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Abstract

:

Urban river catchments face multiple water quality challenges that threaten the biodiversity of riverine habitats and the flow of ecosystem services. We examined two water quality challenges, runoff from increasingly impervious land covers and effluent from combined sewer overflows within a temperate zone river catchment in Greater Manchester, North-West UK. Sub-catchment areas of the River Medlock were delineated from digital elevation models using a Geographical Information System. By combining flow accumulation and high-resolution land cover data within each sub-catchment and water quality measurements at five sampling points along the river, we identified which land cover(s) are key drivers of water quality. Impervious land covers increased downstream and were associated with higher runoff and poorer water quality. Of the impervious covers, transportation networks have the highest runoff ratios and therefore the greatest potential to convey contaminants to the river. We suggest more integrated management of imperviousness to address water quality, flood risk and, urban wellbeing could be achieved with greater catchment partnership working.
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1. Introduction


Urban land covers such as infrastructure, urban greenspace and woodland, residential, and industry and commercial covers can modify water quality either by enhancing or reducing runoff [1] and in turn contaminant levels entering freshwaters from surrounding terrestrial ecosystems [2,3]. Changes in land cover from human activities or natural drivers, can both affect the quality of the river catchment and thereby compromise the ecosystem services they provide [2,3]. With increased pressures from population growth and urban sprawl, the challenges to water quality are imminent [4,5]. Contemporary, management strategies include restoring ecohydrological processes [6] to renaturate, remediate, and revitalize urban rivers.



Urbanized areas are often characterized by rapid development, modified or canalized rivers, and a high proportion of impervious land [4,7,8,9,10,11,12]. Urban land cover, particularly, impervious surface covers which prevent infiltration of water to the soil, include transport systems (roads, parking lots), roof tops and residential development are a key indicator of the environmental impacts of urbanisation [3]. Point source pollution collected from impervious urban areas contributes to river flows, changes river hydrology, alters physicochemical processes [13] and degrades assemblages of benthic macroinvertebrates [4,12]. During high flows, combined sewer overflows (CSOs) which collect runoff from impervious land covers are designed to overflow and discharge directly, without treatment, into the receiving water body. CSO discharges can degrade water quality including physicochemical and microbial indicators [14,15,16,17].



In the UK, CSOs have long been recognized as one of the major causes of urban river pollution [18,19,20]. They are also a major contributor to coastal pollution and the UK’s Environment Agency (EA) estimates that 30% of coastal pollution in the North West of England can be attributed to CSOs through a combination of breaches and cumulative impact (see, https://www.unitedutilities.com/services/wastewater-services/bathing-waters/what-are-combined-sewer-overflows/). It is therefore critical to understand the risks associated with CSOs particularly with changing climate and greater future flood risk [21,22,23] and there are challenges in retrofitting CSOs to increase their capacity [23]. Other point source pollution includes industrial effluent, effluent from wastewater treatment works (WwTW), and drainage from agricultural activities.



The application of a Geographic Information System (GIS) to environmental data analyses in river sub-catchments has been explored by researchers [9,10,24,25,26,27]. Studies show that information on land cover patterns can improve our understanding of water quality within catchments [28] and the management of pollution sources [27]. Through ArcGIS tools, topographical characteristics, e.g., slope, flow length, drainage area or catchment area [29,30] that drive surface water flow, can be analyzed through the digital elevation model (DEM) data [31]. DEM data is also used for modelling the urban environment [32] and to delineate catchments for spatial analysis [33,34,35]. Such information is critical for urban river quality management. Additionally, partnership working can be decisive in urban settings, where partnership groups can coordinate across: Threats, policy domains, e.g., land and water management, urban re/development including integration with urban design, i.e., green infrastructure and sustainable urban drainage systems [36,37]. Partnership groups can also coordinate restoration of the physical structure of the riverbed and the riparian corridor [38].



In this study, our objectives are to (a) analyze river water quality variables at the sub-catchment scale (b) investigate the relationship between the land cover and water quality variables, and (c) examine the influence of CSO discharge at our study sites.




2. Materials and Methods


2.1. Study Area: River Medlock


The River Medlock catchment, Figure 1 (a. catchment areas and b. Orthophotomap) has an annual average rainfall of approximately 1025 mm and an average flow rate of 0.883 m³/s (based on the mean monthly flows for the period of record, CEH, 2018). The river rises in the hills of Greater Manchester (National Grid Reference: SD 95308 05431) in North-West England and flows for 22 km through a steep-sided wooded area before it passes through a gauging station (SJ 85781 97858) downstream of the urbanized Manchester City Centre. The region and river has a long industrial history that includes legacy pollution from industrial effluent. Added to this, is a history of inadequately treated sewage [39,40,41,42] and CSO spill events from localized storm events [20,43] and accidental spills (for example, in 2017 a sewage tank leak led to a spill of 21,700 cubic meters of raw sewage, killing fish, see, https://www.bbc.co.uk/news/uk-england-manchester-41160909).



