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Abstract

:

Fecal Indicator Bacteria (FIB) such as Escherichia coli (E. coli) are a leading cause of surface water impairments in the United States. However, the relative impacts of different watershed characteristics on microbial water quality in agriculturally dominated watersheds are unclear. Spatial and statistical analyses were utilized to examine relationships between watershed characteristics and FIB and a multiple regression model was created. Geometric mean E. coli concentration data were obtained for 395 ambient water quality monitoring locations in Iowa. Watersheds were delineated for thirty randomly selected monitoring locations and drainage areas ranged from 93 to 1.1 million hectares. Watershed characteristics examined include area, presence of animal units (open feed lots and confinements), percent of watershed area receiving manure application, presence of point-source discharges, and land cover. The results from the analyses reveal that the presence of animal feeding operations and agriculture, wetland, and woody vegetation land covers are the most influential watershed characteristics regarding E. coli concentration. A significant positive correlation was identified between E. coli concentration and agriculture while significant negative correlations were identified with animal feeding operations and wetland and woody vegetation. Establishing relationships between watershed characteristics and presence of E. coli is needed to identify dominant watershed characteristics contributing to pathogen water impairments and to prioritize remediation efforts.
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1. Introduction


It is well documented that waste from agricultural livestock operations contributes to contamination of waters by Fecal Indicator Bacteria (FIB) and microbial pathogens. For example, Animal waste can enter water bodies from leaking or overflowing waste lagoons or through runoff from fields amended with animal manure [1,2,3,4]. In many watersheds, wildlife such as geese and deer are a significant source of E. coli [5,6,7]. E. coli is also associated with point-source discharges of human wastes such as those which occur at wastewater treatment plants [8]. The concentration of fecal coliforms in treatment plant effluent depends on flow, treatment type, and the target bacterial population [9,10]. In addition, some strains of E. coli that possess the virulence characteristics of uropathogenic strains can survive the wastewater treatment process [11,12]. In areas without wastewater treatment plants, leaking septic systems may release FIB [6,13].



In the United States, waters are assessed as impaired if they do not support one or more of their designated uses. The leading cause of water quality impairment in U.S. rivers is elevated FIB levels [14]. Similarly, FIB is the leading cause of water quality impairments in Iowa rivers and streams and accounts for 378 of the 703 impaired river/stream segments identified in Iowa’s 2014 303(d) list of impaired waters [15]. The presence of pathogens in waters is typically confirmed through the presence of FIB such as E. coli or enterococci [14]. In 2012, the United States Environmental Protection Agency (U.S. EPA) revised recreational water quality criteria to better protect recreators from exposure to microorganism originating from fecal sources. The U.S. EPA recommended geometric mean (GM) criteria is 126 colony forming units (CFU)/100 mL for E. coli, which relates to an estimated illness rate of 36 per 1000 [16].



After a waterbody is classified as impaired in the United States, a water quality improvement plan or Total Maximum Daily Load (TMDL) must be set to identify the load reductions necessary to meet water quality standards. Watershed scale water quality models are often used to model pollutant loads and determine the necessary load reductions to meet the TMDL target. However, many of the common models are limited in their ability to predict bacterial loads to surface waters. Specifically, current watershed scale models ignore subsurface transport of microorganisms and the complex sediment and microorganism interactions are overly simplified in the model processes that simulate microbial transport in surface runoff [17,18].



Therefore, Geographic Information System (GIS) tools are increasingly being used to address FIB impairments. For example, Crowther, Kay and Wyer [1] identified strong positive correlations (p < 0.01) between presumptive coliform, presumptive E. coli, and presumptive streptococci concentrations with the land use and farming practices associated with intensive livestock farming in two agricultural UK watersheds. They concluded that generic statistical models, based on land use and farm management data, may be able to predict microbial water quality due to the significant relationships between high-flow FIB concentration and land use/farming practices. A study conducted by Sliva and Williams [19] identified seasonal correlations between fecal coliform concentrations and catchment and river buffer land cover in three southern Ontario watersheds. In addition, they concluded that urban land use is the most essential watershed characteristic in predicting water quality variability. In Ohio, Tong and Chen [20] found strong positive correlations between fecal coliform concentrations and commercial, residential, and agricultural land uses. Finally, Pandey, et al. [21] assessed the impacts of land cover on in-stream E. coli concentrations. Their results show that in-stream E. coli concentration is significantly (p < 0.01) influenced by areas receiving manure, wetlands, drained land, and cropped land. These studies have demonstrated the effectiveness of GIS as a tool to examine many water quality parameters at a wide range of catchment scales.



Although previous studies have identified positive correlations between watershed characteristics and FIB, these works are limited in data obtained through convenience samples, low numbers of watersheds studied, omission of certain watershed characteristics, or a study design focused on water quality parameters other than FIB. These factors often do not allow for random sampling, which raises concerns regarding violation of inherent assumption of independence of errors [22]. To achieve independence, watersheds are randomly selected from a larger dataset. Furthermore, as the number of watersheds in the study increases, the power of the statistical analyses also increases [23]. Previously, land cover analysis has been limited to general categories such as agriculture, forest, and urban. However, analysis of detailed land cover categories, including water and types of wetlands, forests, grasslands, crops, and urban areas, provides more useful data for modeling and placement of conservation practices. Previous works also have not investigated the influence of other watershed characteristics such as number of point-source dischargers, presence of animal feeding operations (AFOs), or extent of manure application. Point source-dischargers, such as wastewater treatment plants, typically use chlorination, UV irradiation, or ozonation to disinfect their effluent. However, increases in bacterial abundance have been observed downstream of wastewater treatment plants [24,25]. Animal Feeding Operations are a significant risk of FIB impairment through three primary sources: accumulated manure in open and unpaved feedlots; manure stored in holding ponds, lagoons, and uncovered stockpiles; and from excess manure and wastewater applied to land [26]. FIB can enter the environment from leaks or overflows in manure storage structures [4]. It is also well known that FIB can be transported from manure-applied agricultural fields during precipitation events [2,3]. In addition, manure is often applied to fields in excess of agronomic rates due to a surplus of manure, especially in areas with high animal concentrations [26]. These factors make AFOs and manure application high risk sources of FIB impairment and ones that must be analyzed in greater detail in GIS based studies.



