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Abstract

:

Natural rivers in urban areas bear significant potential to provide ecosystem services for the surrounding inhabitants. However, surface sealing by houses and street networks, urban drainage, disposal of waste and wastewater resulting from advancing urbanization usually lead to the deterioration of urban rivers and their riparian areas. This ultimately damages their ability to provide ecosystem services. This paper presents an innovative methodology for a rapid and low-cost assessment of the ecological status of urban rivers and riparian areas in developing countries under data scarce conditions. The methodology uses a combination of field data and freely available high-resolution satellite images to assess three ecological status categories: river hydromorphology, water quality, and riparian land cover. The focus here is on the assessment of proxies for biophysical structures and processes representing ecological functioning that enable urban rivers and riparian areas to provide ecosystem services. These proxies represent a combination of remote sensing land cover- and field-based indicators. Finally, the three ecological status categories are combined to quantify the potential of different river sections to provide regulating ecosystem services. The development and application of the methodology is demonstrated and visualized for each 100 m section of the Pochote River in the City of León, Nicaragua. This spatially distributed information of the ecosystem service potential of individual sections of the urban river and riparian areas can serve as important information for decision making regarding the protection, future use, and city development of these areas, as well as the targeted and tailor-made development of nature-based solutions such as green infrastructure.
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1. Introduction


Ecosystem services are the direct and indirect benefits that people derive from various types of ecosystems [1]. The maintenance and enhancement of ecosystem services is of central interest to societies. According to Potschin and Haines-Young [2], specific ecological and biophysical structures and processes, representing the status of an ecosystem (natural capital), can be conceptually linked to elements of human well-being [3]. A good ecosystem status provides adequate biophysical structures (e.g., for habitats) and facilitates ecological processes (e.g., primary production), while a deteriorated ecosystem status has less potential to provide such functions that ultimately lead to benefits to human beings as ecosystem services.



Recently, there has been increasing scholarly interest (e.g., several special issues of international journals) in the area of ecology and ecosystem services provided by urban areas [4,5,6]. Due to the high population density of urban areas, there is potentially a high demand for ecosystem services, especially those provided in situ [7]. However, urban areas have only recently been considered as potential provisioning areas of ecosystem services [8,9]. Many studies have focused either on, urban green spaces [10], or hydrological ecosystem services of river basins [11]. In contrast, urban rivers and their potential to provide in situ ecosystem services have not been considered to the same extent. Francis (2012; [12]) provides an overview of research on urban rivers highlighting a strong increase in publications on the subject from the 2000s on. However, a large majority deals with urban rivers in industrialized countries and less than 1% addresses ecosystem services of urban rivers. This misses the fact that the potential of rivers and riparian areas in good ecological status to provide ecosystem services, due to their diversity in aquatic and terrestrial biocenosis and biotopes, is much higher compared to other ecosystems [13,14,15].



Although people in developing countries rely more directly on ecosystem services than people in developed countries [16], they are often the ones who degrade ecosystem services they depend on [17]. Thus, urban rivers being largely used for disposal of untreated waste and storm water discharge, as well as local dump sites [18,19]. Nevertheless, the restoration of the physical conditions, and thereby the improvement of ecosystem services, can be worthwhile even from a purely economic point of view [15], especially when the potential benefits of urban rivers are manifold [20]. However, urban rivers in developing countries are still in relatively good physical condition. For example, hydromorphological changes such as channelization or artificial embankments of small and medium-size rivers are often not as advanced as in developed countries [21]. Especially in small- and medium-sized towns, the river morphology and often also the riparian vegetation is in relatively good condition. With increasing urbanization and often-unguided urban development, however, the ecological potential of urban rivers is at increased risk of being lost [22]. Moreover, urban rivers and riparian areas are often encountered in urban-rural transitioning zones representing places of informal settlements. This can be explained because these areas represent still somehow rural living conditions, to satisfy basic needs for water and waste disposal, and offer the potential for agriculture for marginalized city dwellers. Since these areas are often prone to flooding and contamination, they are not priority areas for formal city development but are rather left aside [23].



The concept of ecosystem services encourages problem solving by highlighting the social benefits that intact water bodies and riparian areas can provide [24]. By identifying the potential for ecosystem services, it is assumed that urban water pollution could be reduced and urban rivers in developing and emerging countries could be maintained in more natural state [25]. However, there is no widely accepted methodology for how to evaluate the value of urban rivers and riparian areas in their ability to provide ecosystem services [26].



This publication presents a novel methodology, MAPURES V1.0 (Methodology to Assess the Potential of Urban River Ecosystem Services— Technische Universität Darmstadt, Darmstadt, Germany), to assess the ecological status of urban rivers and riparian areas in developing countries under data scarce conditions in order to derive the potential to provide ecosystem services according to the internationally recognized Common International Classification of Ecosystem Services (CICES) [27]. The developed methodology addresses the need for tools to map and quantify spatial explicitly ecosystem services provided by urban rivers [28]. Based on easily obtainable low-cost field data and freely available high-resolution satellite images three ecological status categories: hydromorphology, river water quality, and riparian land cover are evaluated and related to Urban River Ecosystem Service (URES) using a weighted indicator-based matrix approach. Matrix approaches are widely used to relate ecological indicators such as land cover or other proxies for biophysical structures with the provision potential of ecosystem services [8,29,30,31,32,33,34,35,36,37]. MAPURES V1.0 is being developed in the context of the SEE-URBAN-WATER project (www.tu-darmstadt.de/see-urban-water) as a guiding tool for municipalities in Nicaragua and Costa Rica to highlight the provision of ecosystem services of urban rivers in order to promote their protection. The specific novelty of our approach is the explicit assessment of URES through a combined use of high-resolution remote sensing and field-based data that comprehensively covers different biotic and abiotic realms of rivers, as well as the land cover characteristics of the river corridor. The resulting spatially explicit assessment of URES linked to different ecosystem status categories is new. As a result of applying our approach, important new knowledge is gained regarding the potential benefits urban rivers can provide and whether their provision is endangered or not.



This universal methodology is applied to the case study of the Pochote River in crossing the city of León, Nicaragua, for the regulating ecosystem services of this urban river and its riparian areas. As a result, the potential to provide each identified URES for every 100 m section of the considered river is quantified and can be visualized via geo-referencing. This spatially distributed information of URES potential of individual sections of the urban river and riparian areas can serve as important information for decision making regarding the protection, future use, and city development of these areas as well as the targeted and tailor-made development of nature-based solutions such as green infrastructure. The methodology presented in this publication also supports the rapid appraisal of URES, which can be applied by untrained professionals and with low resource investment. The study represents a first practical application of the CICES framework for an urban river ecosystem in a data-scarce region.




2. Materials and Methods


2.1. Study Area and Raw Data


The Pochote River has its origin in the northern part and limits of the city of León. With about 180,000 inhabitants, León is Nicaragua’s second-largest city, located about 93 km northwest of the country’s capital Managua [38]. While this origin area extends about 20 km to the North-East of the City, the river flows in South-West direction along the city boundary for about 6 km. A few kilometers after leaving the city limits, it confluences with the Chiquito River, another river of the City of León, forming a common river basin that leads to the Pacific Ocean. The climate of the study area (Figure 1) is a tropical savannah climate with a pronounced dry season from November to April and a rainy season from May to October. The average monthly precipitation ranges from 300 to 500 mm. The average daily temperature varies from 27 to 29 °C, with the lowest values found between the months of December and February [39].



The current state of these water bodies is characterized by high levels of contamination due to the disposal of both domestic waste and waste water as well as industrial effluents stemming from the nearby tanneries and slaughterhouses. The Pochote River has recently become part of the urbanized area due to rapid urban expansion throughout the last decades.



The origin of the Pochote River inside the city is comprised of three channels, each having an approximated length of 1 km. Although they are located within a highly urbanized area, the access to the river is partly limited due to a canyon-like topography. On the mid-course, after the three channels have merged, a single stream channel forms meanders and floodplains. These hydro-morphological characteristics have led to different natural conditions surrounding the river and also influenced different formal and informal settlement patterns. As indicated in Figure 1, the settlement diversity along the river shores changes in flow direction from formally and densely urbanized (1) to informal urban-rural transitional (2) and to formal rural settlements (3). Due to this urban and ecological diversity, a highly fragmented landscape exists. The most relevant water-related issues are a consequence of the inefficient operation of the local wastewater treatment plants and sewerage system as well as direct wastewater discharge from households alongshore, hydraulic stress due to surface runoff from sealed surfaces, and uncontrolled garbage burning and disposal [40].



