zones (Cottet et al., 2013;
Junker and Buchecker, 2008; McCormick et al., 2015; Zhao et al., 2017),
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coral reefs (Tribot et al., 2016), or sandy beaches (Felix et al., 2016).
However, other researchers (e.g. Nassauer, 1997; Parsons, 1995; Wil-
liams & Cary, 2001) suggest that aesthetic and ecological qualities may
not be correlated, i.e. what is aesthetically pleasing for people may not
reflect the ecological quality of landscapes. Managing landscape so as to
achieve these two objectives simultaneously would therefore be difficult
(Zhao et al., 2017) or even illusory (Kimmins, 1999). This discrepancy,
termed aesthetic-ecological conflict, has been widely debated in landscape
research (Gobster et al., 2007). An intermediate opinion is that the re-
lationships between aesthetic and ecological qualities depend above all
on the ecosystems under study (Daniel, 2001).

The issue of quantifying landscape patterns by means of indicators is
important for both landscape aesthetics and landscape ecology because
it is a convenient way of comparing these two dimensions (Fry et al.,
2009; Tribot et al., 2018). Such indicators were first developed in
landscape ecology for identifying the relationship between landscape
structures (reflecting both the composition and the configuration of the
landscape) and ecological processes (Haines-Young, 2000; Turner,
1989) through a wide range of metrics (McGarigal and Marks, 1995). In
this way, metrics quantifying the amount and connectivity of habitat
appear relevant for characterizing how landscape constrains or favors
the presence and movement of animal species. For example, many
studies have shown the relevance of landscape graphs for modeling
ecological networks (Bunn et al., 2000; Galpern et al., 2011; Urban and
Keitt, 2001), assessing habitat reachability by means of connectivity
metrics (Rayfield et al.,, 2011; Saura and Pascual Hortal, 2007), and
providing decision support in land planning and conservation (Berges
et al., 2020; Foltéte et al., 2014).

Landscape indicators are also central to assessing people’s aesthetic
preferences, converting their visual perception of landscapes into
quantifiable criteria (Sang et al., 2008). Metrics derived from in situ
observations are rich in information but limited to the characterization
of a few specific sites (e.g. Otero Pastor et al., 2007; Vouligny et al.,
2009). By contrast, visual landscape modeling using GIS tools can
reconstruct the landscape potentially visible by observers from digital
spatial data (Sahraoui et al., 2018). Such modeling approaches were also
developed for explaining landscape preferences from visibility metrics
of landscape structures (e.g. Dramstad et al., 2006; Foltéte et al., 2020;
Joly et al., 2009). As with any spatial modeling approach, a compromise
is struck between the model’s capacity to estimate a landscape’s
aesthetic potential over a large area and the amount of information
input it requires (Sahraoui et al., 2016b).

Based on these considerations, we note two gaps in the research on
landscape ecological aesthetics. First, to the best of our knowledge, there
are no studies coupling aesthetic and ecological qualities while taking
account of complex indicators, i.e. explicitly integrating the notions of
aesthetic preference and ecological processes in the quantification. The
rare spatially explicit approaches for comparing aesthetic and ecological
dimensions are based only on scores attributed from digital spatial data
in an expert appraisal and do not consider how people perceive their
visual environment and how several animal species interact with their
surroundings in the landscapes studied (Steinitz, 1990; Yang et al.,
2014; Zheng et al., 2019). Although Yang et al. (2014) and Zheng et al.
(2019) produce integrated maps by overlaying the aesthetic and
ecological values and attributing scores ranked by importance levels,
they do not investigate concordance and discrepancy between the two
landscape dimensions. Secondly, while it is a major challenge to un-
derstand the impacts of landscape changes on people’s living environ-
ment and on the functioning of ecosystems, no research has so far
proposed to analyze the coevolution of both these landscape dimensions
using a spatially explicit method applied at a landscape scale. A few
approaches (e.g. Lafortezza et al., 2008) have taken an interest in the
potential aesthetic and ecological impacts of prospective scenarios, but
by focusing on particular environments and without a spatially explicit
dimension. However, in parallel to the debates on landscape ecological
aesthetics it should be noted that frameworks mobilizing human and
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environmental sciences with GIS have been developed to provide a
better understanding of the interactions between social and environ-
mental systems and the impacts of land-cover changes on these systems
(Gutman et al., 2004; Rindfuss et al., 2004; Turner et al., 2007).

