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Abstract

:

Planning for sustainable cities involves supporting compact, energy-efficient urban form as well as maintaining attractive and liveable urban landscapes. Attractive cities depend highly on services provided by ecosystems, especially cultural ecosystem services (ES), which give direct benefits to urban citizens. Therefore, access to a diversity of urban functions and publicly available ES by walking and public transport should be considered when planning for sustainable cities. This could be facilitated by user-friendly planning support models. The aim of this study was to develop a GIS-based model for assessing accessibility to ES, more specifically, water-related cultural ecosystem services (WCES), via walking and public transport, with input from stakeholders. The model was applied to the Stockholm region in Sweden. Travel times and census data were used to derive measures and maps of accessibility to prioritised WCES in the region, today and in urbanisation scenarios for 2050. The results showed how access to WCES varied spatially within the region. The number of potential visitors to different WCES sites now and in the future urbanisation scenarios was estimated, and areas in need for future development of the public transport system as well as WCES were identified. The GIS-based accessibility model has potential to be used as planning support in urban planning.
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1. Introduction


Planning for sustainable cities involves supporting compact, energy-efficient urban form while providing attractive and liveable urban landscapes. Addressing this nexus in urban planning is increasingly urgent since more than half of the world’s population is currently living in urban areas and this proportion is predicted to keep increasing [1,2,3]. Attractive cities depend to a large extent on services provided by ecosystems, not at least cultural ES, which are essential for aesthetics, recreation values and liveability of urban landscapes, and give direct benefits to urban citizens [4,5,6]. There are also strong linkages between the general public health of urban residents, physical activity, psychological well-being, and accessibility to green spaces (e.g., [7,8,9]). Many studies of cultural ES have discussed different development strategies and related trade-offs and conflicts, and there is a general consensus that cultural ES should be integrated into planning [10].



While energy and transport efficiency require compact urban form, access to diverse urban functions through walking and public transport is equally important to minimise transport needs [11,12]. A major challenge for planning a sustainable urban development is therefore to simultaneously promote compact, intensely used cities with a minimum of transport, as well as attractive and liveable cities that preserve valuable green and blue space [11,12,13,14,15].



Furthermore, in planning, it is essential to include the spatial characteristics of ES, in order to account for the spatial relation between ES-providing areas and the location of the beneficiaries [16,17,18,19,20]. This is especially important for cultural ES such as recreation that requires users to move to the ES-providing area, in contrast to some ES that can be brought to the beneficiaries [21]. The geographical accessibility of ES can be assessed by analysing travel times between beneficiaries and the ES-providing areas via the transport networks [17,19,20,22]. This can be done with the help of least-cost path analysis in geographical information systems (GIS), which is a functionality that allows the best way between two locations to be identified [18,23].



Mörtberg et al. [22] used GIS to analyse the combined accessibility to jobs and to ES for urban residents in alternative urbanisation scenarios in the Stockholm region. However, as pointed out by these authors, their study did not include public transport which is an important part of the planning support for a sustainable urban development. Public transport is multimodal and need to take into account walking, waiting and use of vehicles with different time schedules. Most previous attempts to use multimodal network analysis to assess accessibility have not accounted for temporal variations in travel times, simply because standard GIS software does not yet support this, although there is potential for it. Instead, average times have been used for transfer time, waiting time and the time spent in vehicles [24].



However, a fairly new data format, general transit feed specification (GTFS), provides new opportunities for handling the temporal dimension of public transport. Online journey planners are typically based on GTFS data. Salonen et al. [25] used the application programming interface (API) of a local journey planner to calculate travel times, hence creating a model accounting for temporal variation. Using the journey planner, they adopted a door-to-door approach and included all aspects of the journey such as waiting times. This was done completely outside GIS. In a slightly different approach, Djurhuus et al. [24] used public transport schedules in a structured query language (SQL) database to calculate travel times and keep track of available departures for different stops, while they used GIS to calculate walking times along a street network.



For planning support, it may however be advantageous to develop tools within GIS in order to facilitate use in the planning process. Executing all functionalities in GIS rather than interchanging between different tools or needing programming skills as in the previously developed models, can make planning support tools more applicable and easy to use. Another approach to integrating transportation models with assessment of urban development scenarios and land use issues, are integrated modelling platforms [26,27,28,29]. Models for access to ES through the multimodal public transport are or can to different extent be integrated in such platforms. In either approach, for integration of emerging sustainability aspects in planning, it is essential that the planning support model can be operated by planners and address urgent issues such as access to ES. Otherwise models may not be effectively integrated into the planning process [30,31,32,33]. Thus, relevant planning support is required when planning for liveable, sustainable cities where ES are preserved and accessible through walking and public transport, in midst of rapid urbanisation and city compaction.