Additionally, the clearing of riparian vegetation is increasingly a problem disturbing the ecology of the river. However, residents, especially those in more rural settlements along the river, use the river water and that of the numerous natural wells in short distance to the river course in their daily lives (e.g., for household duties and livestock needs) [40]. The natural wells deliver significant amounts of clear water to the river even during the dry season when the river is not fed by rainfall at all but only waste water from households. The contribution from natural wells leads to an important dilution of waste water and, together with the natural morphology of the river, results in a continuous improvement of the water quality downstream. This process is regarded as a natural cleaning. It is assumed that a constant natural biodegradation and phytoremediation of (mostly) organic pollutants of discharged household wastewaters occurs when the river water flows downstream. Based on expert insights from different field visits to the Pochote River and the surroundings of León, a flow distance of 10 km was assumed to be necessary to naturally improve the water quality from category 4 (highly polluted) to category 0 (not or barely polluted) if there was no further contamination along this flow distance. This means water quality improved in one category per 2.5 km. Such a water quality improvement of one category could be observed at the western end of the study area over a flow distance of 2.5 km [40]. During a field survey from May to June 2017, the exact course of the Pochote River, as well as geolocations of specific points of interest: solid waste disposal sites, waste water discharges, natural springs and tributaries as well as any constructive modification of the hydromorphology of the river channel (e.g., bridges, weirs, artificial embankments), were georeferenced and recorded. Additionally, a georeferenced photograph was taken for all points of interests, described and documented in an exhaustive photo documentation (see Figure A1 in the Appendix A, and [40]). The points of interest identified in May and June 2017 were validated during several other field surveys between September 2017 and April 2018. Field surveys conducted during both rainy (May–October) and dry season (November–April) revealed additional insights in the seasonality of river flow (e.g., in order to distinguish perennial and ephemeral streams) and permanence of sources of contamination (e.g., the discharge of untreated wastewater) throughout the year. The information gathered during these field survey represents the ‘raw data’ for the assessment of the ecological status of the Pochote River regarding hydromorphological quality and water quality. However, the data collection did not follow a predefined pattern (e.g., every 100 m along the river; see Methodology section) since the objective of the field surveys was to geo-reference the river network, points of contamination, and specific characteristics of river morphology.




2.2. Methodology


The methodology described in this section was developed to be easily adaptable to the data scarcity in the project region. Such data scarcity is typical in developing countries. The proposed methodology and data used allows an easy and low-cost application. However, the methodology can also be applied with other kind of data, e.g., more quantitative and detailed remotely sensed or field data. Figure 2 illustrates the individual steps of the methodology.



The framework is based on the assessment of three ecosystem status categories: ‘water quality’, ‘hydromorphology’, and ‘land cover’. These categories were chosen because they comprehensively cover different biotic and abiotic realms as well as the characteristics of a river corridor. The category ‘water quality’ provides information on the biotic conditions of the aquatic environment. It can be used to qualitatively assess the provision of ecosystem services related to aquatic life in a coherent manner. The ecosystem status category ‘hydromorphology’ covers the dynamics of the abiotic realm of the river corridor. It serves to assess the diversity of habitats and habitat conditions. Important natural hydrodynamics, as well as habitat-changing or -dividing (man-made) disturbances of them (e.g., contouring or transversal structures such as artificial embankments or weirs), as well as the transition of river bed to riparian zone (i.e., aquatic to terrestrial habitats are considered within this category). Finally, the ‘land cover’ category reflects the conditions of the riparian vegetation with the wider river corridor (200 m wide strip). Since, a characterization of vegetative cover of the river corridor (ca. 400,000 m²) in ground work is very labor intensive, a characterization via high-resolution satellite images are used in our methodology to efficiently produce a land cover map.



The ecosystem status is then examined for links to Urban River Ecosystem Services, using the indicators of Maes et al. [34,35] to assess specific URES for the (new) URES biome-related category. In the following, the links of ecosystem status categories to individual URES are defined as weighted multi-criteria equations and used to assess the URES potential of the Pochote River.



In the following, each methodological step from the assessment of ecosystem status over the establishment of a URES categorization to the examination of URES potential is explained in more detail.



2.2.1. Hydromorphological Quality


To determine the hydromorphological quality of individual river sections, a method of the German state working committee LAWA [41] was used in combination with the geo-referenced photographic documentation and photographs from complementary field surveys. The LAWA method is intended for mapping the hydromorphological quality of small- and medium-sized running waters. It has been successfully applied for many rivers in Germany [42]. However, due to the lack of data for the study area, the following subcategories could not be considered: ‘Longitudinal banks’, ‘Special river course structures’, ‘Transversal banks’, ‘Flow diversity’, ‘Depth variance’, ‘Substrate diversity’, ‘Special river bed structure’, ‘Special bank structures)’. In addition, the category ‘River environment’ was not considered, in order to avoid duplication with the land cover assessment. Thus, with the exception of this category, 14 out of 22 subcategories of the LAWA method [41] were considered. The geographic information system QGIS (2.18 LTS, 2016-10 [43]) was used to illustrate the hydromorphological quality based on the LAWA quality classification. Since the river is not wider than 10 m over its whole course, the river was divided into 100 m sections according to the LAWA guidelines (a total of 121 sections). The coloring was also carried out on the basis of these guidelines according to the different hydromorphological quality classes: 1 = ‘unchanged’, 2 = ‘slightly changed’, 3 = ‘moderately changed’, 4 ‘significantly changed’, 5 = ‘strongly changed’, 6 = ‘very strongly changed’, 7 = ‘totally changed’. For the sections in which no photos and no specific local knowledge existed (48 sections), a linear adjustment of the previous and the following section was assumed.




2.2.2. Water Quality


To assess the ecosystem status regarding water quality, a qualitative map with the sources of contamination was created using the available geo-referenced photo documentation [40] and additional site visits. This qualitative evaluation was mainly a visual analysis of the photographs and secondarily based on site descriptions of the geo-referenced photo documentation. For water quality rating, a categorization was generated: category 0 ‘barely or not polluted’ for visibly clear water, up to category 4 ‘highly polluted’ for milky whitish colored water and/or foaming water. The addition ‘seasonally’ was used if there were discharges in photos in the rainy season, but absent in photos of the dry season or if the photos gave cause for this addition for other reasons. The classes which were created for the classification can be seen in Table 1. The map resulting from this processing is shown in Figure 3.



To produce a map for the water quality from this map, the same 100 m sections that had already been introduced for the hydromorphological quality classification were used. The classification of contamination was retained for water quality. The water quality of individual river branches contributing to the main river was assumed to be in class 1 (seasonally polluted) in the urban regions and class 0 (not or barely polluted) in the non-urban regions. This is based on the assumption that the proportion of urban surface water in the urban spring regions is likely to be relatively high—and thus of poorer quality—due to surface sealing and in the non-urban spring regions it mainly consists of groundwater, which is assumed to be of better quality. Since no quantitative discharge data were available, the water quality at points of confluence of river branches and the main river was calculated using the volume ratio (R) between the (visual) discharge of the main river section and the discharge of a tributary or an affluent. This ratio was determined visually on the basis of photographs at 4 confluences of river branches, 59 spring water inflows (water quality class 0 in Figure 3) and 17 waste water discharges (water quality classes 1–4 in Figure 3). The visual assessment of water quality applied here is similar to the Secchi Disc method (Forel-Ule scale) [44,45] and black disc method [46,47], both common methods to visually determine surface water transparency and quality, the visual estimation of the relative ratio between river and tributary flow was based on expert knowledge of typical flows by given cross-sections. The pollution class for the river section after the confluence is calculated depending on the volume ratio and the pollution classes. To simplify the calculations, values between 0 and 1 were assigned to the individual water quality classes (Table 2). Additionally, a natural cleaning factor (N) was also assumed to clean the river from category 4 to category 0 in 10 km. The calculations were carried out starting at the sources of each river branch (source areas) that contributes to the main river. For each confluence with an affluent or a tributary, the water quality value of the river section was estimated using the aforementioned visual volume ratio (R) of the discharge to the previous section. This procedure is described below in formula (1) and (2).


WQnc,j=1−Rtr,j⋅WQnc,j−1⋅1−∑iRdi,i,j+∑WQdi,i,j⋅Rdi,i,j+WQtr,j⋅Rtr,j



(1)







i = Number of discharge in one section



j = Number of section



WQnc = Water quality value without applied cleaning factor (-)



WQdi = Water quality value of discharge (-)



WQtr = Water quality value of tributary (-)



Rtr = Visual volume ratio between the tributary and the main river (-)



Rdi = Visual volume ratio between the discharge and the tributary/main river (-)


WQj=WQnc,j+N∗l100



(2)







WQ = Water quality value (with applied cleaning factor) (-)



N = Natural cleaning factor (1/m)



l = Section length (m)



In addition, an upper limit for the water quality value of 1 was introduced as the quality cannot increase above this optimal value. After all calculations, the values were then assigned to the water quality classes (see Table 1) using class limit values.




