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Abstract 

The capture and reuse of wastewater is a promising strategy for increasing water 

availability, but the environmental benefits and costs are poorly quantified. In water-limited river 

basins, wastewater outfalls are an important component of stream flows and may buffer 

ecosystems from drought. How does wastewater influence the biodiversity of fish and 

macroinvertebrate communities? We investigated two competing hypotheses. First, we 

hypothesized that if wastewater flows buffer aquatic communities from drought, then measures 

of biodiversity should be higher at sampling sites near wastewater outfalls than at sites not near 

wastewater outfalls. On the other hand, if wastewater outfalls negatively impact water quality or 

homogenize flow regime, then measures of biodiversity may be lower at sites near wastewater 

outfalls. To test these competing hypotheses, we calculated a suite of biodiversity indices at 320 

biological sampling sites in the Red River basin and analyzed for significant differences in 

communities based on proximity to wastewater outfalls. We found that wastewater outfalls had 

varied impacts on biodiversity in fish and macroinvertebrate communities, and in most cases the 

effects were not significant. Findings from this study could be used to provide insight to 

management decisions on wastewater reuse initiatives in beneficial subbasins while minimizing 

harmful ecological impacts.
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Introduction 

Across the globe, unsustainable increases in human water consumption have led to water 

shortages (Tortajada 2020). As the climate crisis progresses, it is imperative for water managers, 

decision makers, and society as a whole to cultivate a common understanding of the available 

water resources (Valdes Ramos et al. 2019). Water availability is changing alongside the climate, 

and it is predicted that there will be significant changes to freshwater availability if the pace of 

global warming continues at the current rate (Lavrnić et al. 2017). Furthermore, population 

growth and increased rates of urbanization are exacerbating these issues; because worldwide 

water consumption continues to grow, it is estimated that 160% of the total water volume 

available globally will be needed to support the needs of humanity by 2030 (Lavrnić et al. 2017).  

Water availability issues are even further pronounced in arid and semiarid regions around the 

globe. In these areas, changes in water quality and quantity are further amplified as economic 

activities and developments are limited by the availability of water (Valdez Ramos et al. 2019). 

Droughts and water shortages are common, and expected to not only persist but worsen as the 

climate crisis progresses in these already-vulnerable areas as these levels of water scarcity place 

critical levels of pressure on aquatic ecosystems (Lavrnić et al. 2017; Garcia and Pargament 

2015). 

Reuse of treated wastewater has emerged as a promising option for increasing the supply 

of water available for human use (Grant et al. 2012). Historically, treated wastewater has not 

been reused for human consumption; rather, the treated effluent has been discharged into rivers, 

streams, or the oceans (United States Geological Survey, 2018). This practice of discharging 

effluent into aquatic systems extends worldwide and is very common, especially in arid and 

semiarid regions (Valdes Ramos et al. 2019). The discharge from wastewater treatment plants 
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can comprise a large portion of the flows in nearby streams, especially in ephemeral or 

intermittent systems where effluent is a majority of the measured stream flows (Brooks et al. 

2006). Reuse of this treated effluent has the potential to alleviate some of the pressure from 

already-strained water systems around the globe (Garcia and Pargament 2015). Treated 

wastewater can be utilized for a variety of nonpotable uses, such as golf course irrigation or 

power plant cooling. These reuse strategies reduce application of potable water in instances 

where not absolutely necessary. This is especially pertinent in arid and semiarid climates: in 

Egypt, over 15 percent of annual water usage is composed of recycled wastewater from 

agricultural drainages alone (Arnon et al. 2017). Wastewater reuse strategies have massive 

potential to increase water availability in the South-Central United States as well, and are of high 

priority for water managers. In Texas, for example, planned reuse of treated wastewater will 

nearly double by 2060 to provide increased water quantity in the state (McDonald and Nellor 

2015).  

Although wastewater reuse can increase the water available for human uses, it may have 

both positive and negative impacts on river ecosystems. On one hand, wastewater reuse may 

contribute to improvements in instream water quality as streams experience decreases in human 

impact and return to previous flow patterns by decreasing the volume of effluent discharged; 

decreases in human impact may lead to increases in biodiversity as sensitive taxa return (Tran et 

al. 2017; Haase et al. 2013; Feld et al. 2011). Alternatively, wastewater flows may serve to 

buffer aquatic communities from drought: because drought is a primary agent of community 

change in aquatic ecosystems, it can cause direct mortality of organisms along with many 

indirect or residual impacts (Matthews et al. 2013). Because wastewater is consistently produced 

and remains generally unaffected by variation in climatic conditions, the flows that are generated 
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from effluent discharge might help to buffer the aquatic ecosystems from the harshest effects of 

prolonged droughts (Lavrnić et al. 2017, Luthy et al. 2015).  However, these same consistent 

flows may also negatively impact aquatic biota due to homogenization of instream flow regimes, 

as wastewater flows are produced in generally consistent amounts (Perkin and Bonner, 2011; 

Jones et al. 2021). These varied, and oftentimes conflicting, impacts are worth considering when 

evaluating wastewater reuse decisions. 

The Red River basin is a watershed in the South Central United States which spans five 

states (New Mexico, Texas, Oklahoma, Arkansas, and Louisiana). The basin exhibits a strong 

climatic gradient from the Eastern portion of the basin to the Western portion. At its headwaters, 

the Red River basin drains some of the most arid areas within the southern plains and, by 

extension, the country as a whole (Annis et al. 2012). Additionally, the Red River and its 

tributaries are home to a wide variety of species that span a range of ecological niches and 

conservation statuses (Gill et a. 2020). Species present in the basin are heavily influenced by the 

abiotic conditions of the portions of the basin in which they are found, as conditions within a 

given stream segment have major influences on abundance and community composition of 

riverine biota (Annis et al. 2012). These abiotic factors can include measurable phenomena such 

as annual mean air temperature, average mean precipitation, and soil type, to name a few (Gill et 

al. 2020). Aquatic biota are influenced by numerous abiotic instream processes and factors that 

take place on multiple spatial and temporal scales (Annis et al. 2012). A common indicator of the 

impacts of these abiotic influences on aquatic community health and stability is to study the 

composition and stability of these communities over time: this is based on the assumption that 

biodiversity will reflect how changes or shifts in abiotic factors affect ecological interactions 

(Arnon et al. 2015).   
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In this study, we investigate the impacts of wastewater on fish and macroinvertebrate 

community biodiversity in the Red River basin. Specifically, we investigated two competing 

hypotheses. First, we hypothesized that if wastewater flows buffer aquatic communities from 

drought, then measures of biodiversity should be higher at sampling sites near wastewater 

outfalls than at sites not near wastewater outfalls. On the other hand, if wastewater outfalls 

negatively impact water quality or homogenize the flow regime, then measures of biodiversity 

may be lower at sites near wastewater outfalls. To test these competing hypotheses, we 

calculated a suite of biodiversity indices on biological sampling sites in the Red River basin and 

analyzed for significant differences in communities based on proximity to wastewater outfalls 

and the percentage of river flow comprised of wastewater. Ultimately, this study aims to inform 

decision makers of the potential ecological impacts of wastewater reuse in the Red River basin. 
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Methods 

To explore the influence of wastewater on stream communities, we used historical data 

from the Oklahoma Conservation Commission on the presence of fish and macroinvertebrates 

across the Red River basin. Records were taken from 320 sampling locations and span the years 

1990-2020 (Table 1; Oklahoma Conservation Commission, n.d.). The data was collected as a 

component of the agency’s statewide river monitoring program, which includes sampling of 

water quality, algae, as well as fish and macroinvertebrate communities (Oklahoma Conservation 

Commission, n.d.). This presence-only dataset can be suitably applied in our large-scale 

community composition analyses (Kent et al. 2011). We analyzed fish and macroinvertebrate 

communities separately: these two assemblages are commonly studied in tandem to assess lotic 

ecosystem quality as the different groups of taxa vary in sensitivity and response magnitude, 

both spatially and temporally, to different environmental stimuli (Feio et al. 2022).  

