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Abstract 

Urban green spaces are key for maintaining and restoring habitat connectivity within cities. 

Despite substantial investigations on the contribution to connectivity of different types of urban green 

spaces, the specific contribution of green spaces located in multi-family residential (MFR) plots has yet 

to be assessed. Estimating this contribution is crucial given the multiple roles fulfilled by these green 

spaces in urban planning. To achieve this goal, we focused on four taxa: the European hedgehog 

(Erinaceus europaeus), the Red squirrel (Sciurus vulgaris), forest passerine birds and moths. We 

assessed the potential habitat connectivity for each taxon across the metropolitan urban area of Lyon 

(France), with landscape graphs built using 1-metre resolution land cover maps. Considering the 

current state as a reference, we then designed five land cover change scenarios affecting habitat 

distribution in the MFR plots: (i) maximum and (ii) minimum theoretical connectivity (references), (iii) 

improve quality of existing green spaces, (iv) improve quantity of green spaces with sub-optimal quality 

and, (v) maximum restoration (management scenarios). The taxon- and scenario-specific impacts 

highlight the crucial contribution of private spaces to habitat connectivity. For all taxa, while the MFR 

only cover 8% of the study area, connectivity would increase by up to 60% if these plots were greened. 

In contrast, sealing these plots could reduce overall connectivity by up to 40%. The interpolation of 

local connectivity metrics for each habitat patch and each MFR plot allowed us to identify the most 

relevant plots for urban greening. Because our approach can improve habitat connectivity at different 

scales, from neighbourhoods to entire urban areas, it could prove useful for landscape planning in 

most urban settings. 

Keywords: habitat connectivity, landscape graphs, urban green spaces, multi-family residential plots, 

urban greening, urban biodiversity 

Highlights:  
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- Urban green spaces are crucial to habitat connectivity but the contribution of green areas located in 

multi-family residential plots is all too often overlooked/under-appreciated. 

- We modelled the habitat networks of four taxa with landscape graphs, using a 1-metre resolution 

land cover map. 

- Five land-cover change scenarios affecting multi-family residential plots were compared: two 

references (maximum and minimum theoretical connectivity) and three management scenarios 

(improve quality of existing green spaces, improve quantity of green spaces with sub-optimal quality 

and maximum restoration). 

- The city-level and plot-level connectivity metrics computed for each scenario and taxon highlight the 

key contribution to connectivity of urban green spaces included in multi-family residential plots. 

- Interpolated maps of connectivity metrics can support citizen commitment and help planners 

prioritise (re)greening actions.  

Introduction 

 Over half of the global human population already lives in urban areas and this proportion is 

expected to reach 70% by 2050 (United Nations, 2018). This trend results in an expansion of built-up 

areas at the expense of natural and agricultural areas associated with a densification of the cities 

centres and a reduction in the size of urban green spaces, isolated from fragments of natural habitat 

and exhibiting various design and composition. Nonetheless, these remaining urban green spaces 

provide a wide variety of ecosystem services such as pollution reduction (air, water, noise) (Bolund 

and Hunhammar, 1999), urban heat island reduction (Gill et al., 2007) or recreational opportunities 

(Carpenter, 2013; Chiesura, 2004). They also contribute to the desirability and value of housing 

(Geoghegan, 2002; Irwin, 2002). Aside from benefitting human well-being (Tzoulas et al., 2007), urban 

green spaces are also suitable habitats for biodiversity (Kong et al., 2010; Rudd et al., 2002). 

Consequently, they are key targets for urban planning and biodiversity conservation policies (Aronson 

et al., 2017; Lepczyk et al., 2017).  

 However, the contribution of urban green spaces to biodiversity depends on several factors. 

First, their suitability to species varies strongly depending on anthropogenic management in cities 

(Gaston et al., 2005; Loram et al., 2011; Teillac-Deschamps et al., 2009). Second, their availability within 

cities depends on the number and area of patches (Kong et al., 2010; Sandström et al., 2006). Finally, 

urban green spaces have to be reachable for species, which critically depends on their distribution 

across urban landscapes and on urban matrix permeability (Penone et al., 2012; Vergnes et al., 2012). 

Indeed, habitat connectivity plays an important role in maintaining ecosystems and resilience to global 

environmental change (Thompson and Gonzalez, 2017). Improving habitat connectivity among green 

spaces in urban areas is therefore a key objective of current conservation strategies.  