In view of (1) the contradictory outcomes of studies dealing with
relationships between aesthetics and ecological landscape qualities and
(2) the current lack of knowledge about the way these qualities vary
together in space, this study aims to explore how they covary with
changes in landscape structures by cross-mapping them. We hypothesize
that for changes in landscape structures their covariation may differ in
space. From the framework proposed by Fry et al. (2009) about the
conceptual field between visual and ecological dimensions of landscapes
(Fig. 1a), we propose a dynamic approach integrating changes in land-
scape structures as a way of spatializing their covariation (Fig. 1b). As
those authors postulate that ‘visual and ecological character share de-
pendency on landscape structure’, we seek to find out what are the main
divergences and convergences between these landscape dimensions, and
to locate them.

In this study, landscape structures and changes to them are appre-
hended from land-cover maps at two dates. This type of approach relies
on a quantitative analysis based on the measurement of GIS landscape
metrics for each dimension. Landscape ecological quality is evaluated
from connectivity metrics based on multi-species ecological network
modeling, i.e. for species of different taxa and living in various habitats
(forests, aquatic areas, open areas), while landscape visual quality is
assessed from visibility metrics coupled with a landscape perception
survey. From a diachronic approach, this modeling is used to spatialize
losses and gains of both these landscape qualities jointly making it
possible to identify areas of divergence and convergence. This

Aspects relating to
landscape structures
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Fig. 1. Conceptual framework of the paper, with (a) the conceptual common
ground between visual and ecological landscape characters proposed by Fry
et al. (2009) and (b) its adaptation in a dynamic approach.
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methodology can be used to consider the remote effects of land-cover
changes, i.e. their potential joint effects on large areas. Land-cover
changes can influence both landscape connectivity for species and vi-
sual landscapes for people over large areas. This methodological
framework is applied to the northwestern part of the metropolitan area
of Besancon (France) where land-cover changes are considered between
1984 and 2010. The choice of this study area allows us to reexamine the
results of the spatial modeling of landscape aesthetic potential reported
in Sahraoui et al. (2016).

2. Methods
2.1. Study area

The study area covers 700 km? including the medium-sized city of
Besancon (about 117,000 inhabitants in 2010) and its northwestern
urban fringes (Fig. 2). The landscape is dominated by forest and farm-
land (about 40% each), and it is crossed by the Ognon valley in the north
and the Doubs valley in the south. Artificialized areas are less than 5% of
the land cover. Like most European cities in recent decades, Besancon
has been caught up in the dynamics of urban sprawl and transformations
in agricultural areas. The steep hills and rugged terrain south of the city
being unsuitable for urban expansion, urban sprawl has occurred mainly
on its north-western fringes. This area is also crossed by several major
transport infrastructures, including a motorway and a highspeed railway
line.
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2.2. Spatial data

Several spatial data were required for computing the landscape
metrics. First, a 2010 land-cover map was obtained by combining two
vectorial databases. (1) The BD Topo (2010) is provided by the French
National Geographical Institute (IGN). It contains buildings, transport
infrastructures, artificialized areas, and some natural elements such as
forests and aquatic areas. The main transport infrastructures (highways
and high-speed railway lines) were distinguished from secondary roads
because of their different barrier effects on species movement, and a
distinction was also made between residential and industrial buildings
because people are likely to appreciate them differently. (2) The BD
Agreste (2010) contains agricultural areas, separating grassland and
cropland. Areas non-documented by these two data sources were clas-
sified as green spaces after a photo-interpretation step. This was
particularly the case for land alongside transport infrastructures or in
intra-urban areas (parks and gardens). The land-cover map of 1984 was
obtained from a retrospective modification of the vectorial map for
2010, based on the photo-interpretation of historical aerial photographs.
These vectorial data were combined for each date and then converted
into 5 m-resolution raster layers.

Two additional analyses were conducted given the ecological re-
quirements of several species living in forest and grassland. For species
living in forests, a morphological spatial pattern analysis (MSPA, Vogt
et al., 2007) was applied to the forest category in order to dissociate
cores and edges (i.e. forest edges, groves, hedgerows), using a depth of 2
pixels (i.e. 10 m). For species living in grasslands, sunniest grasslands
were distinguished from other grasslands by a solar radiation analysis.

Simplified land-cover

Water

B rorest
[ ] Cropland
[ ] Grassland

[ ] Herbaceous area

Artificialized area

Building

Road

Fig. 2. Location and land-cover in 1984 and 2010 of the study area. Land-cover was simplified from to 8 classes to make the map easier to read.
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This analysis was computed with ArcGis 10 from a DEM surface raster
provided by the IGN.