The overall aim of this study was to develop a GIS-based model for assessing accessibility of ES via walking and public transport that could be used as planning support and be easily integrated into the urban planning process. The model was applied to the Stockholm region, including the City of Stockholm, the capital of Sweden. This region can be characterised by green and blue structures that contributes to its attractiveness, an on-going strong population increase, and a policy for compaction of several urban and suburban areas. The specific objectives were to derive knowledge on prioritised ES through stakeholder engagement; and to analyse the accessibility to prioritised ES, specifically WCES, by creating a network model that permitted the calculation of the shortest travel times between defined origins and WCES. From the travel times measures of accessibility could be derived, of WCES in the Stockholm region, today and in urbanisation scenarios for 2050.




2. Materials and Methods


2.1. Study Area


The study area embraced the County of Stockholm including the City of Stockholm, the capital of Sweden, and its surroundings (Figure 1). It covers an area of 6519 km2, consists of 26 municipalities and had a population of around 2.2 million people in 2014. The mean population density was 337 inhabitants/km2 for the County of Stockholm and 3660 inhabitants/km2 for the City of Stockholm by 2015 [34], which illustrate the great variations in population density between the inner city, suburban and peri-urban areas. An important attribute of the region that makes it attractive to residents is its proximity to water and green areas, and it is seen as important to preserve these characteristics for the future (Growth and Regional Planning Administration, GRPA [35]).



The population in the region is growing rapidly and is expected to reach around 3 million by 2050 [34], leading to an urgent need for new housing. As part of the work on the most recent regional development plan, alternative urbanisation scenarios for the year 2050 were developed and analysed ([37] and Office of Regional Planning, ORP [38]). These scenarios included predictions of the population growth with different assumptions regarding net immigration. In the current study, a baseline scenario and a high net immigration scenario were used when making predictions for WCES accessibility by 2050.



The central and inner municipalities of the County of Stockholm were the focus of this study (see Figure 1). Within this area, the population density is already high and planning for a compact urbanisation pattern, with low transportation needs and a high share of walking and public transport, is largely targeted. In 2016, GRPA started working on the next regional development plan, to be used from its implementation until the year 2050 [35]. In this plan, urban sustainability plays an important role, for example requiring the concept of ES to be applied when formulating objectives, discussing demands in the region and suggesting measures for a sustainable development. It also gives water a more prominent role than in the previous regional development plan [35,39].




2.2. Focus Group Workshop


In order to ensure that the method development was highly relevant and useful for supporting urban planning in the study area, a focus group workshop was arranged. In the workshop, eight regional planners from GRPA participated, contributing with knowledge on planning and development of the region. In addition, two representatives from the Swedish Society for Nature Conservation (SSNC) participated, adding a strong environmental perspective. Including this group of stakeholders allowed for gaining an understanding of different perspectives on important WCES in the Stockholm region. The workshop encouraged different stakeholders to discuss and constructively explore their differences and arrive at carefully considered conclusions. The specific objectives of the workshop were to identify prioritised WCES for the County of Stockholm on a regional level that are important to consider when planning for the future, and to specify outputs that might be interesting to derive from the GIS-based accessibility model. A more detailed documentation of the content and discussions at the workshop can be found in the supplementary materials.




2.3. Data


Three types of data are required for a least-cost path analysis of a network: origins, destinations and a transport network with known travel costs, e.g., travel time, along the network. An origin represents the starting point of a trip, a destination is the end point of the trip and transport between the points occurs via the transport network. Two types of origins were used in the current analysis. The main type was centroids of census units, so called base areas, which were assumed to represent all the inhabitants within the base area. These base areas are the units for census data and therefore used in the mentioned predictions of future population changes [36]. For each base area, the population in 2015 and the predicted population in the baseline and high net immigration scenarios for 2050 according to forecasts [37] were available. The analysis was also performed with elementary schools in the county as origins, as a way of assessing accessibility for children [40]. The transport network used consisted of the public transport operated by Storstockholms Lokaltrafik (SL), the public transport provider in County of Stockholm [41]. In addition, to allow pedestrians to walk between stops, a national street network dataset containing streets for cars, cycles and pedestrians was used (Swedish Transport Administration, STA [42]).