Although it is well established that large habitat areas are essential to biodiversity, several 

studies highlight the role of small fragments such as urban green spaces to improve connectivity in 

highly fragmented environments (Beninde et al., 2015; Fahrig, 2019; Ribeiro et al., 2022). Accordingly, 

the connectivity of particular urban green spaces has been extensively studied, including urban parks 

(Melles et al., 2003), green spaces of business sites (Serret et al., 2014), green roofs (Louis-Lucas et al., 

2022), small residential green spaces (Lynch, 2021), public and private gardens (App et al., 2022; 

Gaston et al., 2005; Mimet et al., 2020; Smith et al., 2006), school green areas (Iojă et al., 2014), or 

isolated trees (Von Thaden et al., 2021). However, to our knowledge, no study has focused specifically 
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on green spaces in multi-family residential (MFR) plots. In contrast to single-family homes, multi-family 

residential housing is mostly composed of flats for residential use with two types of ownership 

(condominiums or social housing). These buildings are built on plots varying in size and green space 

cover. Beyond the significant areas that MFR plots add to the overall vegetation area of some 

neighbourhoods or cities (Bellec, 2018), their green spaces have a strategic situation in the urban 

matrix. They could provide ecosystem services directly where people live. In European cities, they are 

mostly located at the interface between suburbs and centres (inner and outer city). In these spatially 

constrained areas, they come into conflict with other non-greened land uses (e.g., car parks). 

Additionally, the dense population living within and around MFR plots reinforces the social importance 

of these green spaces, while putting pressure on local biodiversity. In this context, quantifying and 

mapping the contribution of MFR plot green spaces to connectivity is of paramount importance to 

sustainable urban planning. 

 In this study, we demonstrate the strategic contribution of green spaces located in MFR plots 

to the connectivity of habitat networks. To that purpose, we modelled urban ecological networks using 

landscape graphs (Urban and Keitt, 2001). These graph-theoretical tools have been widely used in 

urban settings for analysing the habitat connectivity of green spaces or the effects of urban dynamics 

and land cover changes on connectivity (Bourgeois and Sahraoui, 2020; Tannier et al., 2016; Tarabon 

et al., 2020). We here assessed habitat connectivity for four animal taxa with distinct life history 

traits/dispersal strategies at the scale of the metropolitan area of Lyon (France). Then, we tested the 

impact of five scenarios of land cover changes in MFR plots. Finally, we tested a strategic action case 

study with selected sites to assess their regreening priority, i.e. which sites best improve overall 

connectivity at the metropolitan scale. 

1. Material and methods 

2.1 Study area 

Our study area is the metropolitan area of Lyon (France), which counted 1,411,571 inhabitants 

in 2019 and spread over 538.4 km² (Figure 1). Its population density ranges from 194.4 inhabitants/km² 

in the most rural municipalities to 10,899 inhabitants/km² in the centre of Lyon. According to CORINE 

Land Cover 2018 data, 62% of the metropolitan area is made up of built-up areas, 27% of agricultural 

areas, 6% of forest areas and 4% of wetlands or water areas. 

To avoid edge effects in the connectivity analyses, we applied a 1 km buffer around the 

metropolitan area. This is the maximum distance for which high resolution vegetation data were 

available (see below). We also removed four municipalities from the study area to keep the final study 

area (491.3 km²) as compact as possible, which is preferable for studying ecological processes (Figure 

1A). We focused specifically on the green spaces located in multi-family residential plots (MFR plots). 

Therefore, we identified 1) the plots associated with MFR dwellings and 2) the green spaces included 

in these plots. 
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Figure 1: Study area. (A) Land cover map and administrative zoning. For better readability, 

some land cover classes have been aggregated (see details in Appendices 1, 2, 3, and 4). (B) Map of 

the MFR plots of the study area. The 40 MFR test plots are highlighted by a green dot and their ID 

number. (C) Zoom showing the high-resolution of the land cover map. (D) Location of the study area. 
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2.2 Definition and mapping of the MFR plots 

 To map the MFR plots, we used the Land Property Files Dataset provided by the French 

government institute of planning (CEREMA). The final plots included at least three dwellings per plot. 

Following the method proposed by the Paris Region Institute to map urban fabrics (Delaville et al., 

2020), we selected the plots for which more than 70% of the dwellings are flats and more than 70% 

are for residential use. These last two criteria conserved 98.2% of the flats, located in 20,978 plots. 

These plots represent 15% of all plots (MFR, individual, business and public), and cover 8.2% of the 

metropolitan area of Lyon. 