We obtained one land-cover map by date, each of them classified into
13 categories (Appendix A). These maps were simplified by aggregating
specific categories depending on whether they were used for modeling
landscape visibility or landscape connectivity.

Two types of elevation data were implemented for modeling the
visible landscape: (1) a 5 m-resolution digital elevation model (DEM)
provided by IGN for representing the topographic relief, (2) a digital
surface model (DSM) defined at the same resolution to represent the
height of the elements that obstruct the view (i.e., buildings and forest
elements) for each date. The DSM was constructed by combining the
precise height of each building provided by BD Topo and a random
height between 15 m and 25 m assigned to the forest pixels, corre-
sponding to the range of heights of tree species in the study area. The
height of elements not blocking the view was set to zero.

2.3. Spatial modeling of landscape visual quality (LVQ)

Visual landscape quality was modeled by combining a landscape
perception survey with visibility metrics derived from digital data. The
survey was conducted by Sahraoui et al. (2016) on the urban-rural
fringes of two French urban areas, including the present study area.

2.3.1. Landscape perception survey

Landscape preferences were evaluated from the 1420 responses
made to an internet survey in 2014. The survey was based on 60 pair-
wise comparison of 30 photographs showing landscape diversity
through two roads defined as transects along an urban-rural gradient.
The viewpoints were spatially sampled along the transects and by a
protocol specifically designed for visibility analyses (see below). This
protocol ensured an identical horizontal and vertical opening (60°/50°),
a constant shot height (1.75 m), with information about geographical
coordinates and orientation noted at the same time. Participants were
invited to choose their favorite photograph for each pairwise compari-
son. We then computed a quantitative variable for each photograph as
the eigenvector of a matrix comparing n by n photographs, reflecting the
respondent’s aesthetic judgment. Here, we focused on a subsample of
respondents (n = 727) defined as a non-specific judgment group in
Sahraoui et al. (2016), i.e. heterogeneous in its socio-demographic
composition given the descriptive statistics of the respondents as a
whole.

2.3.2. Computing landscape visibility metrics

The landscape visibility analysis was based on a tangential analysis,
by creating a 2D image of a modeled environment from the spatial data
described in Section 2.1 (land cover, DEM, and DSM) for the year 2010.
Computations were launched from the geolocated points in the same
direction as the photographs, and at a defined height and were limited to
the horizontal and vertical angles. This made it possible to precisely
quantify the landscape structures corresponding to the view in each
photograph. These analyses were carried out using PixScape 1.0 soft-
ware (Sahraoui et al., 2018)

(see https://sourcesup.renater.fr/www,/pixscape/en.html), allowing
us to compute several composition and configuration metrics from each
picture (Appendix B).

2.3.3. Mapping LVQ

We used the map of the potential LVQ presented in Sahraoui et al.
(2016) for the selected subsample of respondents. Quantifying LVQ from
visibility metrics implied testing the capacity of the visibility metrics to
explain the respondents’ landscape preferences. For this we used a
multiple linear regression (Appendix C) in which the photographs were
the statistical individuals, the mean judgment of respondents for each
photograph was the dependent variable, and the visibility metrics were
the explanatory variables. For mapping LVQ, the visibility metrics
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selected by the regression were computed for all of the study area by
applying the coefficients to these metrics from each pixel considered as a
viewpoint at time ¢ (2010).

2.4. Spatial modeling of multi-species landscape connectivity (MLC)

For modeling MLC, we applied the method based on landscape
graphs proposed by Sahraoui et al. (2017) in a similar spatial context in
France. It consisted in defining a set of virtual species, modeling their
habitat network in 1984 and 2010, computing connectivity metrics for
each of them, and mapping the multi-species landscape connectivity by
their spatial combination.

2.4.1. Defining ecological requirements for a set of virtual species

The aim of this step was to create virtual species representative of the
biodiversity of the area in terms of their different ecological re-
quirements. We first focused on the list of species proposed at a national
scale by the French National Museum of Nartural History (MNHN, 2011)
and defined by the French Ministry of Ecology given the priorities for the
conservation of ecological networks. From this initial list, we focused on
vertebrates (118 species) whose ecological requirements (habitat and
movement capacities) can be modeled from the maps defined at 5-m
resolution. Among these only species present in the study area were
selected by using the Sigogne database (www.sigogne.org) referencing
species and habitats to be found in the administrative districts of the
Bourgogne-Franche-Comté region. Forty-five species were selected from
the initial list: 5 amphibians, 5 reptiles, 4 mammals, and 31 birds.