2.2.3. Land Cover


A land cover analysis of 100 m buffer strips on both sides of the river (study area; see Figure 1) was carried out in order to assess the vegetative status of the riparian corridor of the Pochote River. To be able to analyze even very small-scale structures and patches, which are very common in urban river environments, high-resolution satellite images provided by Google Earth were used. An innovative methodology for land cover classification on the basis of these available, which are freely available for non-commercial uses, was developed (see Figure A2 in the Appendix A).



First of all, an orthogonal bird’s-eye view image of the study area was generated using Google Earth (Google LLC, Mountain View, CA, USA—Version: 7.3 Desktop) and exported in jpg-format. The chosen image was taken during the dry season, specifically on 26 January 2017 (Digital Globe, GeoEye1–Digital Globe, Denver, CO, USA). The advantage provided by using an image during dry season is that is shows a greater contrast between the evergreen trees and other perennial vegetation and agriculture areas, making it easier to discriminate between these types of vegetation. In addition, the image is relatively up-to-date. The image was then edited for land cover classification with the GNU Image Manipulation Program (GIMP) (Version 2.8, 2017-05, GIMP Development Team [48]), a widely used software program for image editing. At the beginning, the satellite image was imported into GIMP and roughly cropped to the study area. Then the ‘Select by Color Tool’ (GIMP Development Team) was used to select and colorize one area type after the other. After that small adjustments were necessary i.e., to have only three different colors in the selected area. This serves for easier handling and error minimization in QGIS. For the same purpose, the color palette was reduced to only three colors before being exported as a .png file with the ‘8bpc GRAY’ (GIMP Development Team) pixel format. Then the original satellite image was opened with the ‘Georeferencer GDAL’ plugin (QGIS Development Team) and geo-referencing points were determined using the ‘OpenLayers Plugin’ (QGIS Development Team) [49]. These geo-referencing points were used to geo-reference (WGS84 ESPG: 4326) the produced map (exported .png file) to obtain the same dimensions as the original satellite image. The resulting raster was finally cropped to the study area (with a 100 m buffer zone on both sides of the river) and also divided into 100 m sections in QGIS. For this purpose, the layer of the study area had to be divided into the same 100 m sections as the other two ecosystem status categories. Then the 100 m section layer could be cut with the raster to achieve the desired result. The resulting land cover map representing, in addition to Hydromorphological and water quality, the third ecosystem status category used to derive the ecosystem service potential of the Pochote River. To use the land cover classes as input data for the assessment of ecosystem service potential, the following unified values are assigned to the three land use classes ‘high and perennial vegetation’ = 1.0, ‘low vegetation’ = 0.6. and the ‘built-up’ = 0. These values are based on the assumption that ‘built-up’ area has no potential to provide ecosystem services at all (value 0), while ‘high and perennial vegetation’ has the full potential (value 1.0) to provide ecosystem services. ‘Low vegetation’ (i.e., seasonally disappearing) is considered to be disturbed vegetation that can only provide a certain degree (here 0.6) of the total potential of ecosystem services. The value 0.6 was chosen to indicate that the potential of ‘low vegetation’ is still closer to the potential of ‘high vegetation’ than to that of the ‘built-up’ area.



Figure A2 in the Appendix A contains a detailed step-by-step description of the work flow that was applied to reach the land cover classification for the study area.




2.2.4. Urban River Ecosystem Services Categorization


An identification and categorization for URES is required since this category of ES has not been explicitly defined yet. This newly defined category of URES represents a urban terrestrial aquatic specific selection of ES classes defined in the Common International Classification of Ecosystem Services (CICES) [27]. To generate this new categorization, categorizations for urban ES and river ES classes (as part of the fresh water ES categorization of Maes et al. [34,35]) were combined, except those ES classes with groundwater relation. Urban river ecosystems are also linked to the non-urban river ecosystems of the river by dynamic abiotic processes. In addition, urban ecosystems can be located anywhere in the city, including along the river (e.g., park trees and allotments). The idea of a simple combination of river ecosystem services and urban ecosystem services is based on these two circumstances. Groundwater-related services were not considered explicitly, because they are not considered part of river ecosystem services, although groundwater use by bank filtration is possible [2]. Only those services for which indicators were available have been selected, to ensure unambiguity, consistency, and ease of use as indicators do not need to be developed. This selection has been adapted to the latest CICES version (CICES V5.1) using the CICES spreadsheet [50] representing the URES categorization referred to in this publication (Table S1 in the Supplementary Materials).




2.2.5. Links between URES and Ecosystem Status Categories


To calculate the potential of urban rivers to provide ecosystem services on the basis of ecosystem status categories using the previously determined conditions for each of the Urban River Ecosystem Services (URES), it was necessary to normalize the different categories. As with the water quality category, values between 0 and 1 were chosen (Table 2), allowing the results of the status to be expressed in percentage.



Since the water quality contains a constant cleaning factor instead of a value based on the heterogeneous hydromorphology and since these two categories are spatially strongly separated from the land cover, it is assumed that all the categories are only slightly interdependent. This independence given by the survey methods allowed for development of a simple matrix linking ecosystem status categories with URES via weighting factors (Table 3). The assessment of ecosystem services based on land cover respectively habitats by matrices is a commonly used method [51,52,53]. New in this work is that the matrix from Table 3 translates not only land cover but also water quality and hydromorphological quality into the potential to provide ecosystem services. The weighting factors are based on the combination of URES indicators (Table S1; originated from Maes et al. [34,35]) and findings from site visits, expert opinions and the experiences of knowledgeable local residents. The scarce data did not allow making appropriate statements about some of the initially selected URES that is why some in the table were greyed out. The decision on how the general development of the weighting factors is to be determined is briefly explained below using individual ecosystem services as examples. According to Table S1 the same indicators are commonly used for the services ‘Bio-remediation by micro-organisms, algae, plants, and animals’ and ‘Filtration/sequestration/storage/accumulation by micro-organisms, algae, plants, and animals’, ranging from indicators of the general ecological status and specific indicators of water quality and to the area occupied by riparian forests. Therefore, all three ecosystem status categories can be assigned to these two URES. Since all three also link to other different indicators (i.e., all cover their own area, they are added to one third each).



Since no temperature values were measured, only the ‘Leaf Area Index’ can be considered for the ‘Regulation of temperature and humidity, including ventilation and transpiration’ service (Table S1). Therefore, land cover is linked to this service as it is very similar to the Leaf Area Index.



There is a whole range of indicators for the ‘Characteristics of living systems that enable activities promoting health, recuperation or enjoyment through passive or observational interactions’ services. The only indicator related to the ecosystem status categories considered here is ‘bathing water quality’, which could be determined by water quality. However, since there are so many various indicators here, it makes little sense to use water quality alone. Hence, this URES class will not be considered in this study.



Regarding the ‘Characteristics of living systems that enable aesthetic experiences’ service, surveys of the population on how beautiful they find the surroundings around the Pochote River have yet to be collected.



As can be seen in the table, indicators for provisioning and cultural URES could not be directly linked to the ecosystem status categories considered in this study and are therefore neglected.



The following formula shows how URES for each 100 m river section are calculated based on a weighted contribution of values for the three ecosystem status categories:


URESj,k=HQj⋅hqk+WQj⋅wqk+LCj⋅lckhqk+wqk+lck



(3)







k = Type of URES



j = Number of section



URES = Urban River Ecosystem Service (-)



HQ = Hydromorphological quality value (-)



hq = Hydromorphological quality weighting factor (-)



WQ = Water quality value (-)



wq = Water quality weighting factor (-)



LC = Land cover value (-)



lc = Land cover weighting factor (-)






3. Results


The application of the methodology described in the preceding section produced three ecosystem status maps (hydromorphological status, water quality and land cover), which are intermediate results, and potential URES maps, one for each of the ecosystem service assessed, which are final results.



3.1. Ecosystem Status Categories


For the hydromorphological quality (top image in Figure 4), the river can be classified as good almost over its entire length, as the hydromorphological quality rarely goes beyond class 3, with the exception of the densely populated area in the northeast and due to a few individual structural elements along the river. A strongly meandering section at the middle course of the river as well as the last tributary (stemming from the Botanic Garden) that confluences with the main river in the southwest are classified as “unchanged”, reflecting the highest potential to provided hydromorphology related URES.