To assess in more detail the connectivity benefits resulting from the (re)greening of particular plots, 

we focused on 40 plots, specifically studied in another work. These plots were selected to optimise the 

diversity of available study sites, resulting from a call for expressions of interest on biodiversity in green 

spaces with the approval of the union council. The selection was carried out on a Principal Component 

Analysis of the interesting variables for this study (i.e., green area, vegetation composition, age of 

planning, urban density and built morphology with the best possible representation of the two main 

principal components (Figure 1B). These 40 MFR plots are analysed in more detail in section 2.8. 

2.3 High-resolution land cover mapping 

Land cover data with high resolution allowed us to map very small urban green spaces, which 

can contribute urban biodiversity and connectivity to a disproportionate extent (Braaker et al., 2014; 

Cameron et al., 2012; Von Thaden et al., 2021). We used a 1 metre resolution map of ground cover, 

obtained from image analysis of remote sensing data (Bellec, 2018). In order to represent the habitat 

and movements of urban species throughout highly heterogeneous urban settings, we discretised the 

vegetation layer into classes, each representing a vegetation stratum. For this purpose, we used high-

resolution continuous altimetry data (Lidar) at 1 metre resolution. Although some studies have used 

such a high spatial resolution, few, if any, have taken advantage of it to distinguish different vegetation 

layers (Mimet et al., 2020; Von Thaden et al., 2021; Zhang et al., 2019). Here, we created five 

vegetation height classes: large trees (>15m), small trees (5 - 15m), shrubs (1.5 - 5m), bushes (0.5 – 

1.5m), and herbaceous (<0.5m).  

To represent accurately the ecological processes affecting species in urban areas (Zhang et al., 

2021), we mapped other land cover classes that could substantially influence species movements, 

using several up-to-date and accurate land cover database. We used the BD Topo (IGN), the Registre 

Parcellaire Graphique (ASP/IGN), the Urban Atlas and the OSO map (Inglada et al., 2017) to map built-

up areas, agricultural areas, and other land cover features not accurately mapped from remote sensing 

data (see details in Appendices 1, 2, 3 and 4). The final land cover map is a categorical raster with 35 

land cover classes, distinguishing different vegetation types inside and outside the MFR plots. 

2.4 Selection of focal species 

As pointed out by LaPoint et al. (2015), many landscape connectivity studies focus on a single 

species (e.g., Bond et al., 2017; Clauzel et al., 2013). However, planners have to consider multiple taxa 

when designing biodiversity conservation strategies (Lechner et al., 2017). We therefore focused on 

"urban tolerant" species, with two non-flying species and two groups of flying species (i.e., species able 

to live in urban and suburban environments). The two non-flying species are the European hedgehog 

(Erinaceus europaeus) and the Red squirrel (Sciurus vulgaris). The two selected groups of flying species 

are forest-dwelling passerines and grassland-dwelling moths. These four species or groups of species 

(hereafter referred to as "taxa") encompass a substantial phylogenetic and functional diversity 

(mammals, birds and insects), occupy contrasted habitats preferences (various vegetation heights) and 
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have different movement abilities (Appendix 1, 2, 3 and 4) (e.g. App et al., 2022; Bednář et al., 2020; 

Schneider et al., 2020; Tarabon et al., 2019; Von Thaden et al., 2021). 

2.5 Modelling of land cover change scenarios in MFR plots 

We modelled the initial land cover state and five different land cover change scenarios 

affecting the 20,978 MFR plots (Figure 2). Two of these scenarios correspond to reference states (RS1 

and RS2) with the theoretical maximum and minimum connectivity that could be achieved for each 

species in the study area. The objectives of these simulated land cover changes were (i) map and 

quantify habitat connectivity variations for each scenario and taxon, ii) address the dilemma between 

improving quality of existing green spaces or extend their quantity with sub-optimal quality, (iii) 

contextualise and frame the theoretical gains in connectivity between the theoretical minimum and 

maximum, and (iv) show the contribution of specific green spaces to habitat connectivity. 

Reference 1: Maximum theoretical connectivity 

All MFR plots were converted into the best habitat for each of the four taxa (e.g., into “large 

trees” for the red squirrel). This scenario therefore represents the highest theorical gain in 

connectivity, and is unrealistic since even the buildings are removed. It is meant as a reference baseline 

to compare with other scenarios. 