Within the river catchment, there are fifty CSOs, including twenty-nine within the surveyed reach (United Utilities’ personal communication, 2013) as well as numerous surface water drains. The surveyed reach also has a continuously operational WwTW at Failsworth (NGR: SJ 89674 99800). With regard to the CSO discharge points, the main WwTW, and site access, we identified five sampling points (Figure 1a). Sampling site 1 (S1) (NGR: SD 94183 02262) and S2 (NGR: SD 93489 01798) are located upstream of the WwTW and sites S3 (NGR: SJ 89272 99554), S4 (NGR: SJ 86052 98382) and S5 (NGR: SJ 85781 97858) are all located downstream of it. The River Medlock catchment is drained at the gauging station (GS) (NGR: SJ 84900 97518). The number of CSOs which discharge into the sampling sites varies, with seven at S1 and S2, sixteen at S3, five at S4 and one at S5 (United Utilities, personal communication [44]). Characteristics of the five sampling sites are shown on Table 1. Overflow volume data for each sample site was obtained from the water company, United Utilities.




2.2. Water Quality Sampling and Measurement


The Area Ratio (AR) method [45] was used to estimate river discharge (m³/s) at each sampling site. The principal water quality measurements were pH, temperature (°C), conductivity (µS/cm), biochemical oxygen demand (BOD, mg/L), dissolved oxygen (DO, % saturation), suspended solids (SS, mg/L), nitrate-N (NO3-N, mg/L), ammonia-N, phosphate-P (PO4-P, mg/L), ammonia-N (NH3-N), total phosphorus (TP, mg/L), total organic matter (TOM, mg/L), and discharge (m³/s).



A pre-calibrated hand-held multiparameter water quality meter (YSi 556 Multi probe system YSI Incorporated, Yellow Springs, Ohio, USA) was used to take measurements of pH, DO, temperature and conductivity. In a 14-month field campaign between March 2013 to April 2014, monthly spot samples at five sampling sites (S1 to S5) were obtained for the measurement of BOD, SS, TOM, and nutrients. Over the sampling period, a total of 735 samples were collected. These include 70 samples per variable for the analysis of nitrate-N (NO3-N mg/L), phosphate-P (PO4-P), ammonia-N(NH3-N), BOD, SS, conductivity, temperature, pH, DO; TOM (65 samples), and 40 samples for TP. Samples were processed within 24 hours of the sample collection using a SEAL Auto Analyzer 3 High Resolution instrument (SEAL Analytical Ltd, Southampton, UK). Detection limits for phosphate measured as P is 0.004 mg/L and nitrate (measured as N) is 0.05 mg/L. Ammonia-N (NH3-N) concentration (mg/L) was analyzed by spectrophotometry using the Hanna low range reagent kit HI-93700-01 (Hanna Instruments Ltd, Leighton Buzzard, Bedfordshire). The limit of detection for ammonia-N (NH3-N) measured as N is 0.01 mg/L. All chemical variables were analyzed according to the [46].




2.3. Classification of Land Cover Patterns


The process used for mapping and determining the spatial distribution of pervious and impervious land cover for the Medlock River catchment was as follows: an orthophotomap of Greater Manchester was generated from Google (Google Maps, 2020. Greater Manchester. Google Maps (online) Available through: University of Manchester (https://www.manchester.ac.uk/) (Accessed 21 February 2020)) satellite imagery with a resolution of 15 cm (Figure 2) was georeferenced (Figure 2a) and the detailed image was classified in ArcGIS 10.4.1 (Figure 2b). The land cover was vectorized (Figure 2c) and further classified according to the CORINE nomenclature [47] into six categories: Continuous Urban Fabric—Transport Networks, Continuous Urban Fabric—Urban Green, Discontinuous Urban Fabric—Residential, Industrial/Commercial, Inland Waters, and Woodland—Broadleaf. The percentage total area of each category was then computed for use in further analyses. The number of pixels (m) recorded for each land cover class was processed for each site and classified by means of their spectral responses.