The central image of Figure 4 shows, based on the methodology presented in Section 2.2.2, the water quality per 100 m river section in the study area. Similar to the hydromorphological quality, it is significantly worse in the densely populated area in the northeast. The presence of several highly polluted (classes 3 and 4) river sections within this area, and better water quality classes farther away from it, corresponds well to the empirical evidence from field surveys and seems logical. Abrupt improvements from one river section to the following one are a result from a high number of fresh water sources (natural wells) that reduce the concentration of contaminants due to dilution. From the strongly meandering middle course of the river on several natural wells contribute (apparently) clean water to the main river. This correlates with an increasing distance of the river to the urbanized area when flowing downstream. The downstream trend in cleaner river sections can be explained by the self-purification of the river, assumed to be natural cleaning, as explained in Section 2.1, and the continuous contribution of discharge from natural wells.



The bottom image in Figure 4 illustrates the land cover for each 100 m long and 100 m wide section, high vegetation is shown in dark green (72%), low vegetation in light green (22%), and the built-up area in brown (6%). Here it becomes apparent that there is a relatively large amount of high vegetation around the river, which is a sign of a relatively good and undisturbed ecological status. However, in the northeast region, urbanization has reached the river corridor and the presence of low vegetation in these areas can be explained by cutting down of trees by the neighboring population for fire and construction wood.



If all ecosystem status categories are compared with each other, it is also noticeable that the respectively better rated locations are congruent with each other. The same can be seen for both the moderately and poorly rated sites.




3.2. Ecosystem Service Potential of the Pochote River


Based on the previous considerations and calculations, maps illustrating the potential of individual river sections to provide URES were generated (Figure 5). The potential is expressed as a percentage of a theoretically possible potential for the entire study area (131 river sections). In this specific case of the Pochote River it can be seen that for the selected ecosystem services all have a relatively good potential. However, a closer look at the detailed spatial mapping of URES per river section reveals interesting insights. River sections located very close to built-up areas or where built-up areas invade the river corridor coincide with river sections of high water pollution levels and low hydromorphological quality. This combination of bad ecosystem status in all three evaluated categories results in the lowest URES potential of all river sections. This is the case for river sections of the southern and northern river branches of the source area (URES potential of only 30–40% to 40–50% for (a) and (d), 50–60% to 60–70% for (b) and (c)).



The lowest hydromorphological quality of river sections which are surrounded by urbanized areas (river sections of the southern river branch of the source area) seems very reasonable because hydromorphological quality is mostly impaired by hydraulic stress caused by storm water drainage from built-up areas and sediment input (often construction material but also solid waste) from these areas. Other sections with low hydromorphological quality are a result of constructive changes to the river bed (e.g., narrowing of the river bed, weirs, and bridges). These sections are located in the northern river branch of the source area and at the 90° south turn of the river when it enters the last third of the study area.



Lower quality of land cover of the river corridor and resulting lower URES potential of URES only related to this ecosystem status category, group (b) in Figure 5, is a result of built-up areas invading the river corridor or streets crossing the river (both can be observed in Figure 4). Here it needs to be stressed that the URES potential of this group is solely impaired by the presence of humans (built-up are mostly for housing) while for this group of URES (Noise attenuation & Hydrological cycle and water flow regulation & Regulation of temperature and humidity, including ventilation, and transpiration) proximity of beneficiaries to the service provision is specifically important to experience them.



Poor water quality partly originates from direct household waste water discharges where urban areas surround river sections; however, its impact on URES potential persists to river sections further downstream because water quality improves only to a low degree because of the assumed natural cleaning or when clean water of natural wells enters the river and dilutes water contamination. This can be observed in URES potential dependent on water quality at river sections of the middle course of the river before URES potential is improved by higher hydromorphological quality of a dynamically meandering part of the river (Figure 5). Additionally, poor performing waste water treatment plants as centralized facilities built downstream of settlement areas impair water quality and related URES at points further away from built-up areas. This can be observed in the deteriorating URES groups (a), (c) and (d) at the 90° south turn of the river when it enters the last third of the study area in Figure 5.



River sections with very high potential to provide URES (> 80%) are located at the confluence of the three river branches in the source area, along the strongly meandering middle course, and in the downstream area where two tributaries join the main river. The tributaries form part of the botanic garden, a protected nature reserve, where all three ecosystem categories are in a very good status. Along the middle course very good hydromorphological quality and presence of high vegetation land cover result in high URES potential. At the confluence of the three river branches in the source area, very good land cover quality is the reason for high URES potential, specifically of group (b) (noise attenuation & Hydrological cycle and water flow regulation & Regulation of temperature and humidity, including ventilation, and transpiration).



The variability in URES potential of different river sections indicates the influence of the different ecosystem status categories. Except for URES of group (b), all URES depend on a combination of ecosystem status categories. For the selected regulating URES, land cover and hydromorphology are at least equally as important as water quality. Since the considered river still preserves a good status of land cover and hydromorphology, URES potential is in most parts fairly high. If directly water quality related provisioning URES, e.g., surface water for drinking, were considered in this study, URES potential would very low for most river sections.



While Figure 5 shows a spatial distribution, Figure 6 represents distributive characteristics (maxima, minima, outliers, mean and median values, standard deviation) of all river sections as box plots for the assessed URES.



Since several URES are linked in the same way to the three ecosystem status categories, their statistical distributions are the same. This is revealed in the box plots in Figure 6.



As can be seen, there are outliers of lower URES potential for all URES. These outliers represent river sections close to built-up areas which are suffering from urban contamination and loss vegetative cover. The outliers for noise attenuation, hydrological regulation and regulation of temperature/humidity are most pronounced. Here the impact of a severe land cover loss is the reason for a low URES potential. However, for the same URES the majority of river sections have an URES potential above 90% highlighting that large parts of the river corridor still preserve a high amount of high vegetation and low or no urban impact so far. Moreover, there are individual river sections with a potential above 90% for all URES. The river has the lowest median potential in the provision of the URES ‘Bio-remediation’, ‘Filtration’ and ‘Regulation of Chemical Condition’. The absolute lowest potential of a URES for all river sections is related to the provision of ‘Regulation of Chemical Condition’, with 40% resulting from poor water quality and altered land cover, in addition to a strongly changed hydromorphology.





4. Discussion


To introduce a low-cost and easy-to-use methodology for assessing the potential of urban rivers and riparian areas to provide ecosystem services was the main objective of this study. The methodology is based on the use of a combination of easily obtained field information and readily accessible remote-sensing data. The following discussion will focus on the representativeness of the data used as well as the advantages and disadvantages of the developed methodology. Possibilities for improvements in data collection, use of data, and application of the methodology are considered. The established link between revealed ecosystem status data and urban ecosystem service potential will also be critically discussed. This represents the basis for the interpretation and discussion of the results. Finally, future research directions are highlighted.



4.1. Potential of the Pochote River to Provide Ecosystem Services and Comparison with Other Assessment Methods


Although the selected URES are in relatively good condition, there is still potential for improvement. Looking at the ES status maps (ecosystem status for the different categories), it is noticeable that the biggest negative influence on the URES, in the case of the Pochote River, is water quality. This indicates that there is still great potential for improvement of the river, as it is relatively easier and quicker to improve water quality, in comparison to restoring riparian vegetation/reverse surface sealing and the poor hydromophological quality. Even if the river is in general in a relatively good condition, it is still relatively variable over the entire route. This results in different potentials, which is clearly evident from the ecosystem services status maps. Therefore, it would be possible to use the area in the northeast preferably for local recreation. In contrast, the area in the southwest where the two tributaries are still very close to nature would be worthwhile, returning it completely to nature in order to use it for educational purposes or to promote natural cleaning. In addition to the location of the hotspots, the general picture of the quality of the URES shows that there are only a few outliers downwards. The fact that the median of each of the URES is above the mean value also confirms the relatively good quality of the URES considered. It should also be noted that the median for all URES considered is between 78% and 90% and thus relatively high.



Lüke and Hack [39] carried out a comparative study with commonly used models to assess hydrological ecosystem services of the larger Chiquito River Basin of which the Pochote River is part of. The study compares data requirements and model performance of the Soil Water Assessment Tool (SWAT; SWAT Development Team, Temple, TX, USA), a typical hydrological model, and the RIOS model (Natural Capital Project Development Team, Stanford, CA, USA), a specialized ecosystem service model, to model provision and demand of hydrological ecosystem services within the river basin. The urban area of León is considered in both models as built-up, impacting the provision of ecosystem services. In the RIOS model, the demand for ecosystem services of the city’s population is also considered. Compared to our study, the spatial scale of assessment is much larger, the river corridor is not considered as specific provisioning area of ecosystem services, and the focus is on quantification of supply and demand of services instead on the potential to provide services for urban populations. Both studies are rather complementary. Besides this study no other studies of this river basin have been published.