All extant macroinvertebrate genera that occurred in the OCC dataset (368 genera) were 

included in this research. We chose to evaluate a subset of the fish species in the OCC dataset 

basin based on Gill et al. (2020). The 31 species analyzed by Gill et al. (2020) were selected by a 

group of academic and agency scientists, and encompass a wide range of life history strategies, 

occurrence ranges, conservation statuses, and economic values. This subset of species is assumed 

to be generally representative of the range of ecological niches and life history strategies of 

species in the basin, as well as representative of regional conservation and management 

priorities.  

Analysis was performed on the Oklahoma portion of the Red River basin, on the HUC8 

subbasin scale (Fig. 1). Watershed boundaries were sourced from the United States Geological 

Survey (USGS) at the HUC8 scale from the Watershed Boundaries Dataset (Table 1; United 

States Geological Survey, n.d.). River network flowlines data was also sourced from USGS, in 
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the National Hydrography Dataset (Table 1; United States Geological Survey, n.d.). We then 

modified the NHD flowlines by removing smaller-order tributaries because it was not 

computationally feasible for us to use the high-resolution NHD flowlines to calculate river 

network distances for our analyses. While this included removal of some tributaries containing 

OCC sampling locations, we snapped those sampling locations to the nearest segment-vertex 

combination on the modified flowlines. Flowlines were cropped to the extent of each HUC8 in 

the Red River basin in order to process each subbasin independently.  

Wastewater outfall location data was sourced from the United States Environmental 

Protection Agency (US EPA) National Pollution Discharge Elimination System (NPDES) 

database (Table 1; United States Environmental Protection Agency, n.d.). The US EPA issues 

permits for any wastewater discharge into water of the United States as delineated by the Clean 

Water Act, and the State of Oklahoma is authorized to issue NPDES permits on behalf of the 

EPA. The database provides information on outfall location, permit type, and some basic 

information on discharge volumes at each site. Due to insufficient data, we could not include 

every HUC8 in the study region. Subbasins that were excluded from analysis either did not 

contain any NPDES-permitted outfalls (n = 6 HUCs) or biological sampling data (n = 6 HUCs), 

or modified flowlines were unavailable (n = 2 HUCs). In total, 17 HUCs were retained in our 

analysis. 
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Table 1. Summary descriptions of datasets used in this study. 

Dataset Source Number of data points 

Fish presence records Oklahoma Conservation 

Commission 

32,271 

Macroinvertebrate sampling 

records 

Oklahoma Conservation 

Commission 

113,557 

Watershed boundaries US Geological Survey 17 

River flowlines US Geological Survey - 

Wastewater outfalls US Environmental Protection 

Agency 

158 
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Figure 1. Overview of the study region, with each source dataset displayed. 
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Our analysis consisted of three major steps. First, we calculated the distance along the 

river network between each biological sampling location and the nearest wastewater outfall, in 

both the upstream and downstream directions. Next, to quantify fish and macroinvertebrate 

community composition at each site, we calculated a suite of biodiversity metrics at each OCC 

sampling location. Third, we conducted a series of statistical tests to investigate the impact of 

proximity to wastewater outfalls and flow composition (i.e., the proportion of flow made up of 

wastewater) on biodiversity metrics.  

We used the R package ‘riverdist’ to calculate the river network distances from each 

biological sampling site to the closest upstream wastewater outfall and to the closest downstream 

wastewater outfall in each HUC8 subbasin (Tyers 2022). In order to calculate network distances, 

each subbasin was converted into a model of segments and vertices (Fig. 2). After this model 

was created, the biological sampling sites and wastewater outfall locations were snapped to the 

nearest segment-vertex combination. Based on this information, distances along the river from 

each biological sampling location to the nearest wastewater outfall, both upstream and 

downstream, were calculated. 
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Figure 2. Sample R ‘riverdist’ output depicting river network segment delineation in the 

Kiamichi subbasin (HUC 11140105). River segments are randomly assigned a color and number 

at this intermediate stage in network delineation. 
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For each OCC biological sampling point, we calculated five biodiversity metrics for fish 

and macroinvertebrate communities: species richness, species evenness, Shannon’s diversity 

index, Simpson’s diversity index, and inverse Simpson’s diversity index (Table 2). Species 

richness is the count of the number of species present at a site (Feder and Zvarikova, 2018). 

Species evenness is utilized to quantify distributions of abundance among species in a 

community (Wilsey and Potvin, 2000). Lower values of species evenness indicate that one or a 

few species are dominant; higher values indicate that species in the sample have similar 

abundances. Shannon’s diversity index, also known as the Shannon-Wiener index, combines 

species richness and relative abundance to provide insight into community diversity; values start 

at 0 and increase (Tramer 1969). A Shannon-Wiener index of 0 represents a community that only 

contains one species, and typical values range from about 1.5 to 3.5. Simpson’s diversity index 

expresses the probability that any two individuals drawn at random from the sampled community 

belong to the same species (Gregorius and Gillet 2008). This index ranges from 0 to 1 with 1 

representing a community that only contains one species, and 0 representing a community that 

contains an infinite number of species. Thus, it is sensitive to both the number of species in the 

community and their relative abundances. The inverse of Simpson’s diversity index, also known 

as the Gini-Simpson index, starts at 1 and increases, with 1 representing no diversity or a 

community that only contains one species (Jost et al. 2010).  
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Table 2. The five biodiversity metrics used in this study. Columns give the name of the metric, 

the range of possible values, and the formula for calculating it. Variables in these formulas are 

defined as: N = number of species; C = species evenness; H = Shannon’s diversity index; pi = 

proportion of the community consisting of species i; D = Simpson’s diversity index; n = number 

of species in sample N; S = Inverse Simpson’s diversity index. 