Reference 2: Minimum theoretical connectivity 

All MFR plots were converted into artificial/impervious surfaces. This scenario assumes that all 

the plot vegetation is replaced by, for example, car parks. It therefore represents the worst possible 

development for the focal species populations. 

Management scenario 3: Improve habitat quality (without extending quantity) 

All existing vegetation in MFR plots was assigned a higher ecological quality, thereafter being 

equivalent to the best habitat class of the focal taxon. For example, if the habitat class is “large trees”, 

then all other vegetation classes such as “bushes” or “herbaceous areas” became “large trees”. The 

rest of the plot land cover, (e.g., impervious surfaces) did not change. This scenario assumes that all 

conservation measures target a given focal taxon. 

Management scenario 4: Extend quantity (with sub-optimal quality) 

All unbuilt surfaces in MFR plots, including non-habitat vegetation, were converted into sub-

optimal vegetation for the considered taxa. It therefore represents “poor quality greening” (such as 

highly managed lawns), which often contributes to recreative human use but less so to the specific 

requirements of animal taxa. 

Management scenario 5: Maximum restoration 

As in reference 2, modifications affected the whole MFR plots but only excluded buildings. All 

unbuilt spaces were converted or upgraded to the habitat class of the focal taxa. It therefore 

represents the most favourable changes achievable while keeping present buildings. 
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Figure 2: Example of an initial MFR plot with initial state and of the effect of the five simulated 

scenarios. 
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2.6 Construction of landscape graphs 

We built landscape graphs from the land cover map to model the habitat patch networks of 

the four focal taxa, using Graphab 2.8 software (Foltête et al., 2021). A landscape graph is composed 

of nodes, representing habitat patches, and links, connecting these patches to represent potential 

functional connections (i.e., a dispersal path between these patches). In highly fragmented 

environments including dense urban fabrics, urban tolerant species can still occupy very small habitat 

patches. We therefore considered adjacent vegetation pixels totalling at least 20 m² as suitable habitat 

patches. The vegetation classes defining habitats taxon and maximum dispersal distances were 

determined from the scientific literature available for each taxon. The European hedgehog occupies 

habitats made of bushes and shrubs, and can disperse up to 500 metres (Balbi et al., 2019; Rasmussen 

et al., 2019). The Red squirrel needs large trees and disperses up to 1000 metres (Wauters et al., 1994, 

2010). We considered forest passerines usually found in habitats made of either shrubs, small trees, 

or large trees, and dispersing up to 2000 metres, as they are common study species in urban ecology 

(Balbi et al., 2021; Paradis et al., 1998). Finally, open-habitat moths were assumed to occupy 

herbaceous habitats and grasslands, and to disperse up to 3000 metres (Balbi et al., 2021; Jones et al., 

2016). 

To create the graph links modelling the potential movements of each taxa, we assigned each 

land cover types a cost value representing its resistance to species movements: habitat (1), very 

favourable (10), neutral (50), slightly unfavourable (100), unfavourable (500), very unfavourable 

(1000), barrier (10000) (see details in Appendix 1, 2, 3 and 4). This range of cost values has already 

been used in many studies based on landscape graphs to allow the identification of least cost paths 

between habitat patches (e.g. Bourgeois and Sahraoui, 2020; Clauzel et al., 2013; Tannier et al., 2016). 

Despite the known limitations of this method (Zeller et al., 2012), its relevance has been demonstrated 

in empirical studies in urban environments (Balbi et al., 2019). We then constructed 24 landscape 

graphs, corresponding to each taxon, in the initial state and for each scenario (4 x [5+1]). 

2.7 Computation of connectivity metrics 

From these graphs, we computed several metrics to quantify functional connectivity at 

different scales. To assess the contribution of land cover changes in MFR plots over the whole study 

area, we compared the Equivalent Connectivity (EC) metric computed from each of the 24 graphs. This 

metric represents the area of the unique patch that would provide species with the same amount of 

reachable habitat as the entire habitat graph, given its degree of subdivision and the resistance of the 

matrix (Saura et al., 2011). It therefore makes all scenarios comparable on a common basis. We used 

the following formula:  

𝐸𝐶 = √∑∑𝑎𝑖𝑎𝑗𝑝𝑖𝑗

𝑛

𝑗=1

𝑛

𝑖=1

 

where n is the total number of patches, ai and aj are the areas of patches i and j, and 𝑝𝑖𝑗  is the dispersal 

probability between i and j when following the least-cost, and potentially indirect, path on the 

landscape graph. 𝑝𝑖𝑗  was calculated with a negative exponential function such that: 