This study aims to provide a thorough analysis of the correlations between FIB concentration and watershed characteristics in agriculturally dominated landscapes. Specifically, this study expands upon the work of previous studies by focusing exclusively on FIB, analyzing a larger sample size, performing a detailed land cover analysis, and including a more extensive suite of watershed characteristics. Here, we correlate the presence of E. coli in streams with the respective watershed characteristics. Specific watershed characteristics considered included watershed area, land cover, watershed area receiving manure application, presence of point-source dischargers, and number of animal units (open feed lots and confinements). Establishing a correlation between watershed characteristics and E. coli concentration is needed to identify dominant watershed characteristics contributing to bacterial water impairments and to prioritize remediation efforts.




2. Materials and Methods


The study was conducted in watersheds in Iowa, U.S.A., an agriculturally intensive state; over 90% of Iowa’s land is used for agriculture and the state ranks 1st in the U.S. for corn production and 2nd in the U.S. for soybean production. Iowa is also the nation’s leader in egg production and ranks second in the nation in red meat production. In addition, Iowa is the nation’s leader in hog production with an estimated 20.9 million hogs in the state totaling about 32% of the nation’s hogs. Other animals produced in Iowa include sheep, chickens, and turkeys [27].



E. coli concentration data were provided by Iowa Department of Natural Resources (IDNR) for 395 Iowa stream and river sites in the U.S. EPA Storage and Retrieval (STORET) environmental data system. Data were collected from 2010 to 2012 with an average of 21 grab samples per location. The grab samples were collected as part of various water quality monitoring programs including the IDNR’s ambient water quality monitoring program, ambient monitoring networks from the United States Geological Survey and United States Army Corps of Engineers, drinking water utilities such as the Des Moines Water Works, and local watershed monitoring projects such as the Turkey River Watershed Project. A three-year average E. coli GM concentration was calculated for each site and the data are presented as a bar chart in Figure 1. Each bar on the x-axis represents one of the 395 sites; sites were ranked in order of ascending E. coli GM concentration to aid in the selection of sites for detailed analysis.



To explore relationships in watershed characteristics and water quality data, thirty of the STORET monitoring sites were selected for spatial analysis. The 395 STORET sites were ranked in order of ascending E. coli GM concentration and three subsets of 10 randomly selected STORET sites were selected using the subset tool in the JMP software package (SAS); 10 sites were selected from the lowest 10% of GM E. coli (8–105 CFU/100 mL), 10 from the middle 10% (415–561 CFU/100 mL), and 10 from the highest 10% (1,536–31,311 CFU/100 mL). The E. coli GM concentrations were spatially joined to the Iowa STORET monitoring sites and the 30 randomly selected monitoring sites are shown in Figure 2.



2.1. Watershed Delineation


A single, 30-m raster grid Digital Elevation Model (DEM) for all of the Iowa watersheds was created for use in watershed delineations. The National Elevation Datasets (NEDs) for Illinois, Iowa, Minnesota, Missouri, South Dakota, and Wisconsin were combined in ArcGIS (Redlands, CA, USA) so any overlapping NEDs would be horizontally weighted to produce the output cells [28].



To determine the watershed area of each monitoring location, watershed delineations were performed for each of the 30 sites using the automatic watershed delineation tool in ArcSWAT (Temple, TX, USA) [29]. The National Hydrography Dataset (NHD) Flowlines layer was burned into the DEM so SWAT would produce more accurate stream reaches for the DEM based delineation. After the watershed delineation was completed for each of the 30 monitoring sites, the Animal Feeding Operation (AFO) Confinements, AFO Feedlots, National Pollution Discharge Elimination System (NPDES) Facilities, Manure Application Areas, and Land Cover layers were added to the maps for each of the respective monitoring sites and clipped to the watershed boundaries. A summary of data layer sources is provided in Table 1 and an example delineated watershed with GIS layers is included online as Figure S1.




2.2. GIS Data


The Iowa STORET monitoring locations coverage was created by the IDNR from multiple sources including Universal Transverse Mercator (UTM) coordinate data from the University of Iowa Hygienic Lab, United States Geologic Survey (USGS) National Water Information System (NWIS) data, topographic maps, aerial photographs, and GPS data. The 2013 edition of the STORET locations coverage was used in this analysis because it was the most current version available. Both the National Elevation Dataset (NED) and National Hydrology Dataset (NHD) coverages were developed by the USGS.



The 2010 edition of Iowa NPDES Facilities coverage was the most recent edition available for the E. coli sampling period. This coverage was developed by the IDNR and includes all municipal, industrial, and semi-public wastewater treatment facilities in Iowa in the NPDES program. According to this coverage, there are 1918 facilities in Iowa with a NPDES permit. The total number of point-source discharges was summed as the number of NPDES Facilities for each watershed. In addition, the density of NPDES Facilities in facilities per 1000 hectares was calculated.