Based on the focus group discussions, public bathing sites and departure points for public boats to the archipelago were used as destinations in the analysis. The Swedish Agency for Marine and Water Management (SAMWM [43]) provides data on water quality for bathing sites all over Sweden, including data on location. Municipalities are obliged by law to report the water quality of registered EU bathing sites (bathing sites with an average of more than 200 visitors per day during the bathing season). Municipalities can also choose to monitor other bathing sites and report those to SAMWM. As not all municipalities have all their public bathing sites registered in the SAMWM database, complementary data on bathing sites were requested from the 26 municipalities in the County of Stockholm. Of these, 16 municipalities delivered the requested data. The locations of public archipelago boat stops operated by Waxholmsbolaget were obtained from SL [41]. For visualisation, the GSD overview map [44] was used. An overview of data used in the study is shown in Table 1.




2.4. Creation of a Network Model


The accessibility analysis was performed using the GIS software ArcGIS 10.3 [45]. For the least-cost path analysis, an extension in ArcMap called “Network Analyst” was used. To make it possible to use the GTFS public transport data with the Network Analyst, a prototype toolbox called “Add GTFS to a Network Dataset” was used [46]. This toolbox made it possible to create GIS features of public transport transit lines and stops, as well as creating connectors between public transport stops and a street network, so that walking between the stops can be modelled. It also made it possible to use the generated features in a network model using the time-table data from the GTFS files to calculate travel time.



The public transport GTFS data were transformed into GIS format, i.e., transit lines and stop points, using the “Add GTFS to a Network Dataset” tool. Each public transport stop within 100 m from the street network was snapped to the street by creating a corresponding point on the closest street and connecting the two points with a line. This made it possible to model people walking between public transport stops, e.g., when going from a metro station to a bus stop. A point layer containing the centroid of each base area polygon was created to be used as origins in the network analysis.



Transit lines, stops for public transport, street lines, stops snapped to streets and connectors between streets and public transport stops were used to create a network model. This comprised a dataset where edges (network lines) were linked to each other due to connections at defined junctions and where the cost, in this case travel time, for each edge segment was stored as an attribute. A part of this network with the different types of edges and junctions can be seen in Figure 2.



Three connectivity groups were used for the network, defining rules for movement between different parts of the network. It was assumed that two edges were only connected if they were in the same connectivity group or if they had a common junction that was part of both connectivity groups. Table 2 shows the connectivity groups that were applied. As the table illustrates, these groups made it possible to go from a transit line to a street via a connector, but not for instance to get on or off a bus between two stops.



An attribute storing travel time for each edge segment was created. For the transit line edges, travel was allowed in the forward direction only and the travel times were calculated using the timetable information from the GTFS data with the mentioned tool. For the connectors the travel time was set to 0, as these do not correspond to any real transport. However, a travel time could have been added to model the time it takes to board or get off a vehicle. For street edges, travel time was calculated as


    t  s t r e e t    [  m i n  ]  =   l e n g t h    [ m ]    w a l k s p e e d    [   m  m i n    ]      








and the default value for the parameter “walkspeed” was set to 70 m/min. The main assumptions made when constructing the model were:

	
Public transport network includes transits operated by SL in April 2016.



	
People can access the network via streets and public transport stops.



	
Public transport transit lines can only be accessed via stops.



	
Origins (e.g., base areas centroids) and destinations (e.g., bathing sites) are reachable via the network if they are located within 500 m of a street or a public transport stop.



	
The travel time to a specific destination is uniform within a base area.



	
It is possible to walk between public transport stops via the street network.



	
The walk speed along the street network is 70 m/min.



	
Travel times along public transport transits correspond to time tables.









2.5. Accessibility Calculations


The network model was used to create matrices of the shortest travel time between origins and destinations. The origins and destinations were snapped to the closest street or public transport stop within 500 m. Points further away from the network were not considered accessible. Table 3 lists the matrices produced: their origins, destinations, time of the analysis and a description of the modelled situation. For each matrix, the analysis was run three times: 10 min before the time of analysis, at the time of the analysis and 10 min after. The minimum travel time from the three runs was used. This was done in order to account for the variation in travel time related to departure time.