𝑝𝑖𝑗 = 𝑒−𝛼𝑑𝑖𝑗  

where dij is the least-cost distance between i and j, and α (0 < α < 1) sets the shape of the dispersal 

probability exponential decay as dij increases. 
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To quantify connectivity at the scale of each habitat patch, we chose the local metric Interaction Flux 

(IF) (Foltête et al., 2014) which is the local contribution of each patch to the global EC metric. For a 

given patch i, 𝐼𝐹𝑖 is given by: 

𝐼𝐹𝑖 =∑𝑎𝑖𝑎𝑗𝑝𝑖𝑗

𝑛

𝑗=1

 

where n is the total number of patches, ai and aj are the areas of patches i and j, and 𝑝𝑖𝑗  is the dispersal 

probability between i and j, as in the EC metric formula above.  

 Local metrics are computed for habitat patches and therefore prevent from making 

comparisons when species do not share the same habitat patches. To make this comparison between 

species possible, we assigned IF values to each MFR plot. To that end, when a MFR plot overlapped 

several habitat patches, we summed the IF values of each intersected habitat patch to obtain an IF 

value for each MFR plot. Applying this to each taxon and each scenario made the results comparable 

and showed which MFR plots contribute most to connectivity. 

2.8 Patch addition in MFR test plots 

In order to go further in the connectivity analyses at the local level, we carried out additional 

analyses on 40 selected MFR test plots. Among these 40 plots, we aimed at identifying the most 

relevant to consider for implementing measures to improve overall connectivity. For this purpose, we 

implemented a method initially framed by Foltête et al. (2014) to prioritise ecological restoration 

measures, and then implemented by Clauzel et al. (2015) or Tarabon et al. (2021), among others. Here, 

for each of the 40 MFR plots, we added habitat patches, one by one, for the four taxa studies, while 

preserving the existing buildings. Here, we replaced the entire surface excluding buildings of these 40 

MFR plots by habitat for the four taxa studied.  

 We calculated the new global connectivity (EC) values for each of the 40 MFR test plots. 

Comparing these new EC values with the initial values, we ranked the 40 MFR plots according to the 

potential gain in connectivity they would provide if converted into habitat patches. We also compared 

the new IF value with the initial value for each MFR plot.  

To make the outputs of connectivity analysis easier to understand for non-specialist readers 

(Bourgeois et al., 2022), we interpolated the local connectivity metric values across the whole 

landscape matrix, following Sahraoui et al. (2017). This spatial generalisation evaluates the potential 

accessibility of any point (i.e., pixel) of the study area for the four species, based on its connectivity 

with several habitat patches. For each pixel, we summed the weighted IF values of several nearby 

patches, by considering least-cost distances as follows: 

𝑔𝐼𝐹(𝑖)𝑖 =∑𝐼𝐹(𝑗) × 𝜔𝑖𝑗

𝑛

𝑗=1

 

where 𝑔𝐼𝐹(𝑖)is the generalised value of IF for pixel i, and 𝜔𝑖𝑗 is the weighting of patch j for point i. As 

a result, we obtained for each of the four taxa a 1 metre resolution map in the initial state and in the 

final state (after adding new patches on each of the 40 MFR test plots), on which each pixel took a 

value representing its location in the overall connectivity network. We obtain the ranking of the 40 

MFR test plots with regard to their potential gain in connectivity which was not possible from the 

previous methodology (2.7) where everything evolved at the same time. For each of the four taxa, a 
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new map was created, resulting from the calculation of the rate of change between the initial and final 

state for each pixel of the map. 

3. Results 

3.1 Global connectivity metrics 

In reference 1 (Maximum theoretical connectivity), all MFR plots were replaced by habitat 

favourable to each taxon, which increased the area of habitat patches for all taxa (up to twice the initial 

area for Red squirrel). However, for all taxa, the gain in connectivity was lower than the gain in habitat 

area (Figure 3 and Table 1). The difference in relative increases is greater for terrestrial species than 

for flying species. The same connectivity gain trends were observed for scenario 5 (maximum 

restoration), and to a lesser extent for scenario 3 (improve habitat quality). Scenario 4 (improve 

quantity of green spaces with sub-optimal quality), which did not change habitat area but increased 

the overall vegetation quantity, only slightly increased connectivity for the passerines but decreased it 

for the other taxa (Table 1). In the reference 2 (minimum theoretical connectivity), where all MFR plots 

were transformed into impervious surfaces, the rate connectivity loss was higher than the loss of 

habitat for the hedgehog and passerines; and slightly lower for squirrel and moths. All these results 

show that changes between the amount of habitat and the value of EC, depending mainly on both 

taxon dispersal distances and urban matrix changes and are not always strongly correlated (Figure 3 

and Table 1).  