Biodiversity metric Value range Formula 

Species Richness [0, ∞) 𝑁 

Species Evenness [1, ∞) 
𝐶 =  

𝐻̂

𝑙𝑜𝑔𝑁
 

Shannon Diversity Index [0, ∞) 
𝐻 =  − ∑

𝑠

𝑗 = 1

𝑝𝑖 𝑙𝑛 𝑝𝑖  

Simpson Diversity Index [0, 1] 𝐷 = 1 − ( 𝛴𝑛(𝑛 − 1)/𝑁(𝑁 − 1)) 

Inverse Simpson Diversity Index [1, ∞) 𝑆 =  1 / 𝐷 
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We used two-sided t-tests to determine whether the mean value of each of the five 

biodiversity metrics (Table 2) differed between sites near a wastewater outfall versus sites not 

near a wastewater outfall. We defined biological sampling sites to be near a wastewater outfall if 

they were within 10km on the river network (Wear et al. 2021). We ran a total of 225 t-tests. We 

tested whether the mean value of a biodiversity metric at biological sampling sites with a 

wastewater outfall within 10 kilometers upstream were significantly different from mean 

biodiversity values at biological sites without a wastewater outfall within 10 kilometers 

upstream. These tests were repeated to test whether mean biodiversity values at biological 

sampling sites with a wastewater outfall within 10 kilometers downstream are significantly 

different from mean biodiversity values at biological sampling sites without a wastewater outfall 

within 10 kilometers downstream. We also calculated upstream drainage area to test whether this 

determinant significantly influenced our findings. These analyses were conducted on fish and 

macroinvertebrate communities. The results of these tests were compared on both HUC4 

(collated) and HUC8 basis to investigate patterns at both scales. 

We also used linear regression models to determine whether flow composition (i.e, the 

proportion of streamflow composed of wastewater; our independent variable) was related to fish 

and macroinvertebrate community biodiversity (our independent variables) across the entire 

basin. We first fit ten linear regression models (one for each of the five biodiversity metrics for 

fish, hereafter referred to as models 1-5; and the same five models for macroinvertebrates, 

hereafter referred to as models 6-10) with all biological sampling points in the basin. A post-hoc 

analysis revealed that four points had very high leverage and a disproportionate impact on the 

slope of the regression line. To address this issue, we removed these four data points and fit a 

second set of regression models (models 11-20). In this second set of models, we still found that 
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a large number of sites with zero wastewater were potentially influencing the results. We 

hypothesized that sites with a non-zero amount of wastewater may exhibit a different 

relationship between wastewater and biodiversity. Thus, we fit a third set of ten regression 

models in which we removed sites with zero proportion of the flow consisting of wastewater 

(models 21-30). Finally, we hypothesized that the highest levels of biodiversity may occur at 

points with intermediate levels of wastewater. To test this hypothesis, we fit a fourth set of ten 

regression models using a quadratic (i.e, parabolic and concave-down) response term (models 

31-40).  
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Results 

Overall, we find that wastewater outfalls have had weak and inconsistent impacts on 

aquatic biodiversity in the Red River basin. For macroinvertebrate assemblages, only 6 out of 

105 t-tests detected a significance difference in mean biodiversity metrics between biological 

sampling sites within 10 kilometers of a wastewater outfall, and sampling sites not within 10km 

of a wastewater outfall point (Table 3). All of the statistically significant differences in mean 

biodiversity metrics occurred in t-tests comparing macroinvertebrate communities with 

wastewater outfalls within 10km upstream to communities without wastewater outfalls within 

10km upstream: 4 of the 6 statistically significant differences in mean biodiversity values were 

higher at sites not within proximity to wastewater outfalls (Table A3; Table A7; Table A11; 

Table A19). The observed effects of proximity to wastewater outfalls in macroinvertebrate 

communities were most pronounced in the Lower North Fork Red subbasin (HUC 11120303), 

with 40% of statistically significant differences in mean biodiversity metrics between sites in 

proximity to wastewater outfalls and sites not in proximity to wastewater outfalls (Fig. 8).  

Wastewater outfalls had greater impacts on fish community diversity, but these effects 

were still inconsistent overall. In fish communities in the Red River basin, 17 out of 120 t-tests 

identified significant differences in mean biodiversity metrics between sampling locations within 

10 km of wastewater outfalls and sites not within 10 km of wastewater outfalls (Table 3). Of the 

17 statistically significant differences in mean biodiversity metrics, 10 were observed when 

comparing biodiversity metrics between sites with wastewater outfalls within 10km upstream to 

sites without wastewater outfalls upstream; 7 out of the 10 statistically significant tests showed 

increases in biodiversity metrics at sites without wastewater outfalls within 10km upstream 

(Table A1, Table A5, Table A9, Table A13, Table A17). Of the 7 significant t-tests examining 

differences in mean biodiversity values between sampling sites with wastewater outfalls within 
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10 km downstream and sites without wastewater outfalls within 10km downstream, 5 t-tests 

found higher biodiversity metrics at sites not in proximity to wastewater (Table A2, Table A10, 

Table A14, Table A18). The effects of proximity to wastewater outfalls were the most prominent 

in the Middle Washita subbasin (HUC 11130303) in which 70% of t-tests found statistically 

significant differences in mean biodiversity values (Fig. 9).  

 Our regression analyses revealed that, for macroinvertebrate communities, some 

biodiversity metrics are significantly positively related to the proportion of a site’s flow that 

consists of wastewater (models 6-10; Table 5; Fig. 10a-e). However, these relationships were 

highly influenced by a small number of points with high leverage (i.e., a small number of sites at 

which a very high percentage of flow has wastewater). When we fit linear regressions after 

removing these high-leverage sites (models 16-20), species evenness, Shannon’s diversity index, 

and inverse Simpson’s diversity index were significantly positively related to the proportion of 

flow made up of wastewater (models 16-20; Fig. 10f-j; Table 7, p < 0.05). After further 

removing sampling sites with 0% of flows consisting of wastewater, there were no significant 

relationships between wastewater and biodiversity (models 26-30; Fig. 10k-o; Table 9; p > 0.05). 

Fitting a quadratic function to these points produces similarly significant results in these metrics 

(models 36-40; Table 11). For fish communities in the Red River basin, we did not find any 

statistically significant relationships between biodiversity metrics and the proportion of flows 

composed of wastewater (models 1-5, 11-15, 21-25, and 31-35; Fig. 11; Table 4; Table 6; Table 

8; Table 10, p > 0.05). 

Exploring the results of the t-tests in more detail, we did not identify any consistent 

spatial patterns in the effects of wastewater outfalls on each of the five metrics of aquatic 

biodiversity. When exploring species richness, for example, in the Lower North Fork Red, we 
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found that macroinvertebrate species richness was significantly higher (t-test; p < 0.05) at sites 

downstream of a wastewater outfall (mean richness = 32.461) than at sites not near a wastewater 

outfall (mean = 14.00; Table A2); and not significantly different in the remaining nine 

subwatersheds. For all ten subwatersheds, we found no significant difference in 

macroinvertebrate species richness between sites upstream of a wastewater outfall and sites not 

near an outfall (Table A3). In the case of fish, we found that in three of the twelve subwatersheds 

we analyzed (Lower North Fork Red, Northern Beaver, and Clear Boggy subwatersheds), that 

species richness was significantly higher at sites without a wastewater outfall within 10km 

upstream (mean = 16.909, 17.2, and 21.375, respectively; Table A1). In the Northern Beaver 

subwatershed, we found that species richness was significantly higher in fish communities with a 

wastewater outfall within 10km downstream from the sampling location (mean richness = 

16.545); conversely, we found the opposite was true in the Middle Washita subbasin (mean = 

18.208; Table A2) The geographic location of the subwatersheds in which wastewater had a 

significant effect on species richness did not align with spatial patterns of water availability (Fig. 