Information about species’ ecological requirements (i.e., habitat,
movement characteristics, and dispersal capacities) were extracted from
the TUCN Red List and the regional or national atlas of each taxonomic
group. Values of resistance to movement were defined on a logarithmic
scale: habitat or very suitable areas (1), suitable (10), neutral (100),
unfavorable (1000), and barrier (10,000). To capture the movement
capacity of each species, we focused on the dispersal process which is a
key factor for the spread of gene flow and population viability.
Maximum dispersal distances were extracted from the reviews of Smith
& Green (2005) for amphibians and Sordello et al. (2013) for reptiles.
For mammals and birds, median dispersal distances were computed
using allometric relationships linking diet types and species body mass
with dispersal capacity. Mammal body mass was extracted from Smith
et al. (2003) and bird body mass from Lislevand et al. (2007). Then the
equations of allometric relationships given by Sutherland et al. (2010)
were used to convert the body mass M (kg) of each species to median
dispersal distances (km) for birds (13.1 M° '63), herbivorous or omnivo-
rous mammals (1.45 M° ’54), and for carnivorous mammals (3.45 M°%%).

The 45 selected species were arranged into 16 generic groups by
their class (amphibian, reptile, mammal, or bird), their main habitat
type (forest core, forest edge, open, or aquatic area), and their dispersal
capacity classified as low (<4 km) or medium (>4 km). These 16 groups
were defined as virtual species representing the ‘true’ species composing
them (Appendix D). For groups containing several ‘true’ species, values
for dispersal capacities were averaged and values for movement costs
were aggregated, by taking the most frequent movement cost attributed
to each land-cover category.

2.4.2. Computing landscape connectivity metrics

Connectivity metrics were computed from landscape graphs pro-
duced with Graphab 2.0 software (Foltéte et al.,, 2012) (see
https://sourcesup.renater.fr/graphab/en/home.html).

This modeling approach involves defining the habitat and the ca-
pacity of the landscape mosaic to facilitate or impede species move-
ments from land-cover data. A minimal planar landscape graph (Fall
et al., 2007) was generated for each virtual species in which the nodes
constitute the habitat patches and the links the potential flux between
them. The nodes were delineated from the land-cover categories corre-
sponding to the favorable habitats whereas the links were defined as the
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least-cost paths between habitat patches allowing for the values of
resistance to movement. Least-cost distances are the aggregate cost
along the least-cost path, converted into a probability of connection
between patches i and j using a decreasing exponential function as
follows:

pi = e—ml,)
where dj; is the least-cost distance between i and j and « corresponds to
the intensity of decreasing probability of dispersion p from the expo-
nential function. The value of a was determined as p; = 0.05 when d is a
maximum dispersal distance (i.e. for amphibians and reptiles) and as p;;
= 0.5 when d is a median dispersal distance (i.e. for birds and
mammals).

The quantification of landscape connectivity at the local scale was
based on the Interaction Flux (IF metric, Foltete et al., 2014). For a given
patch i, IF; is given by:

IF; = Zufufpﬂ-
=

where n is the total number of patches, a; and g; are the areas of patches i
and j, and p; the maximum probability of potential paths between i and j.

2.4.3. Mapping MLC

Because each landscape graph involved a specific definition and so a
different location of patches and links, the local connectivity values
could not be directly combined for mapping multi-species landscape
connectivity (MLC). The patch-level connectivity values (IF) were thus
used to evaluate the potential reachability of the habitat of any point (i.
e., pixel) at the scale of the overall network. For this, we shifted from a
discrete to a continuous representation of landscape connectivity by
spatial generalization of these patch-based values (see Appendix E for
details). The 16 single-species connectivity maps were standardized to
make them comparable; then they were combined by averaging con-
nectivity values for all points of the study area to obtain MLC.

2.5. Mapping spatial covariation between LVQ and MLC

The same process was applied in 2010 for mapping LVQ, and MLC;
and in 1984 for mapping VLQ, ; and MLC, ;. These maps were first
spatially compared separately for LVQ and MLC at t-1 and ¢ for identi-
fying concordances and discrepancies between both of the landscape
qualities in a static dimension. For this, a discretization and cross-
classification process was applied for LVQ and MLC at ¢-1 and t respec-
tively based on the mean v and the standard deviation ¢ of all the values
(with —0.25 ¢ and 40.25 ¢ as class bounds). LVQ and MLC values were
discretized into three classes (low, medium, high) and then intersected
to cross-classify into nine categories the modalities of their spatial
arrangement.