The use of models, traditional hydrological or specific ecosystem service models, for the assessment of freshwater ecosystem services is very common. As pointed out in the study of Lüke and Hack [39], data requirements and spatial resolution can vary a lot. Vigerstol and Aukema [54] stress that traditional hydrological tools provide more detail whereas ecosystem services tools tend to be more accessible to non-experts and can provide a good general picture of these ecosystem services. However, the compared commonly used models a limited to a spatial resolution above 30 m per pixel. Thus, these models are not developed for a detailed study of the services provided by urban river corridors as it is the case of our methodology.



Contrary to hydrological studies, ecosystem services of urban areas are often assessed at smaller spatial scales as a meta study of Schwarz et al. [4] documents. Although the very small scale of these assessments allows to identify the diversity of ecosystem service provision in an urban context, processes connected to larger spatial scales, e.g., regulation of hydrological flows or bio-remediation, are not considered.



Our study is regarding the spatial resolution and consideration of ecosystem services connecting different spatial scale in between of the study of Lüke and Hack [39] and Schwarz et al. [4]. This makes it possible to consider the “meso-scale” of an urban river corridor. We argue that this spatial scale in an urban river context is specifically relevant for local policy making as it can be easily related to urban planning, e.g., development of residential areas or street networks, and to specific development issues such as flooding, water contamination or loss of riparian habitat.



The way we translate ecosystem status to URES is through a weighted ecosystem service provision matrix. Typically, such matrices link land cover types, derived from satellite imagery or aerial photographs, with ecosystem service potential [53]. As in our ecosystem status category “land cover”, lower vegetation (e.g., pasture) usually has lower potential to provide regulating services than higher vegetation (e.g., forest) [32]. The weights of the matrix are commonly provided by experts [53], just as in our case.



Shuker et al. [55] developed a set of tools to assess and communicate the biophysical condition of river and riparian habitat in urban catchments. For the assessment, information collected using the Urban River Survey, a habitat survey designed for application to 500 m stretches of urban river corridor, and comprise a series of aggregate indices, three classifications relating to the materials, habitat and vegetation characteristics of urban river stretches, which contribute to an overall score, the Stretch Habitat Quality Index [55]. The tool set was applied to tributaries of the River Thames within London. While the tool of Shuker et al. uses a variety of indicators related to hydromorphology, riparian land cover (50 m width on both sides), and water quality similar to our approach, it is based on field visits alone, and with 500 m stretches, it has a much coarser spatial resolution. The coarser spatial resolution is possibly a result of a much more detailed and expert-guided assessment of indicators. In contrast, our approach, which is designed for a developing country context with pronounced resource constraints, is based on easily collectable field data and freely available satellite imagery. This information is combined to assess the potential of URES in order to provide relevant information for decision-making.



Other studies, such as that of Lundy and Wade [56], categorize urban water bodies with regard to their degree of naturalness (e.g., channelized water courses, natural and restored water courses), without a specific assessment of the ecosystem status, and related them to the provision of ecosystem services. This procedure seems useful to stress the benefits of urban rivers, but it is less suitable to guide decision-makers to take specific protective measure for river section where service provision is at risk.



The combination of land cover, water quality and hydromorphology in a three-dimensional service potential matrix is particularly new. With the combined use of land cover/land use-based and field-based indicators, the limitations of using only land-cover and land-use-based indicators identified by scholars of the field [7] are overcome. Our approach preserves the advantage of matrix-based assessments in illustrating complex service provision in an easily accessible manner, e.g., in policy-making context, while including additional ecosystem status categories of relevance for urban rivers.



Rivers in urban areas of developing countries are often threatened to become part of the sewer and storm water drainage system of cities. In this way, important URES are lost. In rapidly and unplanned urbanizing areas, rivers and their remaining corridors are often the only source of these ecosystem services. Ward and Winter [57] revealed, in a study in Cape Town, South Africa, that residents have a poor understanding of the linkages between what they do on the land and the impacts on urban rivers (‘missing link’). A shift in focus from solely (often poorly maintained) technical solutions to avoid damage towards socio-ecological benefits that result from good ecological status could help to trigger better conservation of urban rivers. Our methodology intends to highlight the potential of urban rivers to provide ecosystem services with low data requirements and without specialized tools. The comparatively high spatial resolution with URES potential per 100 m river section allows policy makers to address specific conservation actions and to prioritize them. Since urban areas both impact and benefit from URES, the study results can facilitate the communication of trade-offs. Specifically, the study results bear important information for the planning of future urbanization. As the river corridor potentially provides essential URES it could be prioritized for conservation instead of further urbanization. Knowledge of the potential to provide URES allows the sustainable integration of rivers in urban landscapes for the benefit of both—ecosystems and city dwellers [56]. Preserving the riparian corridor can than increase well-being due to its positive influence on, e.g., residential quality and its recreational potential. Since river restoration is not yet fully on the agenda in developing countries, the explicit highlighting of URES adds valuable arguments to integrate sustainable management and conservation concepts to urban development planning.



Collier et al. [19] included in their study of the Capibaribe River in São Lourenço da Mata, Brazil, besides land cover and water quality information also local knowledge and perceptions based on semi-structured resident interviews focusing on their relationship to the urban river. Although this study is lacking a detailed assessment of the bio-physical conditions of the hydromorphology and riparian vegetation, it includes additional information on resident’s perceptions of benefits derived from the river. It would be interesting to contrast our ecosystem status-based URES potential with perceptions of service provision and demand of local residents.




4.2. Discussion and Recommendation of Improvements Regarding the Data and Methodology Used


The principal idea of the methodology for the assessment of the potential to provide URES presented here, is that it should be based on either readily available or easily collectable data at low cost. Qualitative and also quantitative (e.g., in the case of land cover) information on the three considered ecosystem status categories can easily be redacted or collected at low cost through field visits and freely available satellite images. Neither expert knowledge nor costly equipment is required for doing this. For this reason, we believe that it is a methodology that can be used by local government members or other public institutions in developing countries. For this reason, the data described in Section 2 was used and the methodology accordingly (data-driven) developed. However, the results are only as good as input data and suitability of methodology applied. These two aspects need to be discussed in detail.



Regarding the raw data on the ecological status of the river, not for every 100 m section data in form of photographs and the geo-localized photo documentation was available. Therefore, with some exceptions, a linear approximation between the evaluated 100 m sections was assumed. To advance the methodology, a photo should be taken from a specified angle at suitable intervals, e.g., every 50 or 100 m. This standardization could provide superior hydromorphological quality evaluation.



To determine the water quality, the number of data points was sufficient for this simple type of survey, as data were available for each discharge. However, with the applied visual classification, the use of a standardized color scale could improve the data quality and reduce potential subjectivity in visual color interpretation with little additional effort.



Even though the land cover scores provided relatively high resolution (ca. 1.5 m × 1.5 m geo-localized pixels), it was still a semi-automatic method. No general statements can be made about the accuracy of the new development of the land cover classification. This is due to the fact that this methodology is to a certain extent trial and error and that the application of the classification has been adjusted until its result has been considered satisfactory for the observation area. A random check of four different sections in the study area using the original Google map showed an accuracy of 95.6% to 99.8%. Therefore, it would be desirable for future applications to develop a guidance with precise settings to increase the degree of automatization and applicability of this method as well as to quantify the accuracy of this method in general.



Using Google Earth images for land cover analysis in the river corridor allows a very high-resolution classification which is of special importance for identifying very small-scale structures within a relatively narrow area. This high resolution is actually needed to recognize even smaller impacts commonly observed when urbanization occurs. The land cover classification used for this study efficiently revealed and quantified small-scale structures such as paths crossing the river corridor, individual buildings and riparian vegetation clearings. This represents a valuable contribution of remote sensing to facilitate assessments of urban river ecosystem services. Additionally, the use of Google Earth images, which are freely available for non-commercial use, as proposed in our study is an important source of information for many regions in the world where official land cover data of high resolution is often missing.