 

Figure 3: Values of global metric EC and habitat patch areas for each focal taxon with variation rates 

between the five scenarios and the initial state (0 % horizontal reference line). 
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Table 1: Values of global metric EC and habitat patches areas for each focal taxon with variation rate 

between scenarios and initial state. 

3.2 Local connectivity metrics 

 For all four taxa, the IF values were higher in the more forested western portion of the study 

area at the initial state (Figures 1 and 4). Overall, despite differences among the four taxa, adding 

habitat patches on plots in the already greener neighbourhoods allowed for a higher potential 

connectivity flux, as compared with additions affecting the most urbanised neighbourhoods (Figure 5). 

Nonetheless, connectivity flux is not explained only by the position in the urban-rural gradient because 

it remains variability in connectivity gains within neighbourhoods (e.g. eastern side of the map). The IF 

metric gain is spatially differentiated according to the taxa studied and shows various spatial pattern. 

For example, the Figure 6 suggests that greening operations could be slightly more effective in the city 

centre (between the rivers Rhône and Saône) for the hedgehog than for the squirrel.  
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Figure 4: IF metric of habitat patches in the initial state for the four focal taxa: European hedgehog (A), 

Red squirrel (B), passerines (C) and moths (D). The class values are the same for all taxa to make maps 

comparable. 
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Figure 5: IF metric in MFR plots for scenario 5 for the four focal taxa: European hedgehog (A), Red 

squirrel (B), passerines (C) and moths (D). The classes values are the same for all taxa to make maps 

comparable. 
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Figure 6: Evolution of IF metric between initial state and scenario 5 for each MFR plot. Examples for 

European hedgehog (A) and Red squirrel (B). 

3.3 Patch addition in MFR test plots 

 Adding a single habitat patch in an MFR plot only affected the global connectivity of the study 

area very slightly. Thus, for the sake of brevity, patch addition results are only reported for hedgehog 

and squirrel, which are the two taxa benefitting from the highest potential connectivity gains. As an 

example, for all taxa and all MFR plots, the largest rate of change was only 0.013%, obtained for 

hedgehogs for MFR plot n°23 (Appendix 5). For each of the 40 MFR test plots, we show the potential 

impact of each patch addition for hedgehogs and squirrels (Figure 7). These maps show that the 

addition of habitat patches in the MFR plots would have been prioritised differently with connectivity 
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evaluations based on a single taxon. For example, in the south-west of the area, MFR plot 25 is one of 

the most interesting for regreening to benefit the red squirrel, whereas it has much less interest for 

the hedgehog. The results are reversed for MFR plot 23, which is close to plot 25. These results also 

show that regreening operations seem to be more effective in improving connectivity in areas that 

already have high connectivity values in the initial state (Figure 4). These trends can also be seen in 

Figures 5, 6 and 8 where the western part of the study area, which was initially greener, offers better 

opportunities to increase the ecological connectivity of the taxa studied. Spatial interpolations show 

the connectivity values obtained per pixel (Figure 8). Since they only represent a theoretical 

connectivity potential, these maps make it possible to show, for each MFR plot and for each taxon, the 

potential increases in connectivity at the scale of the neighbourhood, and not only on the MFR plot 

subject to greening. These calculations could combine multiple taxa by averaging the values obtained 

after normalisation. 

Figure 7: Contributions of each patch addition in 40 MFR test plots to the whole connectivity of the 

study area. The big red circles represent the MFR test plots where greening (with adding habitat 

patches) would be the most efficient for improving global connectivity. 
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Figure 8: Spatial interpolations of the IF metric for each MFR test plot in scenario 5. The pixel values 

depend on the ecological network of each species (cost values, location and size of habitat patches 

and dispersal capacities). The green pixels show the mean value for each pixel for two species after 

normalization of values. 
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4. Discussion 

4.1 The value of MFR plots for global connectivity 

 As urban areas are growing at a sustained pace, maintaining ecological connectivity is crucial 

to maintain biodiversity in the long term (Kong et al., 2010; Rudd et al., 2002; Saura et al., 2019). 