The land cover map for each pour point (drainage outlet) of the Medlock catchment was determined in relation to catchment area, slope (%) (Figure A1, Appendix A), elevation (mMSL) (Table 1) at a distance of 1 km. Slope was calculated using the ArcGIS Spatial Analyst tool with a DEM (elevation raster) as input. Slope can be measured in percent rise or degrees (with for example 90 degrees representing the slope of a cliff):


  S l o p e    ( % )  =   r i s e   r u n   × 100  



(1)






   S l o p e  ( ° )  =  θ  



(2)




where


  S l o p e    ( ° )  =   r i s e   r u n     t a n θ  



(3)








2.4. Drainage Network and Sub-Catchment Delineation


A high-resolution (12.5 m) terrain-corrected DEM was obtained from the ALOS PALSAR (https://earthdata.nasa.gov/eosdis/daacs/asf) dataset and ArcGIS 10.4.1 was used to delineate the drainage networks at the five sample locations. Depression of the DEM data was done with the “fill” tool which ensures there is uniformity in the DEM by filling any holes (or areas of missing data). The “flow direction” was determined with the filled DEM as input. The flow direction grid serves as an input for computing the flow accumulation grid (Figure A2, Appendix A). The “flow accumulation” grid was used to determine the river network to a specific point on the DEM. ArcGIS’s Watershed tool was used to delineate the catchment of the River Medlock (Figure A3, Appendix A). The contributing area to the flow accumulation for each cell ranged from 0 to 423,074 m2. In order to visualize the range of flow accumulation at the sample sites, a threshold of 100 m2 was computed. Pour points and catchment delineation: The pour point is the lowest point (outlet) in the sub-catchment (and the lowest point at the sampling sites) through which water flows under gravity (it is the stream gauge) and delineation takes place upstream of the stream gauge. The point delineation, batch watershed delineation and sub-watershed delineation tools were used in the hydrological analysis-expanding module (Arc Hydro Tools) to divide each sub-catchment either in a diagonal or adjacent pattern. This approach specifies flow directions in the catchment by assigning pixels or cells to one of its eight neighbours, in the flow direction of steepest descent, this is identified as the pour point [31]. This extraction influences the size of the sub-catchment area, location, gradient and range. Thus, the larger the catchment area, the lower the pour point.




2.5. Data Analysis


Using the SPSS Statistics software package version 22.0 Pearson correlation analysis was carried for the physicochemical variables obtained at the sampling points. A stepwise multiple linear regression was applied in order to allow backward selection or removal of variables. The dependent variables were BOD, NO3-N, PO4-P, NH3-N, SS, conductivity, discharge, pH, temperature, TOM, and DO. Correlation between land cover, i.e., compositional attribute (%) and water quality variables were determined. The CORINE land cover nomenclature [47] provides information based on the highest contributing (%) land covers at the spatial scales. The runoff coefficient was determined based on the method of Hvitved-Jacobsen (2010) cross referenced by [5]. That is, the runoff coefficient is found by dividing river discharge at each site by the average precipitation intensity (the annual precipitation (1025 mm)/hr/Area) and drainage area.



All results were compared with the European Union’s Water Framework Directive (EU WFD) standards [48] except for SS, which were compared with the EU’s Freshwater Fisheries Directive. Nitrate standard was determined from the European Commission’s Nitrates Directive.





3. Results


3.1. Sub-Catchment Characteristics of the River Medlock


Maximum elevation in the catchment is 430 m, other characteristics including average slope, catchment area and minimum elevation are shown in Table 1. The size of the catchment area at the GS was calculated at 65.9 km², which is larger than the catchment area reported by the Centre for Ecology & Hydrology (CEH, 57.5 km²). The discrepancy is that the study catchment area takes into consideration other aspects of the sub-catchments not included in the CEH maps.




3.2. Land Cover Analysis at the Catchment Level


The distribution of land covers extracted from CORINE for the sampling locations and the GS are shown on Figure 3a–f. These land covers include transport network, residential, industrial, and commercial (now classified as impervious cover); inland water, urban green and woodland (broadleaf). Overall, the percentage of impervious covers increases from S1 to the GS and it is the upland catchment that has the highest percentage of non-impervious land covers.



Table A1 provides information on the land covers by sub-catchment and Table A2 provides more detail on the impervious land covers. The proportion of impervious surfaces is 27% at S1 increasing to 45% at GS. For the catchment as a whole, impervious cover has an area of 98.57 km², i.e., 40% of the total area (Table A1). From Table A1 and Figure 4, the dominant impervious cover in the catchment is the “residential” cover; this is highest at S1, likely reflecting larger property sizes. Residential cover contributes more than 50% at each of the locations. The next dominant cover is the “transport network” which constitutes more than 30% of the impervious cover while the “industrial and commercial” areas contribute less than 10%. The proportion of different types of impervious cover varies between the sites with a generally increasing/decreasing proportion of transport and industrial and commercial/residential moving downstream. Although the runoff coefficient determined from impervious covers of residential and the industrial/commercial per site were insignificant, the runoff coefficient from the transport networks ranged from 1.02 to 4.53. There was a step-change in runoff between sub-catchments S2 and S3 and another large increase between sub-catchment S3 and S4.