3).  

 When focusing on species evenness, we found significant increases in species evenness 

in the Farmers-Mud subwatershed (mean evenness = 3.731) at sites with wastewater outfalls 

within 10km upstream compared to sites without wastewater outfalls upstream: in another of the 

ten subwatersheds (Lower North Fork Red), we found the opposite, that sites without wastewater 

upstream had significantly higher mean values of species richness (mean = 2.954; Table A7). We 

did not find any statistically significant differences in mean macroinvertebrate species evenness 

values between sites with wastewater outfalls within 10km downstream from the sampling 

location, and sites not in proximity to wastewater outfalls (Table A8). When evaluating species 
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evenness in fish communities, similar patterns emerge. In the Middle Washita subwatershed, we 

found a significant increase in mean species evenness at sampling locations with wastewater 

outfalls within 10km upstream (mean evenness = 2.55, Table A5). However, we found that the 

opposite pattern was present in the Clear Boggy subbasin; mean values of species evenness were 

significantly higher at sampling locations that did not have wastewater outfalls within 10km 

upstream (mean = 3.128, Table A5). None of the subwatersheds had significant differences in 

mean species evenness when comparing sites with outfalls within 10km downstream versus 

sampling sites without outfalls in proximity (Table A6). Subbasins in which proximity to 

wastewater outfalls had significant impacts on species evenness did not coincide with water 

availability patterns across the basin (Fig. 6). 

 In the Lower North Fork Red subwatershed, we find statistically significant (t-test, p < 

0.05) differences in mean values of Shannon’s diversity index when analyzing macroinvertebrate 

communities (Table A11). In this subbasin, biological sampling sites without wastewater outfalls 

within 10km upstream have significantly higher mean values of Shannon’s diversity (mean = 

2.327; Table A11). We did not find significant differences in mean Shannon’s diversity when 

comparing sites with wastewater outfalls within 10km downstream to sites without wastewater 

outfalls present (Table A12). In the case of fish communities, we found some different patterns 

when comparing mean values of Shannon’s diversity. In the Middle Washita subbasin, we found 

that there mean values of Shannon’s diversity index were significantly higher at sampling 

locations with wastewater outfalls within 10km upstream as compared to sites without 

wastewater outfalls upstream (mean = 1.895; Table A9). In the Lower Salt Fork Red, however, 

we find that mean values of Shannon’s diversity index are significantly higher at sites without 

wastewater outfalls upstream (mean = 1.352; Table A9). When comparing between sampling 
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sites with wastewater outfalls within 10km downstream and sites without wastewater outfalls 

close downstream, we find that mean values of Shannon’s diversity index are significantly higher 

at sites not in proximity to wastewater outfalls in two subwatersheds: the Middle Washita and 

Lower Washita (mean = 1.868, 2.345, respectively; Table A10). Significant differences in 

Shannon’s diversity across subbasins do not appear to match up with patterns of water 

availability in the basin (Fig. 5). 

 When evaluating for differences in Simpson’s diversity index in macroinvertebrate 

communities, we did not find any statistically significant differences in mean values between 

sites within 10km of wastewater outfalls upstream compared to sites without wastewater outfalls 

in proximity upstream (Table A15). We also did not find any statistically significant differences 

in this metric when comparing sampling sites with wastewater outfalls within 10km downstream 

and sites without wastewater outfalls downstream (Table A16). These patterns, or lack thereof, 

did not persist for fish communities. In the Middle Washita subwatershed, mean values of 

Simpson’s diversity index were significantly higher at sites without wastewater outfalls within 

10km upstream than at sites with wastewater outfalls upstream (mean = 0.654; Table A13). In 

the Upper Washita subbasin, mean values of Simpson’s diversity index were significantly higher 

at sites with wastewater outfalls within 10km downstream than at sampling sites without 

wastewater outfalls in proximity downstream (mean = 0.538; Table A14). Geographic 

positioning of subwatersheds in which proximity to wastewater have significant impacts on 

Simpson’s diversity also do not mimic spatial water availability distributions (Fig. 6). 

When we evaluated for significant differences in inverse Simpson’s diversity index in 

macroinvertebrate communities, we found inconsistent results. In the Lower North Fork Red 

subwatershed, we found that mean values of inverse Simpson’s diversity were significantly 
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higher at sites without wastewater within 10km upstream compared to sites with wastewater 

outfalls upstream (mean = 7.543; Table A19). Conversely, in the Farmers-Mud subbasin, we 

found that mean values of inverse Simpson’s diversity index were significantly higher at sites 

with wastewater outfalls upstream (mean = 9.021; Table A19). We did not find significant 

differences in mean values of this metric when examining macroinvertebrate sampling sites with 

wastewater outfalls downstream versus sites without outfalls downstream (Table A20). Our 

evaluation of differences in inverse Simpson’s diversity in fish communities did not produce 

clear patterns, either. In the Middle Washita subbasin, mean values of inverse Simpson’s 

diversity are significantly higher at sampling sites with wastewater outfalls within 10km 

upstream than at sites without wastewater outfalls in upstream proximity (mean = 4.985; Table 

A17). On the other hand, in the Clear Boggy subwatershed, mean values of inverse Simpson’s 

diversity are significantly higher at sites without wastewater outfalls within 10km upstream, 

compared to sites with outfalls upstream (mean = 7.347; Table A17). In examining mean values 

of inverse Simpson’s diversity between sampling sites with wastewater outfalls within 10km 

downstream and sites without wastewater downstream, we find significantly higher values at 

sites without wastewater outfalls downstream in two of the twelve subbasins (Middle Washita, 

mean = 4.727; Lower Washita, mean = 6.683; Table A18). When examined spatially, subbasins 

in which inverse Simpson’s diversity is significantly impacted by wastewater do not align with 

water availability patterns across the Red River basin (Fig. 7).  
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Table 3. The proportion of t-tests that identified statistically significant differences in 

biodiversity between sites within 10km of wastewater outfalls versus sampling sites not within 

10km of wastewater outfalls. Rows give the biodiversity metric used in the test, and columns 

give the taxa (i.e., fish or macroinvertebrates) and distance (i.e., sites upstream or downstream of 

a wastewater outfall).  

Biodiversity 

metric 

 

Fish 

sampling 

sites, 

wastewater 

outfalls 

upstream 

Fish sampling 

sites, 

wastewater 

outfalls 

downstream 

Macroinvertebrate 

sampling sites, 

wastewater 

outfalls upstream 

Macroinvertebrate 

sampling sites, 

wastewater 

outfalls 

downstream 

Richness 3/12 2/12 1/10 0/11 

Evenness 2/12 0/12 2/10 0/11 

Shannon's 

diversity 

index 

2/12 2/12 1/10 0/11 

Simpson's 

diversity 

index 

1/12 1/12 0/10 0/11 

Inverse 

Simpson's 

diversity 

index 

2/12 2/12 2/10 0/11 
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Table 4. Summary statistics for global linear regression models describing the relationship 

between fish biodiversity metrics (column 2; dependent variable) and the proportion of the flow 

at a site made up of wastewater (independent variable). Models were fit using all data points and 

a linear response term (models 1-5 in the text). 