The travel time matrices were processed into accessibility measures. The base areas were mapped according to the travel time to the closest destination at different points in time, to provide a comparison of access for base areas, in the form of a map of the spatial variation. In order to compare the possibility of variation, the number of accessible destinations (i.e., destinations within 30 min) was mapped. The bathing sites were mapped according to number of potential visitors in 2015, i.e., the number of inhabitants within 30 min travel time. In addition, the number of potential visitors in 2050 was mapped in relation to the 2015 value for both scenarios, as a way of visualising the predicted change in visitor pressure. As a measure of their accessibility for children, the bathing sites were mapped according to number of schools within 30 min.



The sensitivity of the model to some of the parameters set by the user was assessed. The model was used to find the closest destination for each base area centroid at 18:00 on a Thursday with a default walking speed of 70 m/min. It was also run once at the same time but with a walking speed of 80 m/min to assess sensitivity to walking speed, and once with the default walking speed but with the time set to 18:10 to assess the sensitivity to start time.





3. Results


The participants in the focus group workshop pointed out bathing sites and departure points for public archipelago boats as being among the most interesting WCES in the context of urban planning in the County of Stockholm (see Supplementary Materials). For well-planned activities, e.g., a trip to the archipelago or a day at the beach, a destination with a travel time of up to 1 h was considered accessible, while the corresponding limit was thought to be 30 min for activities that are more spontaneous, e.g., a walk or going bathing after work. As children constitute an important part of the population, the workshop participants thought that it would be interesting to perform the analysis with schools as origins, in addition to census units, as a way to assess the accessibility for children.



Figure 3a shows the access to the archipelago per base area represented by the travel time from the base area centroid to the closest public archipelago boat departure point, on a Sunday at 12:00, via the current public transport system. Green colour indicates a travel time up to 30 min, which is regarded as having good access in this study, yellow areas can be seen as having moderate access and orange and red indicate poor access. The proportions of the total population in the region with good access (travel time up to 30 min) to a public archipelago boat departure point in 2015 and 2050 are presented in Table 4. It should be noted that the predicted value for 2050 only considers population growth and not potential changes in the public transport system.



To capture the variation regarding choice of bathing site, the number of destinations within 30 min was estimated. Figure 4a shows the result per base area at 18:00 on a Thursday and Figure 4b the result at 12:00 on a Sunday. Centrally located base areas had more bathing sites within 30 min than those located farther out from the centre. The proportion of the total population of the region having good access to a bathing site in 2015 and 2050 are presented in Table 4.



The potential visitors to each bathing site at 18:00 on a Thursday, defined as the number of inhabitants within 30 min, are shown in Figure 5a. The potential visitors in 2050 for the baseline scenario and the high net immigration scenario, measured as the percentage change compared with 2015, are shown in Figure 5b,c. Destinations with a decrease in potential visitors compared with 2015 are shown in blue, while yellow and red indicate an increase. Figure 5d shows the bathing sites according to number of schools within 30 min travel time via the current public transport system, as a measure of how accessible they are for children.



Three different analyses of model sensitivity to parameter values were performed. Figure 6a shows how the travel time to the closest bathing site changed when the time for the analysis was changed from 18:00 to 18:10 on a Thursday. For many of the base areas, this changed the travel time by between 5 and 10 min and in some cases even more. Figure 6b shows the outcome when the model was run at the same time, 18:00 on a Thursday, but with the walking speed changed from 70 to 80 m/min. For most of the base areas, the effect on the travel time was less than 5 min, but there were also areas with greater differences.




4. Discussion


4.1. Accessiblity to WCES


As expected, travel times to the nearest destination were generally shorter in the most central parts of the Stockholm region and longer farther out from the centre (see Figure 3). However, there were many exceptions to this. Furthermore, as shown in Figure 4, the possibility to choose between several bathing sites within 30 min was mainly limited to the most central parts. This pattern can be explained by the structure of the public transport network combined with the proximity to the destinations. The centre of the City of Stockholm is situated around the land-lock between Lake Mälaren in the west and the Baltic Sea to the east, leading to a general proximity to shorelines. Regarding access to public archipelago boat stops, good access is strictly limited to central Stockholm and the eastern part of the County, located at the edge of the archipelago. In contrast, bathing sites are more evenly distributed across the county, resulting in more widespread access to these.



The structure of the public transport system was reflected in the results, so the farther out the location, the longer between public transport nodes linking to and from the city centre and the poorer the access in the transverse direction. The frequency of departures also decreases farther out from the inner city. Consequently, for someone starting close to central Stockholm there are good possibilities to move in many directions, while the possibilities decline with distance from the centre. Many of the areas identified as having good access to WCES that are not centrally located are most likely in the proximity of other public transport nodes.