3.3. Land Cover Patterns and Water Quality Variables


Table 2 presents the significant correlation coefficients between monthly water quality variables and the percentage land cover. Conductivity correlates negatively with the woodland (broadleaf) and urban green covers but is positively correlated with the impervious covers. Discharge and nutrients correlated positively with the impervious covers and negatively with the urban green covers. SS concentration and TOM had positive correlations with residential cover and urban green cover respectively. DO had positive correlation with Urban Green and woodland (broadleaf cover) and had a negative correlation with the transport network and industry/commercial covers.




3.4. Water Quality Parameters and Standards by Sub-Catchment


Table 3 reports the physicochemical water quality status for the five sampling locations. Note for EU WFD requirements failure in one category results in the failure to meet “good ecological status”. Variables are either classified as “High” which indicates excellent condition, “Very Good”; “Good”; “Moderate”; “Poor” and “Bad”. The levels of pH, temperature, DO and, SS were high indicating excellent water quality while PO4-P, BOD, and NH3-N ranged from poor to very good. For NO3-N, the concentrations were very good. Increasing concentration of conductivity, nutrients, BOD and river discharge were noted at the downstream sections of the river at sites S3, S4, and S5.



Table 4 shows the results of the correlation analysis between the water quality variables. A strong correlation between concentrations of (mg/L) NH3-N and BOD and between NO3-N and PO4-P were recorded at all sample sites. A positive correlation between PO4-P concentration and SS (mg/L) was also recorded at S4. The flux of TP calculated at the WwTW, the upstream S2 and downstream S3 sites, demonstrates that the WwTW contributes TP to the river. The flux at S2 was 0.43 kg TP ha−1 yr−1, 0.94 kg TP ha−1 yr−1 at the WwTW and 0.92 kg TP ha−1 yr−1 at S3.




3.5. CSOs: Volume Discharged


Figure 5 shows the volume of CSO versus river discharge across the sample sites. The highest overflowed volume was recorded at S3. At this site, the overflow volume released from 16 operational CSOs was estimated at 932,520 m³. Seven operational CSOs discharge into S1 and S2 with an estimated overflowed volume of 735,617 m³. Overflow volumes were significantly lower at S4 and S5 at 29,902 m³ and 1005 m³, respectively. In 2017, United Utilities categorized CSOs releasing wastewater into sites S1 to S3 as high risk due to the combination of increasing pollution incidents and higher spill volume and frequencies (Utilities, personal communication, 2017). In response to water quality non-compliance at S3, United Utilities is working with the Irwell Catchment Partnership to investigate grey and green infrastructure options to improve water quality.





4. Discussion


4.1. Land Cover and Water Quality


Previous studies have recognized impervious covers as predictors of water quality degradation [1,3,5,12]. Generally, water quality degrades when the percentage of impervious cover is more than 10% [3]. The total area of impervious cover (i.e., transport network, residential, industrial and commercial) in our catchment is 98.57 km² or 40% of the total catchment land cover. Impervious covers by sub-catchment vary between 37%–57% and increases downstream. The predominant impervious land cover is residential buildings which is typical in most urban areas [3]. This complicates the water quality picture as residential areas are sources of SS, P and N pollution and contribute to the overall proportion of impervious surfaces downstream. The industrial legacy in this river catchment [39,40], has been replaced by mixed use impervious land cover (Table A2) that is correlated with high levels of surface runoff, conductivity, and NO3 contaminants and lower DO levels (Figure 4).



Large expanses of impervious surfaces in built-up areas generate higher volumes of overland flow that transport nutrients, SS and other contaminants to artificial drainage networks and rivers [20,23]. We found, impervious covers, in particular transport networks (Table A2) increase runoff, principally from S3 downstream. Following precipitation events, nutrient transfer from impervious areas occurs rapidly [49] transporting contaminants into CSOs and the river, affecting water quality [49]. Table A2 and Figure 3 show that the higher the impervious cover, the lower the river quality (Table 3). Specifically, discharge, conductivity, SS, and nutrients are higher and DO lower at the downstream study sites.



Overall, our study catchment has not met the EU WFD’s good ecological standard due to high PO4-P concentration, which is attributed to discharge from the WwTW and intermittent discharges from CSOs (Figure 5). It is likely difficult to alter the volume of discharge from the WwTW, whereas, the degree of imperviousness in each CSO catchment also determines the conveyance of contaminants into the river [50]. Therefore, the results from the sub-catchment land cover assessment could inform targeted interventions to regulate runoff and improve water quality especially in the highly impervious built up areas, including residential areas. While there are efforts to improve CSO infrastructure and to reduce effluent discharge from point sources, the EA’s Catchment Planning System predicts some improvement as shown in Table A3 (Appendix A) (see https://environment.data.gov.uk/catchment-planning/WaterBody/GB112069061152). However, increased PO4-P concentration in the urban section of the river is forecast to remain Poor and therefore, the implementation of Best Management Practices could be deployed to the river catchment on a case-by-case basis.