Model no. Biodiversity metric R2 Adjusted R2 p value 

1 Species richness 0.0020 -0.0022 0.49 

2 Species evenness 0.012 0.0082 0.085 

3 Shannon’s 0.0096 0.0055 0.13 

4 Simpson’s 0.016 0.011 0.054 

5 Inverse Simpson’s 0.0091 0.0050 0.14 
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Table 5. Summary statistics for global linear regression models describing the relationship 

between macroinvertebrate biodiversity metrics (column 2; dependent variable) and the 

proportion of the flow at a site made up of wastewater (independent variable). Models were fit 

using all data points and a linear response term (models 6-10 in the text).  

Model no. Biodiversity metric R2 Adjusted R2 p value 

6 Richness 0.0013 0.0041 0.23 

7 Evenness 0.0065 0.0056 0.0075 

8 Shannon’s 0.0048 0.0038 0.022 

9 Simpson’s 0.0035 0.0026 0.050 

10 Inverse Simpson’s 0.0064 0.0055 0.0080 
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Table 6. Summary statistics for global linear regression models describing the relationship 

between fish biodiversity metrics (column 2; dependent variable) and the proportion of the flow 

at a site made up of wastewater (independent variable). Models were fit using a linear response 

term but omitting a small number of high-leverage points in which more than 15 percent of flow 

was wastewater (models 11-15 in the text).  

Model no. Biodiversity metric R2 Adjusted R2 p value 

11 Species richness 0.00080 -0.0032 0.66 

12 Species evenness 0.0084 0.0042 0.16 

13 Shannon’s 0.0016 -0.0026 0.54 

14 Simpson’s 0.00038 -0.0038 0.77 

15 Inverse Simpson’s 0.0052 0.00099 0.27 
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Table 7. Summary statistics for global linear regression models describing the relationship 

between macroinvertebrate biodiversity metrics (column 2; dependent variable) and the 

proportion of the flow at a site made up of wastewater (independent variable). Models were fit 

using a linear response term but omitting a small number of high-leverage points in which more 

than 15 percent of flow was wastewater (models 16-20 in the text).  

Model no. Biodiversity metric R2 Adjusted R2 p value 

16 Richness 0.0016 0.00068 0.19 

17 Evenness 0.0053 0.0044 0.016 

18 Shannon’s 0.0040 0.0031 0.036 

19 Simpson’s 0.0025 0.0016 0.096 

20 Inverse Simpson’s 0.0056 0.0047 0.013 
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Table 8. Summary statistics for global linear regression models describing the relationship 

between fish biodiversity metrics (column 2; dependent variable) and the proportion of the flow 

at a site made up of wastewater (independent variable). Models were fit using a linear response 

term but omitting points in which either 0 percent or more than 15 percent of flow was 

wastewater (models 21-25 in the text).  

Model no. Biodiversity metric R2 Adjusted R2 p value 

21 Species richness 0.0058 -0.013 0.58 

22 Species evenness 0.0034 -0.015 0.67 

23 Shannon’s 0.0068 -0.012 0.55 

24 Simpson’s 0.0016 -0.017 0.77 

25 Inverse Simpson’s 0.0069 -0.011 0.54 
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Table 9. Summary statistics for global linear regression models describing the relationship 

between macroinvertebrate biodiversity metrics (column 2; dependent variable) and the 

proportion of the flow at a site made up of wastewater (independent variable). Models were fit 

using a linear response term but omitting points in which either 0 percent or more than 15 

percent of flow was wastewater (models 26-30 in the text).  

Model no. Biodiversity metric R2 Adjusted R2 p value 

26 Richness 0.0051 0.0010 0.26 

27 Evenness 0.0054 0.0013 0.25 

28 Shannon’s 0.010 0.0062 0.11 

29 Simpson’s 0.0069 0.0028 0.19 

30 Inverse Simpson’s 0.0061 0.0020 0.22 
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Table 10. Summary statistics for global quadratic regression models describing the relationship 

between fish biodiversity metrics (column 2; dependent variable) and the proportion of the flow 

at a site made up of wastewater (independent variable). Models were fit using a quadratic 

response term but omitting a small number of high-leverage points in which more than 15 

percent of flow was wastewater (models 31-35 in the text).  

Model no. Biodiversity metric R2 Adjusted R2 p value 

31 Species richness 0.0019 -0.0066 0.80 

32 Species evenness 0.016 0.0075 0.15 

33 Shannon’s 0.0043 -0.0042 0.60 

34 Simpson’s 0.0036 -0.0049 0.65 

35 Inverse Simpson’s 0.0091 0.00070 0.34 
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Table 11. Summary statistics for global quadratic regression models describing the relationship 

between macroinvertebrate biodiversity metrics (column 2; dependent variable) and the 

proportion of the flow at a site made up of wastewater (independent variable). Models were fit 

using a quadratic response term but omitting a small number of high-leverage points in which 

more than 15 percent of flow was wastewater (models 36-40 in the text).  

Model no. Biodiversity metric R2 Adjusted R2 p value 

36 Richness 0.0032 0.0014 0.17 

37 Evenness 0.0093 0.0075 0.0060 

38 Shannon’s 0.0067 0.0049 0.025 

39 Simpson’s 0.0041 0.0023 0.10 

40 Inverse Simpson’s 0.0097 0.0079 0.0049 
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Figure 3. Results of t-tests comparing mean richness values at biological sampling sites within 

10km of wastewater outfalls to sites not within 10km of wastewater outfalls. A) Fish 

communities with wastewater outfalls upstream B) Fish communities with wastewater outfalls 

downstream C) Macroinvertebrates with wastewater outfalls upstream D) Macroinvertebrates 

with wastewater outfalls downstream 
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Figure 4. Results of t-tests comparing mean evenness values at biological sampling sites within 

10km of wastewater outfalls to sites not within 10km of wastewater outfalls. A) Fish 

communities with wastewater outfalls upstream B) Fish communities with wastewater outfalls 

downstream C) Macroinvertebrates with wastewater outfalls upstream D) Macroinvertebrates 

with wastewater outfalls downstream 
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Figure 5. Results of t-tests comparing mean Shannon’s diversity index values at biological 

sampling sites within 10km of wastewater outfalls to sites not within 10km of wastewater 

outfalls. A) Fish communities with wastewater outfalls upstream B) Fish communities with 

wastewater outfalls downstream C) Macroinvertebrates with wastewater outfalls upstream D) 

Macroinvertebrates with wastewater outfalls downstream 
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Figure 6. Results of t-tests comparing mean Simpson’s diversity index values at biological 

sampling sites within 10km of wastewater outfalls to sites not within 10km of wastewater 

outfalls. A) Fish communities with wastewater outfalls upstream B) Fish communities with 

wastewater outfalls downstream C) Macroinvertebrates with wastewater outfalls upstream D) 

Macroinvertebrates with wastewater outfalls downstream 
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Figure 7. Results of t-tests comparing mean inverse Simpson’s diversity index values at 

biological sampling sites within 10km of wastewater outfalls to sites not within 10km of 

wastewater outfalls. A) Fish communities with wastewater outfalls upstream B) Fish 

communities with wastewater outfalls downstream C) Macroinvertebrates with wastewater 

outfalls upstream D) Macroinvertebrates with wastewater outfalls downstream 
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Figure 8. Percentage of significant t-test results in macroinvertebrate communities, in each 

subbasin. 
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Figure 9. Percentage of significant t-test results in fish communities, in each subbasin. 
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Figure 10. For macroinvertebrate communities, relationships between the proportion of flow at a 

site made up of wastewater (horizontal axes) and five metrics of diversity (vertical axes). Lines 

are best-fit linear regressions. In panels a-e, regressions were fit using all data points and a linear 

response term (models 6-10 in the text). In panels f-j, regressions were fit using a linear response 

term but omitting four high-leverage data points (models 16-20). In panels k-o, regressions were 

fit using a linear response term but omitting points with zero wastewater as well as the four high-

leverage points (models 26-30).