The accessibility to public bathing sites with public transport would differ with time. As can be seen in Figure 3, there were visible differences in access to bathing sites between 18:00 on a Thursday and 12:00 on a Sunday. A corresponding pattern is also visible in Figure 4 where the number of accessible public bathing sites per base area is shown. The variation in the fraction of the total regional population having access to public bathing sites between these times amounted to around 6%–7% (Table 4) and can be explained by differences in the public transport schedule. Along many routes there are more frequent departures on weekday afternoons and in early evenings than on a Sunday. However, there are also some exceptions since there are examples of better access on a Sunday. The differences in access were found to be smaller (or none) in the most central parts of the county, due to a generally better supply of public transport.



The access to public archipelago boat stops was more limited than the access to public bathing sites, as can be seen in Figure 3. According to Table 4, around 35% of the total regional population would have access to these boats in 2015 compared with around 70% for bathing sites. In the case of boat stops, it was not seen as relevant to assess the effects of time variation, since the boat stop is only the entry point to the real destination. From one single stop it is possible to reach several destinations in the archipelago, and that is what would cause the main time variations. For both destination types, the access was predicted to decrease by 2050 and more so in the high net immigration scenario than the baseline scenario (Figure 5 and Table 4). The predicted population growth seemed to be greater in areas with poor access than in areas with good access, explaining the decrease in total access. This indicates a need for expansion of the public transport network as well as increasing the provision of publicly available WCES.



The number of potential visitors per bathing site in 2015 (Figure 5a) showed a pattern that can be explained by the concentration of inhabitants along with the high public transport supply in the most central parts of Stockholm, as well as the localisation of the central city close to the shoreline. Substantial changes could be predicted in the number of potential visitors in the scenarios for 2050. In the baseline scenario (Figure 5b) and the high net immigration scenario (Figure 5c), it was not the most central bathing sites, but rather semi-centrally located sites, that would have the highest increase in potential visitors compared with 2015. This might be interesting for planners in terms of whether these bathing sites can be extended and developed to handle an increased amount of visitors or complemented with new public bathing sites to ensure access to valuable WCES for the growing population. Regarding the accessibility for children to public bathing sites, the number of schools within 30 min travel time showed a similar pattern as for the total population (Figure 5d). The sites that were accessible from many schools were located in both central and semi-central parts of the region. Accessibility to ES for children is an essential sustainability perspective that should be further explored and supported in urban planning.




4.2. Model Properties and Development Potential


There are certain limitations of the model in the current study that may cause errors and uncertainties. Several of these limitations are intended to be overcome by further development of the model. One such limitation concerns input data. For instance, the data on bathing sites included all so-called EU bathing sites, which are those with the most visitors, along with those where the municipality has decided to monitor the water quality. However, data on these additional bathing sites managed by the municipality were only obtained from some of the municipalities concerned, and needs to be completed. In addition, there are of course in-official bathing sites not managed by the municipalities that could also be very important service providers. However, for urban planning on a regional level, the provision of public WCES such as bathing sites, accessible through walking and through the public transport network, is a major concern when planning for compact sustainable cities so these are still the most relevant in this context.



The data on streets made it possible to model walking between public transport stops, but may introduce another source of error. For example, some features included in the dataset represent roads that are not possible to walk along in reality, such as highways, and this national dataset may not include all local pedestrian trails and pass-ways. Moreover, the data on public archipelago boat stops only covered the public operator Waxholmsbolaget, but there are other private operators that also offer boat trips to the archipelago. In addition, recreational opportunities of Lake Mälaren, west of Stockholm, were not included.



An additional source of error was the fact that origins (base area centroids and schools) and destinations (bathing sites and archipelago boat stops) were allowed to snap to the network, in order to model them as reachable via the network, even if they were not located directly on the route. This represented a possible error of up to 500 m for the destination and origin, respectively. Assuming that it was possible to walk straight from the true location to the network, at a walking speed of 70 m/min, this would represent a possible error of up to 14 min per journey. For smaller base areas that were also more central, the travel time could be seen as relatively uniform and well represented by the centroid, but for larger base areas this error could be expected to be substantial.