Woodland cover can reduce nutrient discharge to rivers, prevent storm water runoff, reduce soil erosion and absorb pollutants. In the study area, the urban green and woodland (Broadleaf) land covers correlated positively with DO and negatively with the nutrients, discharge and conductivity. Yet, in many urban areas, including Greater Manchester, urban woodland has been crowded out by other development. Caution nevertheless should be exercised in the rush to plant trees in catchments for flood risk management or to tackle climate change, as the type of woodland matters, i.e., for this catchment broadleaf woodland might be preferred [2,51].




4.2. Spatial Scales and DEM


Even in a small catchment, where the distance between S2 and S3 is 4.5 km and from S3 and S4 is 3 km, spatial land cover patterns can affect water quality. By selecting a threshold of 100 m2 (Section 2.4) for the delineation of the sub-catchments, the land cover and water quality variables and relationships at the riparian level was revealed. An increased buffer zone, i.e., more than 100 m2 would weaken the influence of the land covers on water quality [25]. River monitoring at different riparian and habitat scales can reveal more information to inform management strategies [26,49].



The variation in catchment size observed in our analysis was attributed to the application of a higher resolution DEM (12.5 m), i.e., 65.9 km² as compared to 57.5 km² determined by the Centre for Ecology and Hydrology UK Integrated Hydrological Digital Terrain Model (IHDTM) on a 50 m grid interval. High resolution DEMs are essential when modelling urban environments, i.e., to predict floods [52,53].



This study demonstrates that ArcGIS and DEM provide useful tools needed to understand the impact of land cover on water quality indicators [54]. Impervious surface covers dominate the river catchment, including transport networks, residential, industrial, and commercial. The WwTW was also shown to be a major contributor to the nutrient loads and the correlation between nutrients, discharge and land covers reflects hydrogeomorphological processes that operate at varying spatial scales [55,56] and measurement scales. Nevertheless, the results of our study may be weakened by the small number of sampling sites. The process of regular sampling and monitoring of urban waterbodies requires permission and access that could be furthered by a more partnership approach to river management.





5. Conclusions


Overall, this study demonstrates that ArcGIS and DEM provide useful tools needed to understand the impact of land cover types and related diffuse source pollutants at the sub-catchment scale on urban water quality. The mix of impervious land covers in each CSO “catchment” determines the composition of overflowed effluent and is a means to separate out this load from the pollutant load discharged from a WwTW. Imperviousness emerged as a potentially useful measure to classify and model river catchments to assess water quality and biodiversity and for flood regulation. Land cover provides an additional target for interventions in river catchments to improve water quality and flow regulation. Interventions could include community and town planning strategies aimed to protect river habitats, through education on garden fertilizer management for households, the development of spatially targeted urban greenspaces, SuDS regulations, or more directly through imperviousness tax on new urban and infrastructural development. The intersection of water quality, urban habitat protection, greenspace for wellbeing, and flood risk management might provide added impetus for integrative management strategies between town planners, regulators, water companies, developers, local community groups and academic researchers.
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Table A1. Area of the land cover types extracted from the study sub-catchments.






Table A1. Area of the land cover types extracted from the study sub-catchments.





	
Sites

	
Continuous Urban Fabric–Transport Network

	
Continuous Urban Fabric–Urban Green

	
Discontinuous Urban Fabric–Residential

	
Industrial, Commercial

	
Inland Waters

	
Woodland–Broadleaf

	
Total area (m²) of Land Cover per Sub-Catchment

	
Impervious Cover %

	
Non-impervious Cover %






	
S1

	
1,302,096.98

	
7,093,284.49

	
2,661,520.56

	
76,954.12

	
22,569.13

	
3,753,243.20

	
14,909,668.48

	
27.10

	
72.90




	
S2

	
2,501,224.47

	
9,545,920.15

	
4,184,219.37

	
491,579.65

	
22,569.13

	
4,974,877.57

	
21,720,390.34

	
33.04

	
66.96




	
S3

	
6,153,087.00

	
18,284,202.32

	
9,394,692.58

	
1,039,360.66

	
43,686.01

	
9,485,514.80

	
44,400,543.37

	
37.36

	
62.64




	
S4

	
7,600,552.87

	
20,420,978.49

	
11,075,106.06

	
1,521,639.61

	
43,686.01

	
10,239,830.79

	
50,901,793.83

	
39.68

	
60.32




	
S5

	
7,960,135.54

	
20,648,100.75

	
11,283,991.01

	
1,542,921.98

	
43,686.01

	
10,311,191.26

	
51,790,026.55

	
40.14

	
59.86




	
GS

	
11,718,343.53

	
24,857,706.93

	
15,144,208.77

	
2,919,623.12

	
43,686.01

	
11,277,371.05

	
65,960,939.41

	
45.15

	
54.85




	

	
Total

	
249,683,361.98
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Table A2. Area of the main impervious covers and average runoff coefficient (c); Average runoff coefficient only significant for transport networks. Average precipitation intensity (mm/hr/ha) (I).