38 

 

 

Figure 11. For fish communities, relationships between the proportion of flow at a site made up 

of wastewater (horizontal axes) and five metrics of diversity (vertical axes). Lines are best-fit 

linear regressions. In panels a-e, regressions were fit using all data points and a linear response 

term (models 1-5 in the text). In panels f-j, regressions were fit using a linear response term but 

omitting four high-leverage data points (models 11-15). In panels k-o, regressions were fit using 

a linear response term but omitting points with zero wastewater as well as the four high-leverage 

points (models 21-25). 
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Discussion 

Overall, we were unable to detect a significant and consistent impact of wastewater on 

fish and macroinvertebrate communities. Macroinvertebrate community analysis has not led to 

support for our hypothesis that wastewater flows positively impact biodiversity. While we find 

that increasing proportions of wastewater in flow have positive correlations with 

macroinvertebrate community biodiversity, particularly species richness, species evenness, 

Shannon’s diversity, and inverse Simpson’s diversity in some of our regression analyses, this is 

not the case in all four sets of regressions (Fig. 10). The opposite of these patterns, however, 

appear to be present in the more arid portions of the basin that may experience more intense 

drying over time: in the Lower North Fork Red subbasin (HUC 11120303), measures of diversity 

are higher at sites without wastewater (Fig. 8; Bogan et al. 2020). This is at odds with our 

hypothesis that wastewater flows buffer aquatic communities from drought. Interestingly, we do 

not see this in the case of Simpson’s diversity; this could be because the index takes into account 

not only the number of species present, but also their relative abundances (Barcelona Field 

Studies Centre, n.d.). 

Alternatively, increased macroinvertebrate community biodiversity may be related to 

water quality metrics in wastewater effluent. With the increased levels of nutrients found in 

effluent, primary productivity may be elevated at sites within proximity to wastewater outfalls 

(Red River Authority of Texas, 2016). This increase in primary productivity could be causing 

boosts in community biodiversity because higher levels of algae and phytoplankton enable 

support of larger communities (Parker et al. 2012; McCullough and Jackson 1985). It is also 

possible that the smaller size of macroinvertebrate individuals, as opposed to fish, are less able to 
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move throughout the basin as a whole and communities tend to collect in these places, resulting 

in higher levels of biodiversity (Winemiller et al. 2010).  

 Fish community analysis across the Red River basin has not provided sufficient evidence 

to support our hypothesis that wastewater flows negatively impact biodiversity by decreasing 

water quality or homogenizing flow regimes. In our regression analysis, the proportion of flow 

composed of wastewater did not have a significant relationship with any five of the biodiversity 

indices (Fig. 9). We also do not find any clear spatial patterns in the distribution of significant 

differences in mean biodiversity metrics in fish communities throughout the basin (Fig. 7). This 

could be due in part to the increased mobility that fish have as compared to macroinvertebrates 

due to differences in size; fish are more able to move themselves away from areas with poorer 

water quality than macroinvertebrates might be. Because of this, fish could be less likely to 

occupy habitats with high proportions of wastewater in flows (Dudgeon et al. 206). 

Alternatively, fish could be more likely to move themselves into reaches with more consistent 

flows (i.e., closer to wastewater outfalls) in times of drought; this consideration further 

complicates our findings. These differences in how the different taxa experience the river 

environment may be influencing the patterns we found in our analyses: alternatively, some other 

factor or process could be driving these patterns. 

 Data limitations may have hampered our ability to detect the effects of wastewater on fish 

and macroinvertebrates. The list of species included in this analysis did not incorporate all extant 

species of fish in the Red River basin, and it is likely that not all extant species of 

macroinvertebrates were captured by the biological sampling dataset we utilized in this study 

(Oklahoma Conservation Commission). However, this group of fish species does cover a wide 

range of ecological niches, life history strategies, and conservation statuses, so we do not believe 
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species selections significantly impacted our findings (Gill et al. 2020). We did not consider 

how, or to what effect, any ecological interactions (i.e., predator-prey interactions, etc.) or other 

environmental factors could have influenced our findings. For example, the distributions and 

abundances of fishes in the Red River are known to be strongly impacted by habitat 

fragmentation, nonpoint source pollution, invasive species, and climate change, and the effects of 

these factors may make it difficult to detect the effects of wastewater on biota (Labay and 

Hendrickson, 2014; Perkin et al. 2015; Panlasigui et al. 2018). Computing a different grouping of 

biodiversity metrics may have influenced the patterns we found in our analyses: while we 

utilized compositional metrics, functional metrics may have revealed different trends entirely 

(Peru and Doledec 2010). Additionally, we did not incorporate any environmental or 

climatological variables other than input of wastewater; there are multiple means by which water 

can enter a watershed, which could influence our results (Berndhart et al. 2008). For example, 

agricultural runoff can have much higher nutrient concentrations than wastewater effluent, which 

could have hidden the impacts of wastewater on biodiversity (Kill et al. 2022).  

Our analyses spell out important considerations for decisionmakers in water resources 

management, particularly as they consider implementation of wastewater reuse strategies to 

increase societal water availability. Although we did not find clear, consistent effects of 

wastewater on aquatic community biodiversity, water managers may want to consider how 

wastewater reuse decisions could impact ecosystems. Watersheds with effluent-dominated flow 

regimes have seen improvements in habitat quality and biodiversity, so the potential removal of 

those flows could lead to decreases in ecosystem health (Luthy et al. 2015; Garcia and 