After normalizing maps of landscape qualities at t-1 and t (see Sah-
raoui et al., 2017 for details), their local variations ALVQ and AMLC
were retrospectively computed in the overall space as differences in all
cell values between t; and t. The values of covariation were then
mapped with a discretization into three classes (increase, decrease,
stability) also based on the mean v and the standard deviation o of all the
values (with —0.25 ¢ and + 0.25 ¢ as class bounds). Then the spatial
intersection of ALVQ and AMLC led to a cross-classification into nine
categories reflecting the modalities of their spatial covariation (gain,
loss, stability).

3. Results
Between 1984 and 2010, only 29% of the study area (i.e., 203 km?)

experienced land-cover changes. A large part of those changes con-
cerned switching between cropland and grassland: 77 km? of cropland
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became grassland against 24 km? for the reverse switch. Some 24 km? of
cropland and grassland became herbaceous areas (considered as aban-
doned land) while 11 km? of such abandoned land were encroached on
by forest. In parallel, artificialized areas increased by 19%, mainly in
open areas (17 km?) in urban—rural fringes. The land-cover categories
with small spatial footprints (water bodies and linear infrastructures)
underwent very few changes in surface area.

The spatial pattern of LVQ in 1984 and 2010 (Fig. 3a) shows a
contrast between artificialized areas (the least appreciated landscapes)
and aquatic and forested areas (the most appreciated). In the first case,
the urban agglomeration of Besancon and mainly its industrial and
commercial outskirts present the lowest values, due to their low visual
openness and the low visual weight of natural elements. In the second
case, the preferences for forests and water areas play an important role.
Natural open areas are valued more highly than croplands.

MLC values in 1984 and 2010 (Fig. 3b), i.e. the mean reachability of
habitats for the 16 virtual species, show similarly low values in the urban
agglomeration and in certain artificialized areas scattered across the
study area. The highest values are for the aquatic areas along the Ognon
River and the interface areas between forested and natural open areas,
mainly in the NW part. Between 1984 and 2010, the main visible dif-
ferences concern a gain of MLC on the Jura plateau, and a loss of MLC in
the urban agglomeration of Besancon, due to the impacts of urban
sprawl and the construction of main transportation infrastructures.

The spatial comparison of LVQ and MLC (Fig. 3c) shows that a large
part of the study area presents joint medium values, with and
augmentation between the two dates (28.5% in 1984 and 40.3% in
2010). Areas of medium versus low or high landscape qualities also have
a significant proportion, here with a decrease (68.5% cumulatively in
1984 and 55.8% in 2010). Most of these areas correspond to medium
LVQ values versus low or high MLC values. Areas of low versus medium
values are mostly located near artificialized areas whereas high versus
medium values are mostly located in rural areas. Areas of concordances
with joint low values (1.1% in 1984 and 2.6% in 2010) mostly concern
the surroundings of industrialized areas. Areas of concordances with
joint high values are smaller (0.7% for both dates) and concentrated in
the Ognon Valley near water courses bodies and courses. Finally, small
areas of discrepancies appear on the edge of rural villages (high MLC
values versus low LVQ values, 1.2% in 1984 and 0.3% in 2010) as well as
around the Doubs River (low MLC values versus high LVQ values, 0.01%
in 1984 and 0.3% in 2010).

The spatial covariation between MLC and LVQ resulting from the
diachronic analysis was then mapped (Fig. 4). In most of the study area
(78.2%), landscape qualities prove to be stable for one (49.9%) or both
(28.6%) of the criteria. This mainly concerns forest areas and the dense
urban area of Besancon, which changed little. In 20.1% of the study
area, MLC increased while LVQ remained stable. Conversely, MLC was
stable and LVQ rose in only 3.0% of the study area. By contrast, 25.1% of
the study area shows lower MLC and stable LVQ, compared to 1.5% with
stable MLC and lower LVQ.

Apart from these areas of relative stability, four cases of convergence
or divergence are interesting to observe:

Case 1. Areas of convergence with joint gains of MLC and LVQ
(10.2%) are mainly distributed on the plateau SW of Besancon and in the
Ognon Valley;

Case 2. Areas of convergence with joint losses of MLC and LVQ
(6.3%) are particularly visible in the urban fringes closest to Besancon;

Case 3. Areas of divergence with MLC losses and LVQ gains (3.2%)
are mainly located close to large areas affected by losses versus stability
in urban fringes closest to Besancon;