Any model of accessibility through public transport is sensitive to its time schedule. The sensitivity of the model to start time was therefore analysed, so the model was run 10 min earlier and 10 min later as well as at the intended start time (e.g., 17:50, 18:00 and 18:10). The effect of delaying the departure time by only 10 min proved to be of relevance (see Figure 6a). For many of the origins, the travel time changed by more than 5 min and for some even more. This can be seen as a significant uncertainty when using a threshold of accessibility of 30 min. In reality, people tend to plan their trips and leave home at a time that minimises the waiting time at the first stop. The model, on the other hand, started timing the journey at one set time, resulting in some cases in an unrealistically long waiting time at the first stop.



The sensitivity of the walking speed parameter was also analysed (see Figure 6b). A decreased walking speed might just result in a few minutes difference, but could also result in the traveller missing the departure suggested by the journey planner and ending up on a later departure, resulting in a much longer travel time. In reality, walking speed varies between different individuals and 70 m/min, which is equal to 4.2 km/h, can be considered a fairly low speed. However, it could be preferable to set the speed quite low since a person capable of walking very fast can slow down, while the opposite might be impossible.



Assumptions that very much dominated the results of the accessibility analysis were the thresholds that were used, in particular the travel time threshold that separated an accessible destination from an inaccessible one. The accessibility thresholds used here were based on the results of the focus group discussions, but in reality individuals have their own perception of good accessibility. Regarding travel time, the current model cannot specify or limit the proportion of the total travel time that is spent walking or waiting time at stops. This functionality would be interesting to include, and is already developed in similar models [24,25].



The accessibility assessed in this study was the potential geographical accessibility. However, there may be differences between the potential and the actual accessibility, and people might not all choose to visit the destination within the shortest travel time. Moreover, there are other aspects to accessibility in addition to geography, such as social and cultural factors impacting upon people’s choices. The relationship between potential and actual visitors to a site may also be affected by quality aspects of the WCES as well as over-crowding. All these aspects are important for urban planning and should be further elaborated.



Most previous attempts to use multimodal network analysis to assess accessibility have not accounted for temporal variation in travel times, simply because standard GIS software has not yet supported this. However, Djurhuus et al. [24] and Salonen et al. [25] used public transport schedule data to make it possible to consider temporal variation. Both those studies also used a door-to-door approach, attempting to model all aspects of the journey, including getting to and from the first and last stop and walking between stops during transfers along the way. Overall, many sources of uncertainty were introduced in our GIS-based modelling approach. For a global sensitivity and uncertainty analysis of the model, several approaches are available (e.g., [47,48]).



The model presented by Salonen et al. [25] used the start and end point and queried an online journey planner outside GIS. In comparison, our GIS-based model has particularly great freedom as regards modifying the transport network. For example, the street network used for walking can be modified, walking speed can be changed and it is possible to include cycling or add public transport lines. These functionalities are available in the model described by Djurhuus et al. [24]. They programmed many parameters that in our GIS-based model were handled by already existing functionalities. In the current study, by snapping the start point to the closest street and then using the built-in least-cost path solver in the software, the possibility of walking to several stops was considered automatically. All functionalities were executed in GIS and no programming was required, only the combination of existing tools. In terms of planning support, this means that the model can be applied even by those without advanced programming skills.




4.3. The GIS-Based Accessibility Model as Planning Support


In this study, two types of destinations were used for the accessibility assessment, representing prioritised WCES. The choice of these was based on focus group discussions with planners from GRPA and representatives from SSNC (see Supplementary Materials). The choice of WCES was in line with the increased emphasis on ES in the new regional development plan [35], where water is expected to have an important role and the concept of ES should be applied when formulating objectives, discussing demands in the region and suggesting measures for a sustainable development. An emerging focus on WCES was also found in [49], in interviews with stakeholders working with the EU Water Framework Directive (WFD) in the same region, including municipal planners and politicians, NGOs and local farmers. For instance, it was stated that improved recreation values provided the main motivation for long-term commitment of the WFD work, and politicians were willing to make large investments primarily for the value associated with WCES.



In the regional planning for Stockholm, scenarios have been used for comparing possible future urban development trajectories [37,38], which can be used for discussions on demands and suggestions on measures concerning ES. In the current study, we used two such scenarios and the related population forecasts for 2050 [37], and in both the baseline scenario and the high immigration scenario we found an overall decrease in accessibility to WCES. This was caused by a larger predicted population growth within areas with poor access to WCES than in areas with good access. From a planning perspective, this can be interpreted as a demand for WCES that could be met either by expanding the public transport network and/or by providing additional public WCES. Both these measures can be tested with the GIS-based accessibility model.