Two land cover coverages were used in this analysis: the 2002 Iowa Land Cover layer developed by the IDNR and the 2012 Iowa Cropland Data coverage developed by the USDA. The two land cover coverages each provide unique benefits to the spatial analysis. The IDNR coverage provides a greater ground resolution of 15-m over the USDA coverage’s 30-m resolution. However, the USDA coverage provides a greater number of land cover categories and includes data from the E. coli sampling period. Furthermore, the two coverages have different sub-divisions for the grassland, forest, wetland, and urban land covers. The IDNR layer was developed using data from satellite imagery collected between May 2002 and May 2003. Several editions of this coverage have been released and the 2011 edition was used in this analysis because it was the most current version available. Land cover categories included in this coverage are: Unclassified, Water, Wetland, Bottomland Forest, Coniferous Forest, Deciduous Forest, Ungrazed Grassland, Grazed Grassland, Planted Grassland, Alfalfa/Hay, Corn, Soybeans, Other Rowcrop, Roads, Commercial/Industrial, Residential, Barren, and Clouds/Shadow/No Data. The USDA coverage was created using satellite imagery during the 2012 growing season. Land cover categories included in this coverage are: Corn, Sorghum, Soybeans, Sweet Corn, Pop or Orn Corn, Barley, Spring Wheat, Winter Wheat, Double Crop Winter Wheat/Soybeans, Rye, Oats, Millet, Alfalfa, Other Hay/Non Alfalfa, Camelina, Potatoes, Other Crops, Peas, Herbs, Clover/Wildflowers, Sod/Grass Seed, Switchgrass, Fallow/Idle Cropland, Apples, Open Water, Developed/Open Space, Developed/Low Intensity, Developed/Medium Intensity, Developed/High Intensity, Barren, Deciduous Forest, Evergreen Forest, Mixed Forest, Shrubland, Grass/Pasture, Woody Wetlands, Herbaceous Wetlands, Triticale, Double Crop Winter Wheat/Corn, Double Crop Winter Wheat/Sorghum, Double Crop Soybeans/Oats, and Double Crop Corn/Soybeans. To compare the results of this study to those of previous studies, the IDNR land cover classes for Ungrazed Grassland, Grazed Grassland, Planted Grassland, Alfalfa/Hay, Corn, Soybeans, and Other Row Crop were also combined into a Total Agriculture land cover group. Similarly, the IDNR land cover classes for Bottomland Forest, Coniferous Forest, and Deciduous Forest were combined into a Total Forest land cover group. Finally, the IDNR land cover classes for Roads, Commercial/Industrial, and Residential were combined into a Total Urban/Developed land cover group. Land cover groups were also created from the land cover classes of the USDA coverage. According to the USDA land cover class categorization codes, a Total Crops land cover group was created by combining the Corn, Sorghum, Soybeans, Sweet Corn, Pop or Orn Corn, Potatoes, Other Crops, Peas, Herbs, Clover/Wildflowers, Sod/Grass Seed, Switchgrass, Apples, Triticale, Double Crop Winter Wheat/Corn, Double Crop Winter Wheat/Sorghum, Double Crop Soybeans/Oats, and Double Crop Corn/Soybeans land cover classes. A similar Total Grains/Hay/Seeds land cover group was created by combining the Barley, Spring Wheat, Winter Wheat, Double Crop Winter Wheat/Soybeans, Rye, Oats, Millet, Alfalfa, Other Hay/Non Alfalfa, and Camelina land cover classes. The Total Crops and Total Grains/Hay/Seeds land cover groups were combined, along with the Fallow/Idle Cropland and Grass/Pasture land cover classes, into a Total Agriculture land cover group for the USDA coverage. A USDA Total Forest land cover group was created by combining the Deciduous Forest, Evergreen Forest, and Mixed Forest land cover classes. Finally, a Total Urban/Developed land cover group was created for the USDA coverage by combining the Developed/Open Space, Developed/Low Intensity, Developed/Medium Intensity, and Developed/High Intensity land cover classes.



The 2013 edition of the Iowa AFO Confinements and the 2012 edition of the Iowa AFO Feedlots coverages were the most current versions available for the E. coli sampling period. The IDNR developed the AFO confinements and AFO feedlots coverages using data collected by Iowa Animal Feeding Operations Program. The facilities included in this program are large operations requiring a permit or manure management plan, operations that volunteered to provide information to the IDNR, or operations with a compliance issue [30]. Animals are confined (kept and fed for 45 or more days per year) in both confinements and open feedlots and both types of AFOs include manure storage structures [31]. The IDNR differentiates confinements and feedlots based upon their roofs; confinements are totally roofed and open feedlots are partially or totally unroofed. The regulations affecting an operation are based on the size, type, and age of the facility. In Iowa, confinement feeding operations must retain all manure; however, in Iowa, open feedlots with a NPDES permit may discharge to surface waters during certain conditions stated in their permit such as during storm events larger than a 25-year, 24-h storm [31]. Using the AFO Open Feedlot and AFO Confinement coverages, there are 2627 open feedlots and 8317 confinements in the state. The total number of confinements, feedlots, and animal units were summed from the AFO Confinements and AFO Feedlots attribute tables. In addition, the density of confinements, feedlots, and total AFOs in number per 1000 hectares was calculated.



The only available version of the Iowa Manure Application Areas coverage was developed by the IDNR in 2006. This coverage represents the land area needed to utilize the amount of nitrogen in the manure generated by the number of animals in the 2006 version of the AFO coverage at an application rate of 160 pounds of nitrogen per acre. When land applying manure, farmers must follow IDNR regulations; these regulations are based on the size, type of operation, and type of manure storage. Using the Manure Application Areas coverage, an estimated 1900 square kilometers of land in Iowa received manure application in 2006, representing 1.3% of the total area of Iowa.




2.3. Analysis


By comparing stream E. coli GM concentrations in watersheds with a variety of watershed characteristics, the relative impacts of watershed characteristics on water quality could be determined. The watersheds delineated in this study ranged from 93 to 1,115,956 ha. Spearman’s rank correlation coefficients (rs) were calculated for all 30 randomly selected watersheds using JMP (Cary, NC, USA) to examine relationships between E. coli GM concentrations and watershed area, number of AFO confinements, number of AFO feedlots, AFO confinement density, AFO feedlot density, total AFO density, total number of animal units, animal unit density, percent of land area receiving manure application, total number of point-source discharges, density of point-source dischargers, and percent of land area by land cover category [32]. An rs value is equal to the Pearson correlation between the ranks of two variables. An rs value of 1 represents a perfect positive correlation of ranks, a value of −1 represents a perfect negative correlation of ranks, and a value of 0 represents no correlation between ranks. The p-values were calculated for each analysis using JMP, and p-values less than 0.1 were considered significant. A stepwise least squares multiple regression model was created in JMP using backward elimination with E. coli concentration as the dependent variable to assess the relative impacts of different watershed characteristics. A final model was selected when all model variables had p-values less than 0.1. Variance Inflation Factors (VIF) were calculated for each of the model variables to test for collinearity. A VIF value of 1 indicates no correlation between the variable and the remaining predictor variables and VIF values less than 10 were considered acceptable [33,34,35,36]. In order to evaluate the model, a coefficient of determination (R2) was calculated and an analysis of variance was performed using JMP.