For future applications without the resource and information constraints of the study presented here, other remote sensing data, e.g., provided by other satellite missions or unmanned aerial vehicles (UAV), can be incorporated in the presented method in the same way as the Google Earth images to assess the ecosystem status concerning land cover. Other data can potentially provide more detail on land cover structures, e.g., Leaf Area Index (LAI) or vegetation stress status. UAV equipped with Light Detection And Ranging (LIDAR) or multispectral cameras could possibly provide information also to assess the other two ecosystem status categories considered in our methodology, hydromorphological quality and water quality respectively.



Thus, the data described here is of relatively good quality and/or the methods of collecting them can be easily improved. However, as soon as the transformation into the URES takes place, several assumptions are made. Since all these data can be collected quickly and inexpensively, the URES survey method is well suited for a rough analysis of the current state of the study area and should also be regarded as such. Thus, this method can be used for the purpose of searching for a suitable field of research or action. Furthermore, the ES status maps should not be regarded as a general state of ecosystem services in the study area, as only a small selection of the URES was covered. It should also be mentioned that these are only ‘Regulation & Maintenance’ URES. However, the underlying ecosystem status data can be extended with little effort so that statements can be made about cultural URES. For example, the land cover map can be used to derive a value for the population density per area and its distance to the river and thus a potential for the URES ‘Physical and experiential interactions with natural environment’. There may also be census data available that can replace the population density value derived from the map and further enhance the quality of the data. Data for the ‘Intellectual and representative interactions with natural environment’ URES can also be collected in the same way, although adjustments must be made depending on the URES. For some, the distance between schools or universities to the river leads to the desired result, while for others the survey can remain unchanged. For the schools as well as for the universities it would be even more helpful to know how many students or scientific staff they have, as this can provided quantitative information on the number of potential beneficiaries.



The degree of the relationship between ecosystem status and URES is debatable, but there definitively is a relationship. The relationships and weighting established in this publication can be interpreted as a rough estimation of the potential to provide ecosystem services. The relationship was established on a relatively detailed ES “class” level of CICES. A more detailed consideration of specific “class types”, as established with CICES version 5.1. [27], within these CICES classes would imply a quantitative assessment of class types (e.g., flood volume attenuated) and would rather lead into a detailed assessment and not an analysis of potential as it was done for this study. However, a further elaboration with more detailed consideration of the ecosystem status categories could provide information to assess class types.



There is a general problem of a lack of data and indicators to assess the large variety of URES, especially in developing countries. The methodology proposed here can help to structure and formalize the assessment of the ecological status of urban rivers and their riparian corridors in a simple but still sufficiently sound manner. Already the information on the ecological status, reflected in three categories that represent different biotic and abiotic realms and characteristics of a river corridor, facilitates the identification of deterioration of ecosystems due to urbanization. This alone can guide decision-making with regard to establishing protection zones and/or regulating urban development. Linking the ecosystem status categories to URES to evaluate the potential of river sections to provide URES can then assist to stress the benefits from urban rivers in good ecological status establishing the basis to argue for the protection and sustainable uses of urban rivers. In a next step, this service provision potential could be contrasted with potential beneficiaries to identify specific supply and demand relationships [39]. At this point, other URES, including provisioning and cultural ones, may be included to identify additional benefits beyond those assed in this study and other beneficiaries. An indicator set for the assessment of cultural ecosystem service of river landscapes has recently been developed for Germany [58], which may contribute additional ecosystem status categories or links to URES, although it has not been developed specifically for urban river landscapes.





5. Conclusions


Rivers and their riparian zones represent often the only remaining natural-like spaces in urban areas of developing countries. In a landscape transition from rural to urban land uses, the original importance of rivers (to provide water for households, irrigation and animals) vanishes and a transformation of them into wastewater channels typically occurs. While intact semi-urban or urban rivers can have a significant regulative and recreational function, the frequently rapid and uncoordinated urbanization process poses a significant threat of losing these areas and the benefits to the population they may provide. Hence, establishing the specific category of Urban River Ecosystem Services, as done in this contribution, to stress this important ecosystem-society link seems useful. The methodology presented here allows local decision makers, e.g., city administrations or water companies, to translate data and information from field surveys combined with easily accessible remote-sensing data into three ecosystem status information. The resulting maps represent a baseline of the ecosystem status of an urban river. The subsequent weighted combination of them facilitates then the assessment of the potential of different river sections to provide specific ecosystem services to the population. This may serve as a guidance to identify hotspots of loss and high provisioning areas of ecosystem services. The ecosystem service concept has been developed as a strong communication tool for the benefits that ecosystems provide. Especially in urban contexts, where dynamics and pressure on ecosystems are extraordinary, the highlighting of ecosystem service potential may contribute to a sustainable use and protection of vulnerable ecosystems.
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Figure A1. Cutout of a photo documentation of the Pochote River [40]. 






Figure A1. Cutout of a photo documentation of the Pochote River [40].
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Figure A2. Manual of producing a land cover map with the software GNU Image Manipulation Program (GIMP) and the geoinformation software QGIS. 






Figure A2. Manual of producing a land cover map with the software GNU Image Manipulation Program (GIMP) and the geoinformation software QGIS.



[image: Remotesensing 11 01697 g0a2]







References


	



Kumar, P. (Ed.) TEEB Glossary. In The Economics of Ecosystems and Biodiversity: Ecological and Economic Foundations; Earthscan: London, UK; Washington, DC, USA, 2010; ISBN 0-415-50108-3. [Google Scholar]

	



Haines-Young, R.; Potschin, M. The links between biodiversity, ecosystem services and human well-being. In Ecosystem Ecology: A New Synthesis; Raffaelli, D.G., Frid, C.L.J., Eds.; Cambridge University Press: Cambridge, UK, 2010; p. 170. ISBN 9780521513494. [Google Scholar]

	



MEA Millennium Ecosystem Assessment. Ecosystems and Human Well-being: Synthesis; Island Press: Washington, DC, USA, 2005. [Google Scholar]

	



Schwarz, N.; Moretti, M.; Bugalho, M.N.; Davies, Z.G.; Haase, D.; Hack, J.; Hof, A.; Melero, Y.; Pett, T.J.; Knapp, S. Understanding biodiversity-ecosystem service relationships in urban areas: A comprehensive literature review. Ecosyst. Serv. 2017, 27, 161–171. [Google Scholar] [CrossRef]

	



Hubacek, K.; Kronenberg, J. Synthesizing different perspectives on the value of urban ecosystem services. Landsc. Urban Plan. 2013, 109, 1–6. [Google Scholar] [CrossRef]

	



Haase, D.; Frantzeskaki, N.; Elmqvist, T. Ecosystem Services in Urban Landscapes: Practical Applications and Governance Implications. Ambio 2014, 43, 407–412. [Google Scholar] [CrossRef] [PubMed]

	



Kremer, P.; Hamstead, Z.; Haase, D.; McPhearson, T.; Frantzeskaki, N.; Andersson, E.; Kabisch, N.; Larondelle, N.; Rall, E.L.; Voigt, A.; et al. Key insights for the future of urban ecosystem services research. Ecol. Soc. 2016, 21, art29. [Google Scholar] [CrossRef]

	



Czúcz, B.; Arany, I.; Potschin-Young, M.; Bereczki, K.; Kertész, M.; Kiss, M.; Aszalós, R.; Haines-Young, R. Where concepts meet the real world: A systematic review of ecosystem service indicators and their classification using CICES. Ecosyst. Serv. 2018, 29, 145–157. [Google Scholar] [CrossRef]

	



Jansson, Å. Reaching for a sustainable, resilient urban future using the lens of ecosystem services. Ecol. Econ. 2013, 86, 285–291. [Google Scholar] [CrossRef]

	



Sieber, J.; Pons, M. Assessment of Urban Ecosystem Services using Ecosystem Services Reviews and GIS-based Tools. Procedia Eng. 2015, 115, 53–60. [Google Scholar] [CrossRef]

	



Alan Yeakley, J.; Ervin, D.; Chang, H.; Granek, E.F.; Dujon, V.; Shandas, V.; Brown, D. Ecosystem services of streams and rivers. In River Science; John Wiley & Sons, Ltd.: Chichester, UK, 2016; pp. 335–352. [Google Scholar]

	



Francis, R.A. Positioning urban rivers within urban ecology. Urban Ecosyst. 2012, 15, 285–291. [Google Scholar] [CrossRef]

	



Groffman, P.M.; Bain, D.J.; Band, L.E.; Belt, K.T.; Brush, G.S.; Grove, J.M.; Pouyat, R.V.; Yesilonis, I.C.; Zipperer, W.C. Down by the riverside: Urban riparian ecology. Front. Ecol. Environ. 2003, 1, 315–321. [Google Scholar] [CrossRef]

	