In the analysis, we assumed that the same public transport network routes and schedules would exist in 2050, even when the population increased. In our model, it would be possible to plan for development of the public transport system by adding or excluding new routes and to test alternative solutions for that. The related changes in accessibility would be possible to assess, provided that GTFS data would be available for the intended transit line or by assuming a travel time for planned routes. Another assumption was that the locations of the destinations with publicly available WCES will remain the same in the scenarios for 2050. Likewise, it would be possible to plan for adding new such locations in suitable sites and to assess their accessibility.



In this study two types of origins, census base areas and elementary schools, were used for the accessibility assessment. The choice of these was also based on the focus group discussions with the stakeholders (see Supplementary Materials). This will enable to compare for instance socio-economic indices with the access to WCES, as an assessment of equality. One other WCES that was identified as important, and that could be included in further analyses, was waterfront walking paths. Access to other user movement-related ES could also be assessed. Another possibility would be to add cycling routes to the network, to define the routes on which it is possible to bring a bike, and assess accessibility for passengers bringing a bike.



For prioritised WCES service areas could be created, which provide access to a certain destination within a specified travel time, including potential beneficiaries of the service. In this way, different possible locations for a new WCES site could be evaluated, which should be useful in planning. The opposite could also be analysed; which destinations can be reached within a certain time from a certain point. This could be used, e.g., to assess which WCES people within a certain residential area could reach within a reasonable travel time. This type of analyses would add to the analysis of flows between ES supply and ES demand areas by, e.g., Bagstad et al. [50]. In addition, the GIS-based accessibility model could address citizens’ access to other urban functions such as work, healthcare, shopping facilities etc., simultaneously with the ES, which would be important for assessing overall sustainability of existing and planned development.



The GIS-based accessibility model could be applied at regional scale, as in the present case, or in municipal planning. It can be used in GIS or it can be integrated in modelling platforms such as the Land Evolution and impact Assessment Model (LEAM, [29]), which can simultaneously address a multitude of sustainability issues, including energy, transport and ecosystems [51]. The flexibility of the GIS-based accessibility model allows it to be easily updated, to include viewpoints and input from a wider group of stakeholders. This in return may result in different outputs and scenarios, i.e., on the most important WCES. Involving a wide range of actors in the planning may result in the development of innovative strategies for sustainable urban development. Additionally, the results could facilitate discussions between planners and stakeholders on future changes and alternative planning measures, and help further develop the planning for sustainable urban development.





5. Conclusions


With an increased emphasis on ES in the new regional development plan of the Stockholm region, the concept of ES should be applied when formulating objectives, discussing demands in the region and suggesting measures for a sustainable development. Specifically, water is expected to have an important role in the planning. Therefore, relevant planning support is required to plan for liveable, sustainable cities where ES, including WCES, are preserved and accessible through walking and public transport. To address this problem, the GIS-based accessibility model was developed to assess the geographical accessibility of WCES via walking and public transport, with input from stakeholders.



In the study area, access to public WCES was better in the central parts. Around 35% of the population of the County of Stockholm was shown to have good access to public archipelago boats, while the proportion was around 70% for bathing sites. This accessibility was predicted to decrease by 2050 if no changes would be made to the public transport system, due to the predicted population growth in areas with poor access to WCES. The parameters of the model can be changed to provide different scenarios, and facilitate discussion between planners on possible future urban development trajectories. The engagement of stakeholders can support better informed planning and decision-making and aid in the path for achieving urban sustainability.
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Figure 1. The study area embraced Stockholm County. The focus area for the discussion, the central and inner municipalities and their surroundings, are situated within the red square (a); while (b) shows the County of Stockholm in Sweden and surrounding countries. Spatial data © Lantmäteriet (I2014/00591) and [36], coordinate system SWEREF 99 TM. 
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Figure 2. Detail of the network that was built in GIS. Spatial data: [41,42], coordinate system SWEREF 99 TM. 
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Figure 3. Travel time to: (a) the closest archipelago boat stop on a Sunday 12:00; (b) bathing site on a Sunday 12:00; and (c) bathing site on a Thursday 18:00 from each base area. Spatial data © Lantmäteriet (I2014/00591) and [36], coordinate system SWEREF 99 TM. 
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Figure 4. Number of public bathing sites within 30 min travel time from each base area on: (a) a Thursday at 18:00; and (b) a Sunday at 12:00. Spatial data © Lantmäteriet (I2014/00591) and [36], coordinate system SWEREF 99 TM. 