Case 4. Areas of divergence with MLC gains and LVQ losses (2.1%)
are mainly inserted in large areas featuring gains versus stability on the
plateau SW of Besancon and in the Ognon Valley.
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Fig. 3. Maps of landscape visual
quality (LVQ), multi-species landscape
connectivity (MLC) and cross-
comparison for 1984 and 2010. For
LVQ and MLC, higher values are in
dark green, and lower values are in
light green. For the cross-comparison,
statistics correspond to the area con-
cerned (%). Areas of joint high values
are in green whereas areas of joint low
values are in red. Areas of discrep-
ancies with low MLC values and high
LVQ values are in blue, while areas of
discrepancies with high MLC values
and low LVQ values are in orange. The
areas of medium versus high or versus
low values were not spatially distin-
guished. (For interpretation of the
references to colour in this figure
legend, the reader is refeired to the
web version of this article.)
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Fig. 4. Spatial covariation of MLC and LVQ between
1984 and 2010. Statistics correspond to the area
conceined (%). Areas of convergence with joint
gains (case 1) are in green whereas areas of
convergence with joint losses (case 2) are in red.
Areas of divergence with MLC losses and LVQ gains
(case 3) are in blue, while areas of divergence with
MLC gains and LVQ losses (case 4) in orange. The
areas of stability versus gains or versus losses were
not spatially distinguished because they are mainly
due to MLC variation. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)
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4. Discussion
4.1. Contributions to the landscape ecological aesthetic framework

The purpose of this article was to study the covariation of the visual
and ecological qualities of landscape by comparing two modeling ap-
proaches for (1) evaluating quality based on visual preferences for a
sample of people, and (2) evaluating ecological quality based on habitat
reachability for a set of virtual species representative of various eco-
systems. To achieve this objective, the analysis consisted in mapping
these two landscape dimensions in a static and then in a diachronic way
with respect to land-cover changes. Our static approach differs of those
of Yang et al. (2014) and Zheng et al. (2019) whose results are maps of
integrated landscape values or sensitivities zones, with the aim in our
case to identify areas of concordances and discrepancies between both of
the landscape qualities. Beyond that, our study provides an original

contribution to the joint evolution of the aesthetic and ecological
qualities of landscape by focusing on their convergences and di-
vergences. We mainly validated our hypothesis that for changes in
landscape structures (represented by land-cover changes), the resulting
covariation in aesthetic and ecological qualities can differ significantly
in space.

The resulting spatial covariation shows that most of the study area
(78.2%) is relatively stable in terms of its visual and ecological qualities
due to few land-cover changes occurring in forest and dense urban areas.
Elsewhere (21.8%), convergences or divergences occur in specific areas.
Joint losses of aesthetic and ecological qualities occur specifically in the
urban fringes closest to the city of Besancon. This can be explained by
urban development affecting both ecological habitats and movements of
species and people’s landscape preferences. Conversely joint gains in
aesthetic and ecological qualities are mainly distributed outside urban
areas, involving changes from artificial to (semi-)natural areas, such as
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agricultural conversions from cropland to grassland or abandoned land.
Areas affected by ecological losses and aesthetic gains are mainly
located in urban-rural fringes, whereas ecological gains and aesthetic
losses are mainly located in more (semi-)natural areas. These results
provide new insights into the aesthetic-ecological debate in landscape
research (Gobster et al., 2007), opposing the possible concordances or
discrepancies between aesthetic and ecological landscape qualities.
Even if these relations are complex, it seems that both can occur. All
told, although our work reports that visual and ecological qualities are
relatively stable because there is little change in land-cover, the study
area is empirically affected by much more marked convergence (16.5%)
than divergence (5.3%).

This work is original in that it provides a spatial representation of the
impacts of land-cover changes on landscape qualities according to two
different criteria involving remote effects. The evolution of the visual
and ecological qualities of a given point may result from land-cover
changes occurring not only at that point but at other points in its sur-
roundings. In other words, a change in a scenic view may result from a
land-cover change at a significant distance from the viewpoint. In the
same way, the reachability of habitat for a species at a given location
may be improved (or deteriorated) by a land-cover change elsewhere.
These long-range effects show that when considering a fine spatial grain
(i.e., a high spatial resolution) of land-cover changes, a strictly local
analysis of their impacts is insufficient.