Angela, C.-B.; Javier, C.-J.; Teresa, G.-M.; Marisa, M.-H. Hydrological evaluation of a peri-urban stream and its impact on ecosystem services potential. Glob. Ecol. Conserv. 2015, 3, 628–644. [Google Scholar] [CrossRef]

	



Elmqvist, T.; Setälä, H.; Handel, S.; van der Ploeg, S.; Aronson, J.; Blignaut, J.; Gómez-Baggethun, E.; Nowak, D.; Kronenberg, J.; de Groot, R. Benefits of restoring ecosystem services in urban areas. Curr. Opin. Environ. Sustain. 2015, 14, 101–108. [Google Scholar] [CrossRef]

	



Christie, M.; Fazey, I.; Cooper, R.; Hyde, T.; Deri, A.; Hughes, L.; Bush, G.; Brander, L.; Nahman, A.; de Lange, W.; et al. An Evaluation of Economic and Non-economic Techniques for Assessing the Importance of Biodiversity to People in Developing Countries; Department for Environment, Food and Rural Affairs (DEFRA): London, UK, 2008. [Google Scholar]

	



Tallis, H.; Pagiola, S.; Zhang, W.; Shaikh, S.; Nelson, E.; Stanton, C.; Shyamsundar, P. Poverty and the Distribution of Ecosystem Services. In Natural Capital: Theory & Practice of Mapping Ecosystem Services; Kareiva, P., Tallis, H., Ricketts, T.H., Daily, G.C., Polasky, S., Eds.; Oxford University Press: New York, NY, USA, 2011; pp. 278–294. ISBN 978-0-19-958900-5. [Google Scholar]

	



Ullah, Z.; Khan, H.; Waseem, A.; Mahmood, Q.; Farooq, U. Water quality assessment of the River Kabul at Peshawar, Pakistan: Industrial and urban wastewater impacts. J. Water Chem. Technol. 2013, 35, 170–176. [Google Scholar] [CrossRef]

	



Collier, C.A.; de Almeida Neto, M.S.; Aretakis, G.M.A.; Santos, R.E.; de Oliveira, T.H.; Mourão, J.S.; Severi, W.; El-Deir, A.C.A. Integrated approach to the understanding of the degradation of an urban river: Local perceptions, environmental parameters and geoprocessing. J. Ethnobiol. Ethnomed. 2015, 11, 69. [Google Scholar] [CrossRef] [PubMed]

	



Findlay, S.; Taylor, M. Why Rehabilitate Urban River Systems? Area 2006, 38, 312–325. [Google Scholar] [CrossRef]

	



Everard, M.; Moggridge, H.L. Rediscovering the value of urban rivers. Urban Ecosyst. 2012, 15, 293–314. [Google Scholar] [CrossRef]

	



Pickett, S.T.A.; Cadenasso, M.L.; Grove, J.M.; Nilon, C.H.; Pouyat, R.V.; Zipperer, W.C.; Costanza, R. Urban Ecological Systems: Linking Terrestrial Ecological, Physical, and Socioeconomic Components of Metropolitan Areas. In Urban Ecology; Springer US: Boston, MA, USA, 2001; Volume 32, pp. 99–122. ISBN 9780387734118. [Google Scholar]

	



Satterthwaite, D.; Mitlin, D.; Hardoy, J.E. Environmental Problems in an Urbanizing World; Earthscan Publications: London, UK, 2001; ISBN 1-85383-720-2. [Google Scholar]

	



Hack, J. Application of payments for hydrological ecosystem services to solve problems of fit and interplay in integrated water resources management. Water Int. 2015, 40, 929–948. [Google Scholar] [CrossRef]

	



Gómez-Baggethun, E.; Gren, Å.; Barton, D.; Langemeyer, J.; McPhearson, T.; O’Farrell, P. Urban Ecosystem Services. In Urbanization, Biodiversity and Ecosystem Services: Challenges and Opportunities: A Global Assessment; Elmqvist, T., Fragkias, M., Goodness, J., Güneralp, B., Marcotullio, P.J., McDonald, R.I., Parnell, S., Schewenius, M., Sendstad, M., Seto, K.C., et al., Eds.; Springer: Dordrecht, The Netherlands; Heidelberg, Germany; New York, NY, USA; London, UK, 2013; pp. 175–251. [Google Scholar]

	



Liu, Y. Dynamic evaluation on ecosystem service values of urban rivers and lakes: A case study of Nanchang City, China. Aquat. Ecosyst. Health Manag. 2014, 17, 161–170. [Google Scholar] [CrossRef]

	



Haines-Young, R.; Potschin, M.B. Common International Classification of Ecosystem Services (CICES) V5.1 and Guidance on the Application of the Revised Structure; The Paddocks: Nottingham, UK, 2018. [Google Scholar]

	



Dobbs, C.; Escobedo, F.J.; Clerici, N.; de la Barrera, F.; Eleuterio, A.A.; MacGregor-Fors, I.; Reyes-Paecke, S.; Vásquez, A.; Zea Camaño, J.D.; Hernández, H.J. Urban ecosystem Services in Latin America: Mismatch between global concepts and regional realities? Urban Ecosyst. 2019, 22, 173–187. [Google Scholar] [CrossRef]

	



Andersson, E.; Barthel, S.; Borgström, S.; Colding, J.; Elmqvist, T.; Folke, C.; Gren, Å. Reconnecting Cities to the Biosphere: Stewardship of Green Infrastructure and Urban Ecosystem Services. Ambio 2014, 43, 445–453. [Google Scholar] [CrossRef]

	



Müller, F.; Burkhard, B. The indicator side of ecosystem services. Ecosyst. Serv. 2012, 1, 26–30. [Google Scholar] [CrossRef]

	



Burkhard, B.; Kroll, F.; Nedkov, S.; Müller, F. Mapping ecosystem service supply, demand and budgets. Ecol. Indic. 2012, 21, 17–29. [Google Scholar] [CrossRef]

	



Jacobs, S.; Burkhard, B.; Van Daele, T.; Staes, J.; Schneiders, A. ‘The Matrix Reloaded’: A review of expert knowledge use for mapping ecosystem services. Ecol. Modell. 2015, 295, 21–30. [Google Scholar] [CrossRef]

	



Kandziora, M.; Burkhard, B.; Müller, F. Mapping provisioning ecosystem services at the local scale using data of varying spatial and temporal resolution. Ecosyst. Serv. 2013, 4, 47–59. [Google Scholar] [CrossRef]

	



Maes, J.; Teller, A.; Erhard, M.; Murphy, P.; Luisa Paracchini, M.; Barredo, J.; Grizzetti, B.; Cardoso, A.; Somma, F.; Petersen, J.-E.; et al. Mapping and Assessment of Ecosystems and Their Services—Indicators for Ecosystem Assessments under Action 5 of the EU Biodiversity Strategy to 2020 Environment; European Union Publications Office: Luxembourg, 2014. [Google Scholar]

	



Maes, J.; Zulian, G.; Thijssen, M.; Castell, C.; Baró, F.; Ferreira, A.M.; Melo, J.; David, N.; Alzetta, C.; Geneletti, D.; et al. Mapping and Assessment of Ecosystems and their Services; Urban Ecosystems 4th report; European Union Publishing Office: Luxembourg, 2016. [Google Scholar]

	



Kandziora, M.; Burkhard, B.; Müller, F. Interactions of ecosystem properties, ecosystem integrity and ecosystem service indicators: A theoretical matrix exercise. Ecol. Indic. 2013, 28, 54–78. [Google Scholar] [CrossRef]

	



Derkzen, M.L.; van Teeffelen, A.J.A.; Verburg, P.H. Quantifying urban ecosystem services based on high-resolution data of urban green space: An assessment for Rotterdam, the Netherlands. J. Appl. Ecol. 2015, 52, 1020–1032. [Google Scholar] [CrossRef]

	



Alcaldía Municipal de León Datos generales del municipio León. Available online: http://www.leonmunicipio.com/uploads/1/3/8/2/1382165/datos_generales_del_municipio_de_len.pdf (accessed on 9 November 2016).

	



Lüke, A.; Hack, J. Comparing the Applicability of Commonly Used Hydrological Ecosystem Services Models for Integrated Decision-Support. Sustainability 2018, 10, 346. [Google Scholar] [CrossRef]

	



Bach, A.; Kipp, C. Photo Documentation of the Río Pochote - Geocoding of the Course of the River with GPS and Localisation of Freshwater Springs, Sewage Discharges and Specific Characteristics; León Publishing Office: León, Nicaragua, 2017. [Google Scholar]

	



Gewässerstrukturgütekartierung in der Bundesrepublik Deutschland: Verfahren für kleine und mittelgroße Fließgewässer; LAWA: Berlin, Germany, 2000; ISBN 978-3-88961-233-5.