Table A2. Area of the main impervious covers and average runoff coefficient (c); Average runoff coefficient only significant for transport networks. Average precipitation intensity (mm/hr/ha) (I).





	
Sites

	
Continuous Urban Fabric–Transport Network (Area-(m²); %)

	
Discontinuous Urban Fabric–Residential (Area-(m²); %)

	
Industrial, Commercial (Area-(m²); %)

	
Sum of the Impervious cover (Area-(m²); %)

	
Discharge (m³/s) = Q

	
I = Average Precipitation Intensity = mm/h/(m3/s) or ha precipitation = mm) Transp Netw

	
I = Average Precipitation Intensity = mm/hr/ha (precipitation = mm) Res

	
I == Average Precipitation Intensity = mm/hr/ha (precipitation = mm) IC Commercial

	
c–Transp Network = Q/I × A (Transp Networks)






	
S1

	
1,302,096.98

	
2,661,520.56

	
76,954.12

	
4,040,571.66

	
0.15

	
8.98 × 10−8

	
4.40 × 10−8

	
1.52 × 10−6

	
1.28




	

	
32.23

	
65.87

	
1.9

	

	

	

	

	

	




	
S2

	
2,501,224.47

	
4,184,219.37

	
491,579.65

	
7,177,023.49

	
0.23

	
8.99 × 10−8

	
2.80 × 10−8

	
2.38 × 10−7

	
1.02




	

	
34.85

	
58.3

	
6.85

	

	

	

	

	

	




	
S3

	
6,153,087.00

	
9,394,692.58

	
1,039,360.66

	
16,587,140.24

	
0.43

	
1.90 × 10−8

	
1.25 × 10−8

	
1.13 × 10−7

	
3.67




	

	
37.1

	
56.64

	
6.27

	

	

	

	

	

	




	
S4

	
7,600,552.87

	
11,075,106.06

	
1,521,639.61

	
20,197,298.54

	
0.53

	
1.54 × 10−8

	
1.06 × 10−8

	
7.69 × 10−8

	
4.53




	

	
37.63

	
54.83

	
7.53

	

	

	

	

	

	




	
S5

	
7,960,135.54

	
11,283,991.01

	
1,542,921.98

	
20,787,048.53

	
0.53

	
1.47 × 10−8

	
1.04 × 10−8

	
7.58 × 10−8

	
4.53




	

	
38.29

	
54.28

	
7.42

	

	

	

	

	

	




	
GS

	
11,718,343.53

	
15,144,208.77

	
2,919,623.12

	
29,782,175.42

	
0.53

	
9.99 × 10−9

	
7.73 × 10−9

	
4.01 × 10−8

	
4.53




	
39.35

	
50.85

	
9.80

	
98,571,257.88
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Table A3. EA CPS (2019) Chemical and ecological classification for 2016 and 2027 by reach, where Up = upstream, Down = Downstream. P = Poor, M = Moderate, sG = Supports Good and G = Good. The broad classification of UK waterbodies covers the ecological (biological quality, hydromorphological, physico-chemical, supporting) and chemical (priority substances, hazard substances) statuses. Each element of the classification informs the overall classification status of the waterbody.






Table A3. EA CPS (2019) Chemical and ecological classification for 2016 and 2027 by reach, where Up = upstream, Down = Downstream. P = Poor, M = Moderate, sG = Supports Good and G = Good. The broad classification of UK waterbodies covers the ecological (biological quality, hydromorphological, physico-chemical, supporting) and chemical (priority substances, hazard substances) statuses. Each element of the classification informs the overall classification status of the waterbody.





	
Classification Item

	
2016

	
2027






	

	
Up

	
Down

	
Up

	
Down




	
Ecological (overall)

	
M

	
M

	
G

	
M




	
Biological quality elements

	
P

	
P

	
M

	
M




	
Hydromorphological supporting elements

	
sG

	
sG

	
sG

	
sG




	
Physico-chemical quality elements

	
M

	
M

	
G

	
M




	
Supporting elements (surface water)

	
M

	
M

	
G

	
G




	
Chemical (overall)