Pargament 2015). This is the case in the Trinity River basin in Texas, where effluent-dominated 

flows support ecosystems that, without those flows, would not exist entirely (Luthy et al. 2015). 
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Wastewater reuse decisions have the potential to dramatically impact macroinvertebrate 

communities, as their relative body sizes mean that they experience fluctuations in water quality 

more intensely than fish might (Kenney et al. 2009). Anthropogenic actions are dramatically 

altering the availability of freshwater resources, so it is imperative to understand the nuanced 

ecological implications of these types of management decisions (Rodell et al. 2018). As climates 

continue to shift, a complete understanding of the water resources that are available will be 

foundational in making these types of plans and decisions (Valdes Ramos et al. 2019). While our 

findings are geared towards the South-Central United States, these analyses could be useful in 

other similar regions across the globe to inform wastewater reuse decisions that minimize 

negative ecological impacts. Decisionmakers considering implementation of wastewater reuse 

strategies in other semiarid basins might also be interested in the potential impacts of these 

decisions on aquatic biodiversity.  
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Appendix 
Table A1. Mean species richness and its standard deviation (in parentheses) in fish communities 

at biological sampling sites with wastewater outfalls within 10km upstream (column 2) versus 

sites without wastewater outfalls within 10km upstream (column 3). Statistically significant 

differences (as determined by a two-way t-test) are bolded, with levels of significance denoted as 

follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls upstream 

Mean at sampling sites 

without wastewater outfalls 

upstream 

11120202 9.5 (3.54) 10.67 (2.34) 

11120302 NA NA 

11120303 11.67 (2.31) 16.91* (4.68) 

11130102 NA NA 

11130201 18.8 (10.52) 17 (7.38) 

11130202 19 (6.56) 18.1 (7.43) 

11130203 22.5 (7.78) 12.1 (8.31) 

11130208 8 (1.63) 17.2** (6.21) 

11130210 NA NA 

11130302 12.94 (4.37) 13.29 (5.41) 

11130303 17.8 (6.70) 15.24 (6.16) 

11130304 29.6 (10.41) 24.25 (9.67) 

11140101 NA NA 

11140102 NA NA 

11140103 24.14 (6.23) 24.76 (6.63) 

11140104 14 (4.18) 21.38* (10.58) 

11140105 21.75 (11.70) 22.6 (8.32) 
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Table A2. Mean species richness and its standard deviation (in parentheses) in fish communities 

at biological sampling sites with wastewater outfalls within 10km downstream (column 2) versus 

sites without wastewater outfalls within 10km downstream(column 3). Statistically significant 

differences (as determined by a two-way t-test) are bolded, with levels of significance denoted as 

follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls 

downstream 

Mean at sampling sites 

without wastewater outfalls 

downstream 

11120202 10.5 (2.38) 10.25 (2.87) 

11120302 NA NA 

11120303 15.82 (5.23) 15.67 (3.21) 

11130102 NA NA 

11130201 16.33 (7.00) 20.25 (11.35) 

11130202 19.13 (5.57) 17 (9.41) 

11130203 13.33 (6.93) 15.33 (15.31) 

11130208 16.55*** (6.28) 7.33 (1.15) 

11130210 NA NA 

11130302 12.63 (5.21) 14.62 (4.33)  

11130303 13.69 (6.18) 18.21* (6.22) 

11130304 22.75 (6.65) 30.8 (11.19) 

11140101 NA NA 

11140102 NA NA 

11140103 24.75 (8.11) 24.42 (4.40) 

11140104 18.08 (8.83) 22.13 (11.59) 

11140105 22.46 (9.47) 21 (5.66) 
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Table A3. Mean richness and its standard deviation (in parentheses) in macroinvertebrate 

communities at biological sampling sites with wastewater outfalls within 10km upstream 

(column 2) versus sites without wastewater outfalls within 10km upstream (column 3). 

Statistically significant differences (as determined by a two-way t-test) are bolded, with levels of 

significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls upstream 

Mean at sampling sites 

without wastewater outfalls 

upstream 

11120202 NA NA 

11120302 NA NA 

11120303 14 (3.61) 32.46** (16.09) 

11130102 NA NA 

11130201 21.2 (18.60) 20 (8.89) 

11130202 23.67 (18.48)  43.46 (12.74) 

11130203 NA NA 

11130208 33.75 (20.47) 29.6 (10.57) 

11130210 NA NA 

11130302 31.43 (11.06) 35.2 (13.44) 

11130303 41.06 (19.71) 38.47 (22.79) 

11130304 50.11 (18.09) 46.4 (26.06) 

11140101 NA NA 

11140102 NA NA 

11140103 34.6 (10.92) 27 (18.63) 

11140104 48.2 (19.77) 39.25 (6.67) 

11140105 29.6 (18.11) 38.95 (17.26) 
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Table A4. Mean richness and its standard deviation (in parentheses) in macroinvertebrate 

communities at biological sampling sites with wastewater outfalls within 10km downstream 

(column 2) versus sites without wastewater outfalls within 10km downstream (column 3). 

Statistically significant differences (as determined by a two-way t-test) are bolded, with levels of 

significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls 

downstream 

Mean at sampling sites 

without wastewater outfalls 

downstream 

11120202 NA NA 

11120302 NA NA 

11120303 30.15 (17.16) 24 (13.00) 

11130102 NA NA 

11130201 17.5 (8.68) 24 (19.95) 

11130202 40.9 (15.10) 37.83 (17.31) 

11130203 30.86 (14.62) 48 (14.93) 

11130208 27.64 (11.96) 42.33 (13.65) 

11130210 NA NA 

11130302 33.47 (12.84) 35.14 (12.88) 

11130303 47.57 (25.16) 34.96 (17.07) 

11130304 45.2 (23.36) 50.78 (19.67) 

11140101 NA NA 

11140102 NA NA 

11140103 28.56 (19.40) 31 (12.35) 

11140104 42.73 (14.17) 42.5 (10.61) 

11140105 36.86 (18.50) 38.25 (12.55) 
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Table A5. Mean species evenness and its standard deviation (in parentheses) in fish communities 

at biological sampling sites with wastewater outfalls within 10km upstream (column 2) versus 

sites without wastewater outfalls within 10km upstream (column 3). Statistically significant 

differences (as determined by a two-way t-test) are bolded, with levels of significance denoted as 

follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls upstream 

Mean at sampling sites 

without wastewater outfalls 

upstream 

11120202 1.97 (0.21) 2.03 (0.41) 

11120302 NA NA 

11120303 2.22 (1.03) 2.36 (0.65) 

11130102 NA NA 

11130201 3.08 (1.04) 2.85 (0.85) 

11130202 2.84 (0.45) 2.92 (0.59) 

11130203 2.68 (1.23) 2.60 (0.80) 

11130208 2.28 (0.40) 2.35 (0.55) 

11130210 NA NA 

11130302 2.13 (0.45) 2.17 (0.49) 

11130303 2.55* (0.47) 2.17 (0.48) 

11130304 2.47 (0.83) 2.43 (0.62) 

11140101 NA NA 

11140102 NA NA 

11140103 3.01 (0.67) 3.32 (0.84) 

11140104 2.36 (0.58) 3.13* (0.84) 

11140105 2.89 (0.76) 3.02 (0.72) 
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Table A6. Mean species evenness and its standard deviation (in parentheses) in fish communities 

at biological sampling sites with wastewater outfalls within 10km downstream (column 2) versus 

sites without wastewater outfalls within 10km downstream (column 3). Statistically significant 

differences (as determined by a two-way t-test) are bolded, with levels of significance denoted as 

follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls 

downstream 

Mean at sampling sites 

without wastewater outfalls 

downstream 

11120202 2.13 (0.49) 1.89 (0.14) 

11120302 NA NA 

11120303 2.23 (0.65) 2.70 (0.91) 

11130102 NA NA 

11130201 2.74 (0.84) 3.31 (1.02) 

11130202 2.82 (0.49) 3.03 (0.67) 

11130203 2.38 (0.52) 3.30 (1.29) 

11130208 2.30 (0.56) 2.46 (0.22) 

11130210 NA NA 

11130302 2.18 (0.50) 2.10 (0.38) 

11130303 2.24 (0.46) 2.45 (0.52) 

11130304 2.00 (0.55) 2.81 (0.62) 

11140101 NA NA 

11140102 NA NA 

11140103 3.34 (0.91) 3.13 (0.68) 

11140104 3.05 (0.81) 2.78 (0.92) 

11140105 2.99 (0.73) 2.87 (0.91) 
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Table A7. Mean evenness and its standard deviation (in parentheses) in macroinvertebrate 

communities at biological sampling sites with wastewater outfalls within 10km upstream 

(column 2) versus sites without wastewater outfalls within 10km upstream (column 3). 