	



Gellert, G.; Pottgiesser, T.; Euler, T. Assessment of the structural quality of streams in Germany—Basic description and current status. Environ. Monit. Assess. 2014, 186, 3365–3378. [Google Scholar] [CrossRef]

	



QGIS Development Team. QGIS User Guide—Release 2.18. 2019. Available online: https://docs.qgis.org/2.18/pdf/en/QGIS-2.18-UserGuide-en.pdf (accessed on 6 May 2019).

	



Preisendorfer, R.W. Secchi disk science: Visual optics of natural waters. Limnol. Oceanogr. 1986, 31, 909–926. [Google Scholar] [CrossRef]

	



Garaba, S.; Friedrichs, A.; Voß, D.; Zielinski, O. Classifying Natural Waters with the Forel-Ule Colour Index System: Results, Applications, Correlations and Crowdsourcing. Int. J. Environ. Res. Public Health 2015, 12, 16096–16109. [Google Scholar] [CrossRef]

	



Davies-Colley, R.J.; Smith, D.G. Offsite Measurement of the Visual Clarity of Waters. J. Am. Water Resour. Assoc. 1992, 28, 951–957. [Google Scholar] [CrossRef]

	



Davies-Colley, R.J.; Vant, W.N.; Wilcock, R.J. Lake water color: Comparison of direct observations with underwater spectral irradiance. J. Am. Water Resour. Assoc. 1988, 24, 11–18. [Google Scholar] [CrossRef]

	



QGIS Development Team. GNU Image Manipulation Program—User Manual. 2015. Available online: https://docs.gimp.org/odftest/en.pdf (accessed on 6 May 2019).

	



Sourcepole AG QGIS OpenLayers Plugin. Available online: https://github.com/sourcepole/qgis-openlayers-plugin (accessed on 6 March 2019).

	



Haines-Young, R.; Potschin, M.B. CICES V5.1 Spreadsheet. 2018. Available online: https://cices.eu/content/uploads/sites/8/2018/03/Finalised-V5.1_18032018.xlsx (accessed on 6 March 2019).

	



Geange, S.; Townsend, M.; Clark, D.; Ellis, J.; Lohrer, A. Communicating the value of marine conservation using an ecosystem service matrix approach. Ecosyst. Serv. 2018, 35, 150–163. [Google Scholar] [CrossRef]

	



Malherbe, H.; Pauleit, S.; Lorz, C. Mapping the Loss of Ecosystem Services in a Region Under Intensive Land Use Along the Southern Coast of South Africa. Land 2019, 8, 51. [Google Scholar] [CrossRef]

	



Burkhard, B.; Kandziora, M.; Hou, Y.; Müller, F. Ecosystem Service Potentials, Flows and Demands—Concepts for Spatial Localisation, Indication and Quantification. Landsc. Online 2014, 32, 1–32. [Google Scholar] [CrossRef]

	



Vigerstol, K.L.; Aukema, J.E. A comparison of tools for modeling freshwater ecosystem services. J. Environ. Manag. 2011, 92, 2403–2409. [Google Scholar] [CrossRef] [PubMed]

	



Shuker, L.; Gurnell, A.M.; Raco, M. Some simple tools for communicating the biophysical condition of urban rivers to support decision making in relation to river restoration. Urban Ecosyst. 2012, 15, 389–408. [Google Scholar] [CrossRef]

	



Lundy, L.; Wade, R. Integrating sciences to sustain urban ecosystem services. Prog. Phys. Geogr. Earth Environ. 2011, 35, 653–669. [Google Scholar] [CrossRef]

	



Ward, E.W.; Winter, K. Missing the link: Urban stormwater quality and resident behaviour. Water SA 2016, 42, 571. [Google Scholar] [CrossRef]

	



Thiele, J.; von Haaren, C.; Albert, C. Are river landscapes outstanding in providing cultural ecosystem services? An indicator-based exploration in Germany. Ecol. Indic. 2019, 101, 31–40. [Google Scholar] [CrossRef]








[image: Remotesensing 11 01697 g001 550]





Figure 1. Overview of study area: Pochote River and City of León with different settlement structures: (1) formal and densely urbanized, (2) informal urban-rural transitional and (3) formal rural settlements. 
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Figure 2. Methodology MAPURES V1.0 to assess the ecological status and the potential to provide ecosystem services of urban rivers. 
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Figure 3. Location of photographs indicating degree of pollution of the Pochote River based on field survey information [40]. 
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Figure 4. Assessment results for the three ecosystem status categories of the Pochote River. 
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Figure 5. Maps of potential to provide Urban River Ecosystem Service for all sections of the Pochote River: (a) Bio-remediation by micro-organisms, algae, plants, and animals & Filtration/sequestration/storage/accumulation by micro-organisms, algae, plants, and animals; (b) Noise attenuation & Hydrological cycle and water flow regulation (Including flood control and coastal protection) & Regulation of temperature and humidity, including ventilation, and transpiration; (c) Maintaining nursery populations and habitats (Including gene pool protection); (d) Regulation of the chemical condition of freshwaters by living processes. 
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Figure 6. Box plots of Urban River Ecosystem Service potential of the all sections of the Pochote River: ‘Bio-remediation’ stands for ‘Bio-remediation by micro-organisms, algae, plants, and animals’; ‘Filtration’ means ‘Filtration/sequestration/storage/accumulation by micro-organisms, algae, plants, and animals’; ‘Noise’ represents ‘Noise attenuation’; ‘Hydro_Regu’ short for ‘Hydrological cycle and water flow regulation’; ‘Maintain’ refers to ‘Maintaining nursery populations and habitats’; ‘Regu_Chem’ signifies ‘Regulation of the chemical condition of freshwaters by living processes’; ‘Regu_T’ equals ‘Regulation of temperature and humidity, including ventilation and transpiration’. 
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Table 1. Classification of water quality; Author’s work.
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#

	
Class

	
Appearance of Discharge






	
0

	
not or barely polluted

	
visibly clear water




	
1

	
seasonally polluted

	
brownish colored water, rainwater from surface runoff or does not fit in the other categories




	
2

	
polluted




	
3

	
seasonally highly polluted

	
milky whitish colored water and or foaming water




	
4

	
highly polluted
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Table 2. Transformation of classes in normalized values.
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Hydromorphological Quality

	
Water Quality

	
Land Cover




	
Class

	
Value

	
Class

	
Value

	
Class

	
Value






	
1 unchanged

	
1.0

	
0 not or barely polluted

	
1.0

	
high vegetation

	
1.0




	
2 slightly changed

	
0.83

	
1 seasonally polluted

	
0.9

	

	




	
3 moderately changed

	
0.67

	
2 polluted

	
0.6

	
low vegetation

	
0.6




	
4 significantly changed

	
0.50

	

	

	

	




	
5 strongly changed

	
0.33

	
3 seasonally highly polluted

	
0.3

	

	




	
6 very strongly changed

	
0.17

	

	

	

	




	
7 totally changed

	
0.0

	
4 highly polluted

	
0.0

	
built-up

	
0.0
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Table 3. Relations between the URES and ecosystem status data.
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Urban River Ecosystem Service (URESk)

	
Weighting Factors of Ecosystem Status Categories




	
Hydromorphological Quality (hqk)

	
Water Quality (wqk)

	
Land Cover (lck)






	
Regulating

ES

	
Bio-remediation by micro-organisms, algae, plants, and animals

	
1

	
1

	
1




	
Filtration/sequestration/storage/accumulation by micro-organisms, algae, plants, and animals

	
1

	
1

	
1




	
Noise attenuation

	
-

	
-

	
1




	
Hydrological cycle and water flow regulation (Including flood control, and coastal protection)

	
-

	
-

	
1




	
Maintaining nursery populations and habitats (Including gene pool protection)

	
1

	
1

	
2




	
Regulation of the chemical condition of freshwaters by living processes

	
3

	
1

	
1




	
Regulation of temperature and humidity, including ventilation and transpiration

	
-

	
-

	
1




	
Cultural

ES

	
Characteristics of living systems that enable activities promoting health, recuperation, or enjoyment through passive or observational interactions

	
-

	
-

	
-




	
Characteristics of living systems that enable aesthetic experiences

	
-

	
-

	
-




	
Provisioning ES

	
Surface water for drinking

	
-

	
-

	
-




	
Surface water for non-drinking purposes

	
-

	
-

	
-
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