Several studies have already demonstrated the importance of small green spaces in urban areas for 

connectivity (Iojă et al., 2014; Luo et al., 2022; Mimet et al., 2020; Serret et al., 2014) . Nonetheless, to 

our knowledge, none had focused on the importance of vegetation in MFR plots for the study of habitat 

connectivity, despite their strategic location in the urban matrix for ecological networks and human 

well-being. We expected results similar to previous studies on urban green space connectivity since 

MFR plots contribute more than 9 % of the overall vegetation in our study area. Accordingly, we 

showed that green spaces in MFR plots could substantially improve the functional connectivity of 

urban spaces. Indeed, when we removed all these green spaces (reference 2), we logically observed a 

loss of connectivity for all the studied taxa, as other studies simulating new urban areas realistically, 

replacing natural and agricultural spaces by new buildings (Sahraoui et al., 2021; Tannier et al., 2016; 

Tarabon et al., 2020). Our results show that MFR green spaces could be much improved to make them 

more hospitable to biodiversity.  

 In line with studies conducted on private gardens, our results highlight the importance of 

efficiently managing urban green spaces to maintain or increase global ecological connectivity (App et 

al., 2022; Mimet et al., 2020). Indeed, improving habitat quality (S3), or drastically increasing habitat 

areas in these patches (S5) led to connectivity gains twice higher than massive regreening of sealed 

surfaces (up to 68.7% for squirrels in scenario 5). Other studies have demonstrated the importance of 

vacant and underused spaces (bare ground) within patches to biodiversity (Schilling and Logan, 2008; 

Zhang et al., 2019), but shifting management practices of condominium managers in that direction 

could be difficult and hamper progress. 

Our results also showed that the potential for improving connectivity is much greater for 

terrestrial species than for flying species, which are less sensitive to urban matrix permeability 

between habitat fragments under our movement assumptions. Consequently, increasing the 

connectivity of urban green spaces for less mobile species cannot be limited to improving the quality 

of urban habitats. In contrast, when increasing the quantity of greened areas (e.g., in scenario 4), 

connectivity is not or only slightly improved when the new green spaces are not suitable habitats for 

the focal taxa. Therefore, adding only one type of green spaces, with sub-optimal quality in cities also 

falls short in improving overall habitat connectivity. Our use of highly contrasted scenarios showed 

that achieving positive impacts on habitat connectivity for several taxa requires acting jointly at several 

levels. In other words, favouring one conservation measure and pushing it to its extreme falls short in 

reaching optimal conservation outcomes. For example, in the centre town, the scenario 3 does not 

improve significantly the connectivity because green spaces are lacking in the neighbourhood. Finally, 

we believe that the success of greening operations will depend on the targeted taxa, and on the 

location of the MFR plots in the ecological networks. In the city centre, there is a vital need to work on 

both the quantity and quality of green spaces, whereas in the suburbs the priority is rather to work on 

their quality. 

4.2 Spatialising connectivity to guide landscape management policies 

Spatialising connectivity metrics at the local scale identified the MFR plots for which 

connectivity gains (or losses) are most important. While this spatialisation provides useful mapping 

information for management, it must be remembered that it assumes all land cover changes are made 

at the same time, in all patches, which is impossible in reality. This is why targeting on 40 study sites, 
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we illustrate how urban planning could actually orient conservation measures at realistic scales. Our 

methodology of adding habitat patches one by one in each of the focal plots allowed us to rank these 

40 MFR plots according to their contribution to the global connectivity of the ecological network. This 

type of classification can be used to prioritise landscape management policies depending on financial 

resources and political goals. In reality, all four taxa considered should be studied simultaneously. 

Specific measures for four taxa can be developed in a limited number of plots, chosen for example 

according to economic and social feasibility criteria. The selected measures can be optimised by 

working more specifically on the results obtained for each of the simulated scenarios. 

In addition, mapping the connectivity gains achieved over the entire study area showed the 

impact that the management of a plot can have on the surrounding neighbourhood. This type of map 

may be questionable from an ecological point of view, as it highlights areas where species might move 

very rarely. However, it still deserves attention for raising awareness of the concept of ecological 

networks among citizens, planners and politicians (Bourgeois et al., 2022). Making people aware of 

each action that could favour biodiversity at the scale of their residential plot can have significant 

repercussions for the entire ecological network (Cameron et al., 2012). 