	
G

	
G
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Figure A1. The percent slope map for the River Medlock catchment area. 
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Figure A2. Flow direction map of the River Medlock catchment. Insert is the D8 legend showing flow direction values increase by a factor of 2 in a clockwise direction of a compass. 
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Figure A3. Flow accumulation map of the River Medlock catchment indicates the drainage areas of the sample points (S1–S5) and the gauging station. The flow accumulations were computed over a contributing area of 100 m². 
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Figure 1. River Medlock catchment area and the study sites. Insert is the location of the river in Greater Manchester, UK (a); Orthophotomap of the river catchment (b). 
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Figure 2. Georeferenced map of the River Medlock (a); Detailed orthophotomap classified in ArcGIS 10.4.1 (b); Vectorized land cover (c). 
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Figure 3. CORINE land cover patterns at sub-catchments S1 to S5 (a–e) and the Gauging Station (f). 
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Figure 4. The percent total land cover verses impervious cover for transport networks, industry/commercial and residential. Percentage total land cover found to increase downstream of the catchment. 
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Figure 5. Volume (Log10) (m³) of wastewater and discharge (Log10) (m³/s) released from combined sewer overflow (CSO) for each sample site. 
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Table 1. Catchment characteristics including the sub-catchment sampling sites S1–S5 and GS obtained from the digital elevation model (DEM).
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	Sub-Catchment
	Grid Reference
	Latitude
	Longitude
	Distance (km from Source)
	Average Slope (%)
	Sample Point Catchment Area (km²)
	Elevation (Mean Sea Level)





	S1
	SD 94183 02295
	53.5173
	−2.0892
	6.6
	10.72
	13.65
	182



	S2
	SD 93489 01798
	53.5128
	−2.0996
	8.5
	9.45
	20.55
	159



	S3
	SJ 89272 99554
	53.4925
	−2.1631
	13
	7.56
	43.98
	114



	S4
	SJ 86052 98382
	53.4819
	−2.2116
	16.1
	7.24
	50.16
	93



	S5
	SJ 85781 97858
	53.4772
	−2.2157
	17.4
	7.21
	50.85
	90



	GS
	SJ 84800 97500
	53.4740
	−2.2305
	18
	6.57
	65.94
	89
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Table 2. Significant correlations between water quality variables and land cover, Number of sampling sites = 5, r = correlation coefficient.
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	Land Cover and Water Quality Variables
	r
	p





	Transport Network
	
	



	DO mg/L
	−0.937
	0.019 *



	Conductivity
	0.991
	0.001 *



	TOM mg/L
	−0.885
	0.046 *



	Discharge m³/s
	0.964
	0.008 **



	NO3-N mg/L
	0.904
	0.035 *



	Urban Green
	
	



	DO mg/L
	0.934
	0.020 *



	Conductivity
	−0.991
	0.001 *



	TOM mg/L
	0.904
	0.035 *



	Discharge m³/s
	−0.962
	0.009 **



	PO4-P mg/L
	−0.881
	0.049 *



	NO3-N mg/L
	−0.913
	0.031 *



	Residential
	
	



	Conductivity
	0.993
	0.001 **



	Suspended solids mg/L
	0.904
	0.035 *



	Discharge m³/s
	1.000
	0.000 **



	PO4-P mg/L
	0.908
	0.033 *



	NO3-N mg/L
	0.959
	0.001 *



	Industrial/Commercial
	
	



	DO mg/L
	−0.897
	0.039 *



	Conductivity
	0.928
	0.023 *



	Discharge m³/s
	0.915
	0.029 *



	Woodland (broadleaf)
	
	



	DO mg/L
	0.899
	0.038 *



	Conductivity µS/cm
	−0.999
	0.000 **







** Correlation is significant at the 1% and at the * 5% level (2-tailed).
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Table 3. Water quality measurements by sample site and EU Directives. The median values for all variables were determined except for SS where the mean values were provided to align with classification. Number of samples per site per variable S1 = 14, S2 to S5 = 15 each. All variables compared with EU Water Framework Directive (EU WFD) except suspended solids (mg/L) compared with the * Freshwater Fisheries Directives and ** Nitrates Directive and Drinking Water Directive applied to NO3-N (mg/L).






Table 3. Water quality measurements by sample site and EU Directives. The median values for all variables were determined except for SS where the mean values were provided to align with classification. Number of samples per site per variable S1 = 14, S2 to S5 = 15 each. All variables compared with EU Water Framework Directive (EU WFD) except suspended solids (mg/L) compared with the * Freshwater Fisheries Directives and ** Nitrates Directive and Drinking Water Directive applied to NO3-N (mg/L).