3. Results and Discussion


A Spearman’s rank correlation analysis was performed on the E. coli GM at each site versus the watershed area, total number of animal units, presence of AFO confinements and feedlots, presence of point-source discharges, percent of land area receiving manure application, and percent of land area by land cover category. The results of the Spearman’s rank analysis of the 30 randomly selected watersheds are summarized in Figure 3; the bars represent the magnitude of the p-values and positive and negative directions of ordinates depicts positive and negative Spearman’s rank correlations between E. coli and the corresponding watershed characteristics. The data labels for each bar represent the rs values for the respective watershed characteristic. Any p-values of < 0.0001 were displayed as 0.0001. A detailed discussion of the watershed characteristics follows below.



3.1. Watershed Area


A statistically significant negative correlation (rs = −0.4104, p = 0.0242) was calculated between watershed area and E. coli concentrations in streams for the 30 randomly selected watersheds. This important finding, also reported by Harmel, et al. [37], should be incorporated into bacterial modeling and decision-making. As watershed size increases, so does the distance between land applied FIB sources and water monitoring points. This increased travel distance increases the opportunities for FIB losses due to sedimentation and entrapment of particle associated FIB, infiltration of runoff, and FIB decay [38,39,40,41]. A study conducted by Tian, et al. [42] found that the delivery ratio of FIB to a stream increases as the distance decreases between the FIB source and the stream. Furthermore, once FIB reach surface waters, in larger watersheds there is greater travel time along stream/river reaches which provides more time for losses such as settling and decay. Another explanation for the negative correlation between watershed area and E. coli GM is that as watershed area increases, the duration of the direct runoff hydrograph increases and the peak rate of runoff as a percentage of the total runoff decreases [43]. A longer runoff duration and lesser runoff rate allows more time for infiltration and other losses to occur. A negative relationship between watershed area and FIB concentration was anticipated by Crowther, Kay and Wyer [1] due to increased opportunity for die-off and sedimentation along the longer stream reaches of larger watersheds; however, a statistically significant correlation was not reported. The study focused on two lowland pastoral catchments of 42.8 and 118.9 km2 with 15 and 28 respective monitoring locations. In contrast, the thirty Iowa watersheds used in this study ranged from 2.2 to 13,697 km2. The greater range of catchment watershed areas could explain the significant results of this study while the results of Crowther, Kay and Wyer [1] were inconclusive.




3.2. AFOs and Manure Application


The Spearman’s rank correlation analysis of the number confinements and feedlots within each of the 30 watersheds both produced significant negative correlations, rs = −0.3971 (p = 0.0298) and rs = −0.4481 (p = 0.0130) respectively. When the number of feedlots was normalized to the watershed area, a significant negative correlation (rs = −0.3764, p = 0.0404) was also observed. Similarly, the Spearman’s analysis of the total number of animal units in confinements and feedlots located in each of the 30 watersheds identified a significant negative correlation (rs = −0.3935, p = 0.0314). The number of animal units was also normalized to the watershed area for each watershed, but the Spearman’s rank correlation analysis produced a non-significant rs value of −0.0460 (p = 0.8092). Most Iowa manure systems are zero discharge, so it is expected that the presence of AFOs would not be positively correlated to E. coli concentrations. There are significant positive correlations (p < 0.0001) between watershed area and the number of confinements, number of feedlots, and total number of animal units in each watershed. Therefore, the negative correlations identified might be reflective of the impact of watershed area on E. coli concentration rather than the impacts of AFOs. As previously stated, larger watersheds allow more opportunities for FIB losses.



While significant negative relationships were noted between AFOs and E. coli GM, an insignificant correlation (rs = −0.1147, p = 0.5462) was observed for the percent of each watershed receiving manure application. This finding is contrary to previous studies. In the UK, Crowther, Kay and Wyer [1] found significant positive correlations (p < 0.01 and p < 0.001) between FIB GM and the percent of land area receiving animal waste applications during high flow conditions in two lowland pastoral catchments. Both catchments are highly agricultural with only 1.8% and 2.6% urban land cover. Similarly, the 26 Iowa watersheds used in this study that received manure application had urban land cover ranging from 0.9% to 9.9% of the total watershed area. Of these 26 watersheds, the percent of the watershed areas receiving manure application ranged from 0.38% to 55.1%. Impairments identified during high flow conditions often indicate pollutant loads associated with runoff events [44]. Further, support for relationships between manure amended land and runoff has been reported at a smaller scale including two plot scale studies. A study by Soupir, Mostaghimi, Yagow, Hagedorn and Vaughan [3] showed that runoff from land receiving liquid dairy manure contained E. coli concentrations up to 3.13 × 104 CFU/100 mL during one simulated storm event. A comparison by Mishra, et al. [45] found that fecal coliform concentrations ranged from 8.0 × 102 to 1.0 × 106 CFU/100 mL in runoff from plots receiving dairy manure and poultry litter treatments during two simulated storm events. Likewise, Hruby, et al. [46] also reported high concentrations of FIB after precipitation in tile drainage from plots amended with poultry manure. This study only evaluated the multi-year GM E. coli concentration and did not consider the impact of transport pathway and precipitation timing or intensity; these differences could explain the lack of a significant correlation in this study.