4.2. Limitations and avenues for improvement

One limitation of this study is the cross-mapping approach from the
variation of two landscape qualities measured differently. On the one
hand, MLC is estimated from the spatial generalization of a local con-
nectivity metric, measuring habitat reachability for 16 different species,
i.e. considering several animal groups with their potential movements
through the calculation of connectivity metrics. On the other hand, LVQ
is estimated by means of visibility analyses for a single group of human
individuals, considered in an immobile manner in space. Therefore, the
potential for changes in landscape structures affecting LVQ is lower, and
the extent of the visual quality variation is distributed less evenly across
space. Due to this difference both in measurements and in considering
moving animals and fixed people, the extent of the variation values is
distributed more regularly in space for MLC than for LVQ. This asym-
metry affects the final results, in the relative stability between LVQ and
MLC, with a much larger part of the area concerned by gains/losses of
MLC and stability of LVQ than the reverse. One way of limiting this
effect would be to consider people observing the landscape as mobile
agents. As in Youssoufi and Foltéte (2013), this would help to measure
LVQ, for a point in space, as an aggregation of the perceived qualities
along a path in a more or less close environment.

In addition to measuring metrics, another fundamental difference is
the nature of information relating to the identification of people’s
landscape preferences and species’ ecological requirements. For the first
item, we mobilized the results of an empirical survey conducted with
individuals and reported by Sahraoui et al. (2016). This approach had
the advantage of taking into account the landscape preferences from
landscapes captured within the study area. On the other hand, we
applied the results of this survey to the year 1984, thus omitting po-
tential changes in landscape perception between 1984 and 2010. By
referring to the evolutionary theories of landscape preferences (e.g.
Appleton, 1975; Kaplan and Kaplan, 1989; Wilson, 1984), we hypoth-
esize that there is a common base in landscape preferences over time,
and that they have changed very little over this short period. Concerning
the identification of the ecological requirements of species, we based our
analyses on the scientific literature relating to a panel of species, without
reference to empirical field data. Biological data would bring more
validity to landscape graphs, as sometimes achieved in this type of work
(Foltéte et al., 2020a, 2020b). In our case, such an approach requiring
the acquisition of diachronic bioclogical data from the 1980 s was not
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possible, but it would be relevant in contexts where such data are
available.

A sensitive issue in this research is the level of detail of the infor-
mation captured by the land-cover data for visibility analysis and for
landscape connectivity modeling, especially the grain and the thematic
precision. Given these two criteria, some landscape elements were
omitted from the land-cover map although they may significantly affect
individuals’ landscape preferences and species’ ecological connectivity.
For example, we only distinguished grassland and cropland inside
agricultural land, without taking into account the degree of intensifi-
cation or the type of crops grown, while some studies emphasize the
influence of these criteria on landscape preferences (Howley et al.,
2012) as well as for animal species (Tscharntke et al., 2005). When
analyzing land-cover changes in a systematic manner over a large study
area, the challenge is thus to find spatial databases with a detailed
thematic resolution, in particular for the earliest date. Outside the limit
inherent in data accuracy, it should also be noted that the land-cover
concept is limited to expressing certain aspects of landscape. For
instance, concerning the aesthetic value of landscape specifically, the
visible aspects of maintenance may impact the perception of a same
land-cover category (Sahraoui et al., 2016b). Likewise, the type of
landscape management (e.g., forest management) may alter the
ecological potential of a given land-cover category (Mikolas et al.,
2017). Here again, access to data is a key element determining the ca-
pacity of landscape modeling to reproduce the actual landscape pref-
erences for people and the actual habitat reachability for animal species.

4.3. Implications for integrated landscape management

Many researchers who have highlighted the idea that aesthetic and
ecological quality may not be correlated (e.g. Kimmins, 1999; Parsons,
1995; Zhao et al., 2017) speak from an operational perspective. They
argue that actors involved in landscape management could not reconcile
the two without being confronted with dilemmas. However, the chal-
lenge of integrated landscape management is to take into account the
interrelations between the preservation of landscape amenities’ for
people and the conservation of biodiversity. The final aim is to better
integrate ecological and social objectives, particularly in human-
dominated areas (Corney et al., 2015). The development of the
concept of landscape services is in line with this objective, with the idea
that a single landscape can provide different services thanks to its multi-
functionality (Frank et al.,, 2012). This nevertheless requires a better
understanding of how landscape patterns influence landscape services
(Mitchell et al., 2015), both in natural habitats than under strong an-
thropic pressure. In our study, in which the urban-rural fringes are
subject to such pressure, joint gains in aesthetic and ecological qualities
were possible in more than 10% of the study area as a whole, but outside
of these fringes. So the issue of implementing policies to reconcile visual
and ecological landscape qualities would benefit from focusing on areas
of urban sprawl. To achieve such integrated landscape management, the
development of relevant indicators is essential for assessing how the
aesthetic and ecological dimensions of landscape fit together (Fry et al.,
2009). Such indicators could guide public policies in the search for
compromises in preserving the different qualities of the landscape.