4.3 Limitations and perspectives 

 Our approach modelled potential ecological networks without using biological data. While 

modelling ecological networks using least-cost paths has been shown to be relevant in other studies 

(Balbi et al., 2019; Zeller et al., 2012), we are aware of the limitations of this method since it is not 

possible to accurately predict all potential movements of individuals in the landscape. Not all 

fragmenting elements can be considered (e.g., noise, light pollution, urban heat island). Furthermore, 

in a large study area such as ours, it was not possible to identify small fragmenting elements such as 

fences, which can hinder the movements of species, e.g. hedgehogs. Finally, the choice of four taxa 

with different ecological requirements is useful for perceiving the different impacts of our scenarios 

(Lechner et al., 2017), but complicates the interpretation of the results for applying concrete measures. 

This makes it possible to prioritise the locations of interventions but does not give practical instructions 

towards landscape management at the site scale which must be left to the appreciation of ecologists 

and landscapers. In addition, improving habitat connectivity for some target species might crucially 

improve connectivity for “unwanted” species (e.g., alien or invasive species). 

The potential connectivity improvements highlighted by our scenarios lead us to believe that 

by acting in accordance with the human and financial resources available, it is possible to improve 

global connectivity in a targeted and realistic way. We believe that our results can foster actions for 

biodiversity-friendly landscaping. For example, in our scenario 4, we show that simple greening is not 

enough to improve connectivity. In order to have a positive impact on biodiversity, landscaping must 

be carried out correctly by targeting native species, and their needs in terms of landscape composition 

and configuration (Goddard et al., 2013; Mimet et al., 2020; Muratet and Fontaine, 2015). However, 

the quality of these landscapes and their proper management can only be achieved through good 

coordination of gardeners throughout the territory and an evolution of their ecological practices (App 

et al., 2022; Gazzard et al., 2021; Goddard et al., 2010; Van Helden et al., 2020). Our results could also 

be useful for integrating habitat connectivity into planning tools to improve biodiversity indicators at 

the scale of urban development projects (e.g. Masson and Frascaria-Lacoste, 2020). 

5. Conclusion 

 In this work, we targeted a particular type of urban green spaces, the green spaces included in 

multi-family residential (MFR) plots. We assessed the importance of these green spaces for the global 

connectivity of four animal species profiles (European hedgehog, red squirrel, forest-dwelling 
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passerines and grass-dwelling moths) based on the current state of land cover and on five scenarios of 

land cover changes (Maximum Theoretical Connectivity, Minimum Theoretical Connectivity, Improve 

quality of green spaces, Improve quantity of green spaces with sub-optimal quality, Maximum 

restoration). The different evolutions of the global connectivity values obtained for these five scenarios 

in comparison with the initial state showed that:  

- Vegetation in the MFR plots is important for the global connectivity of the network. If they are all 

removed, there is a 4 to 5 % loss of global connectivity for all focal species 

- The regreening of these plots could lead to large potential connectivity gains, depending on the 

strategy (from 6% to 100% gains) 

- Greening the plots without adding habitat patches does not improve connectivity. 

Our results showed that in order to substantially increase connectivity, it is relevant to 

coordinate actions on a network of plots because the effects are non-cumulative and increase 

disproportionately the benefits of regreening actions when they are carried out jointly on several plots. 

Moreover, as the initial state of the neighbourhood's ecological network has a great impact on the 

connectivity benefits observed for each individual plot, these results call for increased efforts in 

neighbourhoods lacking green spaces in order to improve their ecological condition. 

The spatialisation of local connectivity metrics makes it possible to map these results and to 

target priority areas in landscape management. This will create a basis for the design of relevant 

landscaping practices, which would favour the maintenance of ecological connectivity and, 

consequently, the long-term biodiversity of these urban spaces. Finally, maps that clearly show the 

positive impacts of connectivity can be useful for a better inclusion of all citizens and stakeholders in 

decision making. 
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Appendices 

Appendix 1: Land cover classes, cost values and data sources used for each scenario for European 

hedgehog 

See attached file 

Appendix 2: Land cover classes, cost values and data sources used for each scenario for Red squirrel 

See attached file 

Appendix 3: Land cover classes, cost values and data sources used for each scenario for forest-dwelling 

passerines  

See attached file 

Appendix 4: Land cover classes, cost values and data sources used for each scenario for grassland-

dwelling moths 

See attached file 

Appendix 5: Ranking of MFR test-plots with EC metric values for European hedgehog and Red squirrel. 

See attached file 