3.3. Point-Sources


Using the 2010 Iowa DNR coverage, there are 1918 National Pollution Discharge Elimination System (NPDES) Facilities discharging into Iowa waters. These facilities include municipal, industrial, and semi-public treatment plants. The Iowa DNR monitoring sites are intended to be ambient sites with the goal of measuring background water quality conditions, so only 13 of the 30 watersheds contained NPDES facilities. Despite this, a significant negative correlation was identified between the number of NPDES facilities and E. coli concentration (rs = −0.3193, p = 0.0854). There is a strong positive correlation between watershed area and number of NPDES facilities (p < 0.0001), so the number of point-source dischargers was also normalized to the watershed area for each of the 30 watersheds. When the Spearman’s rank correlation analysis was performed on the point-source discharger density, it produced a non-significant rs value of −0.2112 (p = 0.2625).



Of the 394 NPDES facilities located in the watersheds studied, approximately 46% were municipal, 16% were industrial, 16% were semi-public facilities, and 10% were agricultural. Approximately 95% of the facilities did not utilize pre-treatment. Primary treatment data were available for 76% of the facilities located in the watersheds studied. Of those facilities, primary treatment consisted primarily of treatment lagoons (59% of facilities), but also included activated sludge (9%) and no treatment (9%). In order to obtain an Iowa NPDES permit, a permit writer must derive technology-based effluent limits and water quality-based effluent limits. Then, the technology and water quality limits are compared and the more stringent limits are applied in the permit [47]. Reductions in FIB impairment have been documented after wastewater treatment plant upgrades. In the City of Lethbridge in southern Alberta, continuous high levels of FIB were measured downstream of their wastewater treatment plant until treatment plant upgrades were installed in 1999; 78% of samples with fecal coliform concentrations greater than 200 CFU/100 mL occurred before the treatment plant upgrades [48].



Since there is a strong positive correlation between watershed area and number of NPDES facilities and the IDNR monitoring locations are intended to measure background water quality conditions, the significant negative correlation between point source dischargers and E. coli concentrations in Iowa is possibly reflective of the relationship between watershed area and E. coli concentration rather than the influence of point-source dischargers on FIB concentration.




3.4. Land Cover


Spearman’s Rank Correlation Coefficients were calculated for each of the individual land cover categories of the 2002 Iowa DNR land cover coverage and the 2012 Iowa Cropland Data coverage. A summary of the land cover distributions for each of the 30 watersheds is displayed in Figure 4.



3.4.1. Water/Wetland


Significant negative correlations were identified between percent water land cover and E. coli concentration for both the analysis of the 30 watersheds using the IDNR coverage (rs = −0.6718, p < 0.0001) and the USDA coverage (rs = −0.6624, p < 0.0001). Likewise, significant negative correlations were identified between percent wetland land cover and E. coli concentration; the USDA coverage subdivides wetlands into woody wetlands (rs = −0.5906, p = 0.0006) and herbaceous wetlands (rs = −0.5144, p = 0.0036) whereas the IDNR coverage contains only one total wetland class (rs = −0.5524, p = 0.0015). A negative correlation between percent water land cover and E. coli concentration was expected because percent water land cover has a strong positive correlation to watershed area (p < 0.05); as previously stated, larger watersheds provide more time for FIB losses during transport in runoff as well as in surface water flow. The ability of wetlands to remove FIB is well documented and they have been used to treat wastewater [21,49,50]. Decamp and Warren [51] studied the removal rates of E. coli in subsurface flow wetlands used for wastewater treatment and observed removal rates of 96.6%–98.9% in four pilot-scale systems.




3.4.2. Forest


Significant negative correlations were observed between percent forest land cover and E. coli concentration; using the USDA coverage, percent deciduous forest has an rs value of −0.3677 (p = 0.0456), percent evergreen forest has an rs value of −0.4687 (p = 0.0090), and percent mixed forest has an rs value of −0.3990 (p = 0.0289). When the three forest types were combined into the percent USDA Total Forest land cover group the analysis produced an rs value of −0.3753 (p = 0.0410). Of the three types of forest, deciduous forest is dominant; for the 30 watersheds, deciduous forest land cover ranged from 0.15% to 34.7% of the watershed area while evergreen forest and mixed forest ranged from 0.0% to 0.05% and 0.0%–0.22%, respectively. Overall, total forest ranged from 0.0% to 35% of the watershed area. The IDNR coverage includes a bottomland forest category which represents the deciduous forest found in lowland floodplains along rivers and lakes. The Spearman’s rank analysis for the percent bottomland forest landcover also produced a significant negative correlation with an rs value of −0.6409 (p = 0.0001).



In Ohio, Tong and Chen [20] also found a significant negative correlation (p < 0.0001) between forest land cover and fecal coliform concentration. However, other studies have been unable to find relationships. A study conducted by Sliva and Williams [19] compared fecal coliform concentrations with percent forest land cover for a 100-m buffer zone along rivers as well as for entire catchments. Their study area had a greater percent forest land cover than the Iowa watersheds in this study; the 12 catchments in their study had forest land cover ranging approximately 10%–50% of the watershed area and the 12 buffer zones had forest land cover ranging approximately 20%–50% of the buffer zone. The authors found no correlation between percent forest land cover and fecal coliform concentration during the spring, summer, or fall seasons for both the 100 m buffer zones and the entire catchments. There appears to be less variation in the percent forest land cover in Sliva and Williams [19] than in this study, which could explain the difference in findings. Crowther, Kay and Wyer [1] performed a similar analysis on two lowland pastoral watersheds in the UK. In the first watershed, woodland land cover was 10.2% of the total catchment area and they did not perform an analysis because greater than 25% of the sub-catchments had 0% woodland land cover. In the second watershed, woodland land cover was 6.8% of the total catchment area and they found no correlation between presumptive coliforms, presumptive E. coli, or presumptive streptococci among the sub-catchments. The contradictory findings between studies are likely due to the multifunctional benefits of forested landscapes. Forested areas located along streams benefit water quality by providing nutrient retention and promoting the settling of sediment [52]. However, the improved habitat for wildlife can add to the FIB load to surface waters. Here the negative correlation indicates that the presence of forest in a primarily agricultural landscape has a positive impact on microbial water quality.