Figure 4. Number of public bathing sites within 30 min travel time from each base area on: (a) a Thursday at 18:00; and (b) a Sunday at 12:00. Spatial data © Lantmäteriet (I2014/00591) and [36], coordinate system SWEREF 99 TM.
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Figure 5. Inhabitants within 30 min travel time per bathing site on a Thursday 18:00 in: (a) 2015; and (b) 2050, assuming the baseline scenario; (c) 2050 assuming the high net immigration scenario; and (d) the number of schools within 30 min on a Thursday 14:00 in 2015. Spatial data © Lantmäteriet (I2014/00591) and [43], coordinate system SWEREF 99 TM. 






Figure 5. Inhabitants within 30 min travel time per bathing site on a Thursday 18:00 in: (a) 2015; and (b) 2050, assuming the baseline scenario; (c) 2050 assuming the high net immigration scenario; and (d) the number of schools within 30 min on a Thursday 14:00 in 2015. Spatial data © Lantmäteriet (I2014/00591) and [43], coordinate system SWEREF 99 TM.



[image: Sustainability 09 00346 g005]







[image: Sustainability 09 00346 g006 550] 





Figure 6. Sensitivity expressed as the difference in travel time to the closest bathing site when varying: (a) start time from 18:00 to 18:10; and (b) walking speed from 70 to 80 m/min. Spatial data © Lantmäteriet (I2014/00591) and [36], coordinate system SWEREF 99 TM. 
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Table 1. Data that were used in the study.
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Data

	
Description

	
Source






	
Base areas

	
Polygon shapefile with census units

	
[36]




	
Census data

	
Population size per base area

	
[36]




	
Population forecasts

	
Predicted population size in 2050 per base area

	
[37]




	
Elementary schools

	
Point location of all elementary schools in the region 2014

	
[40]




	
Public transport network

	
GTFS data including spatial information and time tables for public transport operated by SL

	
[41]




	
Street network

	
Line shapefile containing streets for cars, cycles and pedestrians

	
[42]




	
Bathing sites

	
Point location of water quality monitored bathing sites

	
[43]




	
Bathing sites

	
Point location of bathing sites managed by the municipality

	
16 municipalities




	
Archipelago boat departure points

	
GTFS data including location of stops operated by the public archipelago boat agency Waxholmsbolaget

	
[41]




	
Map background elements

	
Land cover and municipality borders in vector format from the GSD overview map

	
[44]
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Table 2. The connectivity groups that were applied when constructing the network in GIS, within which movement between network components was permitted; “X” indicates membership of the connectivity group.
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Network Component

	
Group 1

	
Group 2

	
Group 3






	
Public transport transit lines

	

	

	
X




	
Streets

	
X

	

	




	
Connectors between public transport stops and streets

	

	
X

	




	
Public transport stops

	

	
X

	
X




	
Public transport stops snapped to closest street

	
X

	
X
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Table 3. The travel time matrices that were created.
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Matrix Alias

	
Origins

	
Destinations

	
Time

	
Situation






	
A

	
Base area centroids

	
Bathing sites within 30 min travel time of each origin

	
Thursday 18:00

	
Going swimming after a 9–5 work day




	
B

	
Base area centroids

	
The bathing site within the shortest travel time of each origin

	
Thursday 18:00

	
Going swimming after a 9–5 work day




	
C

	
Base area centroids

	
Bathing sites within 30 min travel time of each origin

	
Sunday 12:00

	
Going swimming in the weekend




	
D

	
Base area centroids

	
The bathing site within the shortest travel time of each origin

	
Sunday 12:00

	
Going swimming in the weekend




	
E

	
Base area centroids

	
The public archipelago boat stop within the shortest travel time of each origin

	
Sunday 12:00

	
Going on an archipelago trip in the weekend




	
F

	
Schools

	
Bathing sites within 30 min travel time of each origin

	
Thursday 14:00

	
Going swimming after school with the youth leisure centre











[image: Table] 





Table 4. Fraction of the total regional population having good access to each destination type, i.e., public archipelago boat stops and public bathing sites.
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2015

	
2050 Baseline Scenario

	
2050 High Net Immigration Scenario






	
Public archipelago boat departure point

	
35%

	
34%

	
33%




	
Bathing site Thursday 18:00

	
73%

	
71%

	
69%




	
Bathing site Sunday 12:00

	
67%

	
64%

	
63%
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