	
Variables

	
Sub-Catchment Areas

	
Median

	
% Percentile

	
Standards

EU WFD,

* Freshwater Fisheries Directive

** Nitrates Directive and Drinking Water Directive

	
Interpretation






	
Temperature

(°C) 2% and 98% percentile

	
S1

	
9.8

	
5–15.3

	
≤20

	
High




	
S2

	
9.5

	
5.1–14.8




	
S3

	
10.4

	
5.4–17.7




	
S4

	
10.2

	
4.9–17.3




	
S5

	
10.3

	
4.8–18.5




	
pH 5% and 10th percentile

	
S1

	
7.858

	
7.40–7.46

	
≤6–9

	
High




	
S2

	
7.79

	
7.50–7.61




	
S3

	
8.005

	
7.74–7.77




	
S4

	
8.04

	
7.80–7.81




	
S5

	
8.06

	
7.83–7.86




	
DO (% sat)

10%–90th percentile

	
S1

	
103.7

	
97.94–115.5

	
≥70%

	
High




	
S2

	
101

	
85.8–111.6




	
S3

	
101.5

	
94.81–117.2




	
S4

	
100.9

	
93.82–113.7




	
S5

	
99.5

	
82.04–113.9




	
* Suspended solids (mg L−1)

Freshwater Fisheries Directive

	
S1

	
4.183

	

	
<25

	
High




	
S2

	
6.029

	




	
S3

	
11.59

	




	
S4

	
15.03

	




	
S5

	
12.05

	




	
NH3-N (mg L−1)

1%–99th percentile

	
S1

	
0.35

	
0–2.48

	
0.04

	
Poor




	
S2

	
0.4

	
0–2.18




	
S3

	
0.59

	
0–2.50




	
S4

	
0.4

	
0.01–2.18




	
S5

	
0.43

	
0–2.55




	
BOD(mg L−1)

1%–99th percentile

	
S1

	
1.52

	
0–13.68

	
≤14

	
Good to Moderate




	
S2

	
1.98

	
0–13.1

	
≤14

	
Good to Moderate




	
S3

	
2

	
0.04–14.92

	
≤19

	
Good to Moderate




	
S4

	
2.6

	
0.55–16.13

	
≤19

	
Good to Moderate




	
S5

	
2.49

	
0–5.1

	
≤19

	
Very Good




	
TOM (mg L−1)

1%–99th percentile

	
S1

	
0.01

	
0–28.13

	

	




	
S2

	
0.01

	
0–25.93

	

	




	
S3

	
0.84

	
0–18.81

	

	




	
S4

	
0.33

	
0–14.04

	

	




	
S5

	
0.67

	
0–17.75

	

	




	
** NO3-N (mg L−1)

(5%–95%) Nitrate Directive

	
S1

	
9.72

	
0.14–4.98

	
50

	
Very Good




	
S2

	
9.60

	
0.14–4.46

	
50

	
Very Good




	
S3

	
10.7

	
0.59–11.68

	
50

	
Very Good




	
S4

	
10.3

	
0.611–9.60

	
50

	
Very Good




	
S5

	
10.34

	
0.523–9.23

	
50

	
Very Good




	
PO4-P (mg L−1)

(5%–95%)

	
S1

	
0.023

	
0–0.58

	
0.215–1.098

	
Very Good




	
S2

	
0.027

	
0–1.01

	
0.215–1.099

	
Very Good




	
S3

	
0.462

	
0.03–1.61

	
0.215–1.100

	
Moderately Poor




	
S4

	
0.444

	
0.02–1.25

	
0.215–1.101

	
Moderately Poor




	
S5

	
0.447

	
0.02–1.25

	
0.215–1.102

	
Moderately Poor
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Table 4. Significant correlations between analyzed physicochemical variables by sample point. N = number of samples S1= 22; S3–S5 = 23 each.
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	Sites/Parameters
	p
	r





	S1
	
	



	BOD (mg/L) /NH3-N (mg/L)
	0
	0.729 ***



	Conductivity (µS/cm)/pH
	0.016
	−0.517 **



	NO3-N (mg/L)/PO4-P (mg/L)
	0.001
	0.652 ***



	Q (m³/s)/NO3-N (mg/L)
	0.013
	0.509 **



	S2
	
	



	BOD (mg/L)/NH3-N (mg/L)
	0.001
	0.639 ***



	Q(m³/s)/NO3-N (kg/d)
	0.019
	0.485 **



	S3
	
	



	BOD (mg/L)/NH3-N (mg/L)
	0.018
	0.501 **



	NO3-N (mg/L)/PO4-P (mg/L)
	0
	0.797 ***



	S4
	
	



	BOD (mg/L)/NH3-N (mg/L)
	0.009
	0.535 ***



	NO3-N (mg/L)/PO4-P (mg/L)
	0
	0.797 ***



	PO4-P (mg/L)/SS (mg/L)
	0.02
	0.481 **



	S5
	
	



	NO3-N (mg/L)/PO4-P (mg/L)
	0
	0.838 ***







*** Correlation is significant at 1% level and ** at the 5% level (2-tailed).
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