3.4.3. Shrubland


The Spearman’s rank analysis on the percent of the watershed corresponding to the USDA Shrubland land cover class produced a significant negative correlation of rs = –0.3474 (p = 0.0600). This land cover is defined as areas with natural or semi-natural woody vegetation, generally less than 6-m tall and non-interlocking. The positive impacts of riparian shrubs on water quality are well documented [53,54].




3.4.4. Grassland


While insignificant correlations were observed between E. coli concentration and the percent of each watershed corresponding to the IDNR ungrazed grassland (rs = −0.1457, p = 0.4423) and grazed grassland (rs = −0.2779, p = 0.1371) land cover categories, a significant negative correlation was observed between E. coli and percent planted grassland land cover (rs = −0.3602, p = 0.0506). The Iowa DNR defines planted grasslands as areas of unmanaged grasses in heavy stands. Both areas of native grasses and alien grasses, such as brome grass, are included in this class. Grasses are often used to create buffer strips near streams because of their ability to intercept pollutants in surface runoff. Therefore, the significant negative correlation between planted grasslands is potentially because they are strategically placed and acting as filters for surface runoff. A study conducted by Sliva and Williams [19] identified a significant negative correlation between fecal coliform concentration and percent field land cover of 100-m buffers surrounding rivers during the summer season. However, depending on the type of grassland, positive correlations have also been observed between grassland land cover and FIB concentrations [1].




3.4.5. Crops


When the Spearman’s rank analysis was performed on the crop classes from the USDA coverage, strong negative correlations were identified for the percent of each watershed corresponding to the Sweet Corn, Spring Wheat, Winter Wheat, Double Crop Winter Wheat/Soybeans, Sod/Grass Seed, and Double Crop Winter Wheat/Sorghum classes. However, in each of these cases, only four or fewer of the watersheds contained the crop class. Insignificant correlations were identified for both the percent of each watershed corresponding to the Corn (rs = 0.0002, p = 0.9991) and Soybeans (rs = 0.0216, p = 0.9099) crop classes.




3.4.6. Barren


No significant correlations were identified between percent Barren land cover and E. coli concentration; the Spearman’s Rank Correlation analysis using the IDNR coverage had an rs value of −0.1672 (p = 0.3773) and the analysis using the USDA coverage had an rs value of −0.2276 (p = 0.2263). The barren land cover classes are defined as areas largely covered with exposed rock or sand with little or no green vegetation. The lack of correlation between barren land cover and FIB could be because the barren areas are not conducive to growth of bacteria and likely does not receive manure application. A comparison made by Tong and Chen [20] found that barren land cover had the lowest fecal coliform concentrations out of the agriculture, pervious urban, forest, impervious urban, and barren land cover groups.




3.4.7. Total Agriculture


A Spearman’s Rank Correlation analysis was performed between E. coli GM and percent of each watershed corresponding to the individual land cover classes within the created IDNR and USDA Total Agriculture land cover groups. However, no significant correlations were identified for any land cover class besides those already discussed in Section 3.4.4 and Section 3.4.5. Likewise, no significant correlations were found between E. coli concentration and the percent Crops (rs = 0.1502, p = 0.4283) and percent Grains/Hay/Seeds (rs = −0.0131, p = 0.9451) land cover groups. When the individual land cover classes were aggregated into the total land cover groups, significant positive correlations were observed between E. coli concentration and the percent of each watershed corresponding to both the groups based on the IDNR (rs = 0.3348, p = 0.0705) and USDA (rs = 0.4269, p = 0.0186) coverages. Agriculture provides many possible sources of FIB including manure application and grazing animals, so a positive correlation is expected. Because Iowa is dominated by agricultural land cover, the effects of agriculture on FIB impairment can mask the effects of other watershed characteristics. A comparison made by Tong and Chen [20] found a significant positive correlation between agriculture land cover and fecal coliform concentration (p < 0.0001) and that concentrations were five times those of pervious urban areas, seven times those of forest areas, more than 16 times those of impervious land, and 46 times those of barren land. Likewise, Crowther, Kay and Wyer [1] found significant positive correlations between arable land cover and presumptive coliforms (p < 0.001), presumptive E. coli (p < 0.001), and presumptive streptococci (p < 0.01) in one of their two study catchments.




3.4.8. Total Urban/Developed


No significant correlation was observed between percent Total Urban/Developed land cover and E. coli concentrations; the Spearman’s Rank Correlation analysis for the IDNR coverage produced an rs value of 0.0607 (p = 0.7499) and the analysis for the USDA coverage produced an rs value of 0.0091 (p = 0.9618). The lack of correlation between percent Total Urban/Developed land cover and E. coli concentration for the IDNR coverage is explained by a lack of significant correlations between E. coli and the percent of each watershed corresponding to the roads (p = 0.4297), commercial/industrial (p = 7146), and residential (p = 0.2638) land cover categories. Likewise, the lack of correlation using the USDA coverage is because no significant correlations were observed between E. coli and the percent of each watershed corresponding to the Developed/Open Space (p = 0.4339), Developed/Low Intensity (p = 4651), and Developed/Medium Intensity (p = 0.5592) land cover classes. However, a significant negative correlation (rs = −0.3705, p = 0.0439) was identified between percent Developed/High Intensity land cover and E. coli concentration. Although other studies have found positive correlations between urban areas and FIB, the effects of urban land cover on FIB impairment in Iowa could be masked by the effects of the dominant agricultural land cover. In fact, agriculture is so dominant in Iowa that 27 of the 30 watersheds studied have less than 10% total urban area. In the UK, Crowther, Kay and Wyer [1] had similar conclusions and observed that FIB inputs from wastewater treatment plants were masked by the dominance of FIB from agricultural sources.