As an extension of the work of Steinitz (1990), there are several
possible options of policies or actions in integrated landscape manage-
ment (Fig. 5). It is important to note that for all options, a policy should
only be considered if it potentially improves one landscape quality
without deteriorating the other. In addition we believe that areas
already rich in aesthetic and ecological qualities can be primarily con-
cerned with conservation policies leading to their stability, so as to
direct the search for gains elsewhere.

While our work has contributed to spatializing the impacts of land-
cover changes, it would be interesting in a decision-support perspec-
tive to know their causes. To guide landscape management policies more
effectively, this work should therefore explore the different impacts on
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Fig. 5. Policy or action direction options for synergies in visual and ecological landscape qualities. The solid arrows show the directions to be considered. The dashed
arrows indicate the directions to be rejected. The dotted arrows (antagonistic gains versus losses) indicate conflicting directions between the two landscape di-
mensions. Each of these direction options also concerns all the squares crossed by the arrows.

visual and ecological qualities according to the types of land-cover
change (e.g., artificialization of grasslands, replacement of forests by
croplands). Such an approach has already been developed by Sahraoui
et al. (2017) to understand the impacts of the land-cover change types
on MLC. Comparing the impacts of each type of change on LVQ and MLC
could provide a more detailed understanding of the origin of the impacts
for guiding planning decisions. In addition, we think that our method-
ology could be easily transposed into a prospective dimension for esti-
mating the potential impacts of planning actions (e.g., urban planning,
ecological restoration projects) on both landscape connectivity and vi-
sual landscape. Ecological network modeling using landscape graphs has
already proven its effectiveness for decision-making in planning
(Foltete, 2019) and more specifically for evaluating urban development
scenarios (Tannier et al., 2016; Zetterberg et al., 2010). The joint use of
landscape visual preferences modeling would make it possible to iden-
tify the urbanization alternatives most respectful of people’s living
environment and the conservation of biodiversity.

Finally, integrated landscape management between visual aesthetics
and ecology could lead to a favorable dynamic by a virtuous circle in the
long term. If aesthetic pleasure from landscapes can be a response to
ecologically beneficial landscape patterns (Gobster et al., 2007),
aesthetic values can in turn influence the motivations of individuals
(general public or planners) for conserving biodiversity at the landscape

scale (Tribot et al., 2018). Thus, and in agreement with Swaffield and
McWilliam (2013), understanding the relationships between visual
landscape quality and biodiversity attributes is a major issue that must
clearly be included in landscape management and ecological conserva-
tion programs.

5. Conclusion

Due to the heterogeneity of data types and quantitative models, in-
tegrated landscape assessment in its visual aesthetic and ecological di-
mensions is a fundamental issue. Although a growing number of studies
analyze the relationships between the aesthetic values of landscapes and
their ecological functionality, few studies have so far been interested in a
dynamic approach. The modeling approach developed in this study
therefore fills a gap in our knowledge of how the visual and ecological
qualities of the landscape can covary in space and time. In the context of
the ecological-aesthetic debates, we started from the hypothesis that
changes in landscape structures over time could influence these two
qualities differently depending on their location in space. The results
show that convergences and divergences between these qualities may
occur within the same area, with a trend toward more convergent areas.
Beyond these results, our methodology could provide decision support
for integrated landscape management in a prospective approach. The
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results show that planners can potentially align visual and ecological
objectives to produce sustainable landscapes.
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Details of land-cover categories and aggregations for modeling landscape visibility or landscape connectivity.

Appendix B

Details of landscape visibility metrics.

Appendix C

Results of the multiple linear regression analysis for the subsamples of respondents.

Appendix D

Information about the 16 virtual species considered for landscape graphs modeling.

Appendix E

Details for the spatial generalization of patch-based metrics.

The spatial generalization of patch-based values is computed as in Sahraoui et al. (2017). The weighting function designed to represent the effect of

distance on potential accessibility from patches was the same as was used to compute the IF, i.e. the negative exponential function such thatw = e,
where w is the weight of a patch with respect to a point located at a least-cost distance d. For a given point, connectivity levels from several patches
were attributed by summing the weighted values of IF as follows, by taking into account least-cost distances:

glF (i), = IFG)*w;

where gIF(i) is the generalized value of IF for the point i, and w; is the weighting of the patch j for the pointi. As a result, we obtained for each virtual
species a 5-m spatial resolution map on which each pixel took on a value corresponding to its potential of connectivity to the overall network.
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.ecolind.2020.107331.
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