In areas where agricultural land cover is not as prevalent, urban areas can be the primary source of FIB impairment. Fecal coliform concentrations have been found to be significantly higher (p < 0.0001) in urbanized estuaries than undeveloped estuaries [13]. In a comparison by Mallin, et al. [55] of fecal coliform concentrations among five estuarine watersheds, concentrations were significantly correlated with population (p = 0.026), percentage development (p = 0.015), and percent imperviousness (p = 0.005). Significant positive correlations between fecal coliform concentrations and urban land cover have also been reported for the spring, summer, and fall seasons at the catchment and stream buffer scales [19]. Furthermore, direct relationships have been found between fecal coliform concentrations and housing density, population, percent imperviousness, pet density, and commercial and residential land covers [20,56]. A study by Mallin, Williams, Esham and Lowe [55] concluded that the most important anthropogenic factor influencing fecal coliform concentration is percent imperviousness; impervious surfaces such as driveways, parking lots, roads, roofs, and sidewalks concentrate and transport storm runoff pollutants to receiving waters. Other potential anthropogenic sources of FIB contamination include leaks in sewers, septic tanks, or pump stations and spills or overflows of untreated sewage [6,13].





3.5. Multiple Regression Model


While the Spearman’s rank correlation analysis provides useful information about the correlations between E. coli GM and watershed characteristics, it is difficult to interpret the interrelationships between the watershed characteristics and their combined effect on E. coli concentration. Therefore, a multiple regression model was developed; the regression coefficients of a multiple regression model represent the independent contributions of each variable to the estimation of the dependent variable.



The backwards elimination process of the multiple regression model resulted in a final model which includes ten watershed characteristics: Feedlot Density (#/1000 hectare), Number of AFO Confinements, Number of AFO Feedlots, and the percent of each watershed corresponding to the Bottomland Forest, Shrubland, Total Agriculture (USDA coverage), Deciduous Forest, Herbaceous Wetlands, Total Wetland (IDNR coverage), and Evergreen Forest land covers. The multiple regression equation of the final model is provided as Equation (1) and the model variables are defined in Table 2. To test for collinearity between the model variables, VIF values were calculated for each variable. VIF values for the model variables ranged from 1.32 to 9.23 (Table 2). Variables which were not normalized to watershed area, number of AFO Confinements and AFO Feedlots, had the greatest VIF values of 7.91 and 9.23, respectively. However, all VIF values were less than 10, the maximum acceptable value, and indicate inconsequential collinearity [33,34,35,36]. The model has a coefficient of determination (R2) value of 0.67517 with an adjusted R2 value of 0.504207. Coefficients of determination above 0.5 are generally considered acceptable [57]. The ANOVA test produces a p-value of 0.0049 which enables the rejection of the null-hypothesis and indicates that the model provides a better fit than an intercept-only model.



The multiple regression model eliminated variables with high collinearity, as defined by VIF values. Therefore, the variables included in the model indicate the watershed characteristics with the most important independent contributions to E. coli concentration. The estimates for the model variable coefficients were ranked from highest to lowest and are shown in Table 2. Each estimate represents the estimated increase in E. coli GM CFU/100 mL corresponding to an increase in one unit of the respective watershed characteristic after allowing for simultaneous change in the other variables. For five of the variables—Feedlot Density, percent Bottomland Forest land cover, percent Shrubland land cover, number of AFO Confinements, and percent Total Agriculture land cover—the sign (positive/negative) of the coefficient estimates is the opposite of the sign of the correlation identified in the Spearman’s rank analysis. However, this is not unusual because the parameter estimates and their sign in a multiple regression model are dependent upon which variables are included in the model. Consequently, this multiple regression model should not be used to quantitatively estimate the E. coli concentration given input watershed data. Instead, this model should be used qualitatively, and in conjunction with the Spearman’s rank correlation analysis, to analyze the importance of watershed characteristics on E. coli concentration.



The ten variables included in the model show that animal feeding operations, agriculture, wetlands, and woody vegetation are important watershed characteristics influencing E. coli concentration. This is corroborated by the results of the Spearman’s rank correlation analysis which showed high correlations (p = 0.0600 to p = 0.0001) between each watershed characteristic and E. coli GM. The relative importance of the different watershed characteristics can be ascertained by comparing the magnitude of the coefficient estimates. Percent Evergreen Forest land cover has the greatest magnitude with an estimate of −166,041.7. Following that, Feedlot Density and the percent of each watershed corresponding to the Bottomland Forest, Shrubland, Herbaceous Wetlands, and Total Wetland land covers each have estimates with orders of magnitude greater than the remaining variables, indicating that these watershed characteristics have a greater influence on the model’s estimated E. coli concentration for the tested agriculturally-dominated watersheds. Since the multiple regression model estimates are dependent upon the variables included in the model, the direction of the correlation between each watershed characteristic and E. coli concentration must be taken from the Spearman’s rank analysis. Therefore, percent agricultural land cover is positively correlated to E. coli concentration, whereas the presence of animal feeding operations and the percent wetland and woody vegetation land covers are negatively correlated.


   E .   c o l i   GM    (    CFU   100   mL    )  =  β 0  +  β 1   x 1  +  β 2   x 2  +  β 3   x 3  +  β 4   x 4  +  β 5   x 5  +  β 6   x 6  +  β 7   x 7  +  β 8   x 8  +  β 9   x 9  +  β  10    x  10     



(1)









4. Conclusions


This study expanded upon the work of preceding studies by concentrating exclusively on FIB, analyzing a greater number of watersheds, performing a detailed land cover analysis, and including a more extensive suite of watershed characteristics. The results of the Spearman’s rank correlation analysis and the multiple regression model shows clear relationships between watershed characteristics and water E. coli concentrations. In Iowa watersheds, the percent total agricultural land cover is positively correlated to E. coli concentration while the presence of animal feeding operations and the percent wetland and woody vegetation (forests and shrubland) land covers are negatively correlated. The strong negative correlations between E. coli and the percent bottomland forest land cover highlight the positive impacts of riparian vegetation in agriculturally dominated watersheds. Bottomland forest land cover is only found in lowland floodplains along rivers and lakes and the watershed characteristic was significant in both the Spearman’s rank analysis and the multiple regression model. Likewise, the percent shrubland, deciduous forest, and evergreen forest land covers were also significant in both analyses. However, a more advanced spatial analysis would provide greater insight into the effects of proximity of woody vegetation to streams on E. coli concentration. The results of this study will be especially helpful in identifying priority locations for watershed remediation efforts and watershed variables for future bacteria modeling.



The increasing availability of GIS datasets allows researchers to expand the variety and quantity of the data in which they are able to study. However, this study exposes the challenges in performing statistical analyses on a wide range of interrelated datasets. The Spearman’s rank correlation analysis is helpful in determining the correlations between E. coli concentration and the various watershed characteristics but it lacks the ability to identify their combined effects. Alternatively, the multiple regression model is helpful in identifying the watershed characteristics with the greatest independent contributions to E. coli concentration and their combined effects. Despite this, the model parameter estimates are equivocal and, consequently, the model should not be used quantitatively. Combined, the two analyses enable conclusions to be made about the relationships between watershed characteristics and E. coli concentration and their relative importance.



Future studies can build upon this study and past work in several ways. This study was limited by the scope of available data. Data on E. coli concentration and manure application areas were only available for Iowa, an agriculturally dominated state. While this study provides useful information on the relationships between E. coli concentration and watershed characteristics in large agricultural areas, these relationships in small urban areas are more equivocal. Including both ambient and urban monitoring locations would facilitate better analysis of watershed characteristics such as urban land use and point-source dischargers. Furthermore, GIS datasets, such as land cover and AFOs, are not always standardized and individual states include different fields in their coverages. As a result, acquiring data for analysis of large watersheds can be problematic. More accurate, current, complete, and higher resolution GIS datasets can benefit all GIS-based work. In addition, stronger correlations between FIB and watershed characteristics may be identified by taking into account the spatial distribution of the characteristics within the watershed. Since bacteria transport farther between FIB sources and monitoring sites in large watersheds, the stream distance between FIB sources and the monitoring location could be an important variable to include in a model. This study also did not include precipitation as a variable data due to the large number and scale of the watersheds. However, the correlation between precipitation and FIB transport is well documented and precipitation would be a useful variable to include in a small catchment model. Finally, small catchment models could also investigate the influence of the catchment’s geomorphology on in-stream FIB concentrations. Factors such as slope and soil type influence FIB transport.
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Figure 1. Summary of average recreation season geometric means (GM) of E. coli at Iowa warmwater stream/river monitoring stations for 2010–2012 (N = 395). Bars on the x-axis represent individual sites. 
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Figure 2. Spatial distribution of Iowa Storage and Retrieval (STORET) sites analyzed in this study. 






Figure 2. Spatial distribution of Iowa Storage and Retrieval (STORET) sites analyzed in this study.



[image: Water 09 00154 g002]







[image: Water 09 00154 g003 550] 





Figure 3. The p-value and Spearman’s rank correlation coefficients (data labels) by watershed characteristic (n = 30); positive and negative directions of ordinates depict positive and negative correlations between E. coli and the corresponding watershed characteristics. 
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Figure 4. Watershed Area and Land Cover Distribution. 
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Table 1. GIS layers used for watershed delineation and statistical analysis.
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Layer

	
Source

	
Maintenance/Update Frequency

	
Version






	
2006 Iowa Manure Application Areas

	
Iowa NRGIS Library

	
Irregular

	
2008 Edition, Downloaded in 2014




	
Iowa AFO Confinements

	
Iowa NRGIS Library

	
Monthly

	
2013 Edition, Downloaded in 2016




	
Iowa AFO Feedlots

	
Iowa NRGIS Library

	
As Needed

	
2012 Edition, Downloaded in 2016




	
Iowa National Hydrology Dataset (NHD) Flowlines

	
Iowa NRGIS Library

	
Irregular

	
Downloaded in 2014




	
Iowa NPDES Facilities

	
Iowa NRGIS Library

	
Monthly

	
2010 Edition, Downloaded in 2016




	
Iowa STORET monitoring locations

	
Iowa NRGIS Library

	
Irregular

	
2013 Edition, Downloaded in 2014




	
2012 Iowa Cropland Data

	
USDA National Agricultural Statistics Service

	
None Planned

	
2012 Edition, Downloaded in 2016




	
National Elevation Dataset (NED) 30-m cells

	
USDA NRCS Geospatial Data Gateway

	
None Planned

	
Downloaded in 2014




	
2006 Iowa Manure Application Areas

	
Iowa NRGIS Library

	
Irregular

	
2008 Edition, Downloaded in 2014
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Table 2. Model Parameter Estimates.
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i

	
Term, xi

	
Estimate, βi

	
Std Error

	
t Ratio

	
Prob > |t|

	
VIF






	
0

	
Intercept

	
24,149.022

	
5519.922

	
4.37

	
0.0003

	
-




	
1

	
Feedlot Density (#/1000 hectare)

	
21,288.786

	
4058.482

	
5.25

	
<0.0001

	
6.11




	
2

	
% Bottomland Forest

	
18,079.057

	
7279.138

	
2.48

	
0.0225

	
1.98




	
3

	
% Shrubland

	
11,126.519

	
3246.059

	
3.43

	
0.0028

	
2.15




	
4

	
# AFO Confinements

	
41.705236

	
11.420

	
3.65

	
0.0017

	
7.91




	
5

	
Total Ag. (USDA Coverage)

	
−173.2866

	
57.820

	
−3.00

	
0.0074

	
1.51




	
6

	
# AFO Feedlots

	
−224.3185

	
56.548

	
−3.97

	
0.0008

	
9.23




	
7

	
% Deciduous Forest

	
−364.5643

	
123.289

	
−2.96

	
0.0081

	
1.32




	
8

	
% Herbaceous Wetlands

	
−4671.417

	
2444.317

	
−1.91

	
0.0712

	
1.55




	
9

	
% Total Wetland (IDNR Coverage)

	
−34,966.16

	
6484.586

	
−5.39

	
<0.0001

	
7.52




	
10

	
% Evergreen Forest

	
−166,041.7

	
81,362.020

	
−2.04

	
0.0554

	
1.35
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