Statistically significant differences (as determined by a two-way t-test) are bolded, with levels of 

significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls upstream 

Mean at sampling sites 

without wastewater outfalls 

upstream 

11120202 NA NA 

11120302 NA NA 

11120303 1.76 (0.22) 2.95** (1.04) 

11130102 NA NA 

11130201 3.73** (1.57) 2.65 (0.72) 

11130202 2.64 (1.18) 4.73 (1.32) 

11130203 NA NA 

11130208 3.08 (0.85) 3.18 (0.82) 

11130210 NA NA 

11130302 3.44 (0.88) 3.40 (0.96) 

11130303 3.96 (1.41) 3.75 (1.37) 

11130304 4.91 (1.72) 5.93 (1.93) 

11140101 NA NA 

11140102 NA NA 

11140103 3.42 (0.92) 3.45 (1.32) 

11140104 4.48 (1.69) 3.86 (1.09) 

11140105 4.39 (1.61) 4.35 (1.63) 
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Table A8. Mean evenness and its standard deviation (in parentheses) in macroinvertebrate 

communities at biological sampling sites with wastewater outfalls within 10km downstream 

(column 2) versus sites without wastewater outfalls within 10km downstream (column 3). 

Statistically significant differences (as determined by a two-way t-test) are bolded, with levels of 

significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls 

downstream 

Mean at sampling sites 

without wastewater outfalls 

downstream 

11120202 NA NA 

11120302 NA NA 

11120303 2.81 (1.13) 2.38 (0.56) 

11130102 NA NA 

11130201 2.42 (0.49) 4.24 (1.45) 

11130202 4.38 (1.62) 4.25 (1.48) 

11130203 3.59 (1.82) 3.21 (1.60) 

11130208 3.07 (0.86) 3.45 (0.50) 

11130210 NA NA 

11130302 3.36 (0.83) 3.52 (1.13) 

11130303 4.31 (1.76) 3.58 (1.02) 

11130304 5.01 (1.89) 5.43 (1.84) 

11140101 NA NA 

11140102 NA NA 

11140103 3.54 (1.35) 3.29 (0.92) 

11140104 4.05 (1.30) 4.35 (1.95) 

11140105 4.53 (1.59) 3.45 (1.43) 
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Table A9. Mean Shannon’s diversity index and its standard deviation (in parentheses)  in fish 

communities at biological sampling sites with wastewater outfalls within 10km upstream 

(column 2) versus sites without wastewater outfalls within 10km upstream (column 3). 

Statistically significant differences (as determined by a two-way t-test) are bolded, with levels of 

significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** .  

HUC8 Mean at sampling sites with 

wastewater outfalls upstream 

Mean at sampling sites 

without wastewater outfalls 

upstream 

11120202 0.92 (0.01) 1.35** (0.28) 

11120302 NA NA 

11120303 1.37 (0.59) 1.78 (0.51) 

11130102 NA NA 

11130201 2.07 (0.63) 2.01 (0.50)  

11130202 2.05 (0.25) 2.12 (0.33) 

11130203 1.92 (0.64) 1.66 (0.51) 

11130208 1.44 (0.27) 1.79 (0.56) 

11130210 NA NA 

11130302 1.27 (0.48) 1.32 (0.50) 

11130303 1.90* (0.40) 1.59 (0.43) 

11130304 2.12 (0.55) 2.06 (0.30) 

11140101 NA NA 

11140102 NA NA 

11140103 2.32 (0.29) 2.39 (0.30) 

11140104 1.61 (0.54) 2.24 (0.50) 

11140105 2.09 (0.64) 2.25 (0.38) 
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Table A10. Mean Shannon’s diversity index and its standard deviation (in parentheses) in fish 

communities at biological sampling sites with wastewater outfalls within 10km downstream 

(column 2) versus sites without wastewater outfalls within 10km downstream (column 3). 

Statistically significant differences (as determined by a two-way t-test) are bolded, with levels of 

significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls 

downstream 

Mean at sampling sites 

without wastewater outfalls 

downstream 

11120202 1.241 (0.46) 1.25 (0.12) 

11120302 NA NA 

11120303 1.62 (0.55) 1.93 (0.47) 

11130102 NA NA 

11130201 1.92 (0.49) 2.22 (0.63) 

11130202 2.10 (0.26) 2.10 (0.40) 

11130203 1.62 (0.37) 1.98 (0.86) 

11130208 1.74 (0.55) 1.50 (0.30) 

11130210 NA NA 

11130302 1.24 (0.51) 1.49 (0.40) 

11130303 1.540 (0.43) 1.87* (0.40) 

11130304 1.78 (0.37) 2.35* (0.29) 

11140101 NA NA 

11140102 NA NA 

11140103 2.37 (0.32) 2.36 (0.27) 

11140104 2.12 (0.50) 2.03 (0.70) 

11140105 2.20 (0.47) 2.24 (0.41) 
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Table A11. Mean Shannon’s diversity index and its standard deviation (in parentheses) in 

macroinvertebrate communities at biological sampling sites with wastewater outfalls within 

10km upstream (column 2) versus sites without wastewater outfalls within 10km upstream 

(column 3). Statistically significant differences (as determined by a two-way t-test) are bolded, 

with levels of significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls upstream 

Mean at sampling sites 

without wastewater outfalls 

upstream 

11120202 NA NA 

11120302 NA NA 

11120303 1.35 (0.42) 2.33* (0.76) 

11130102 NA NA 

11130201 2.07 (0.95) 2.14 (0.34) 

11130202 2.06 (0.74) 3.08 (0.38) 

11130203 NA NA 

11130208 2.42 (0.85) 2.48 (0.40) 

11130210 NA NA 

11130302 2.60 (0.47) 2.64 (0.50) 

11130303 2.82 (0.58) 2.70 (0.64) 

11130304 3.16 (0.46) 3.25 (0.50) 

11140101 NA NA 

11140102 NA NA 

11140103 2.69 (0.42) 2.35 (0.79) 

11140104 3.09 (0.44) 2.83 (0.33) 

11140105 2.61 (0.88) 2.81 (0.72) 
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Table A12. Mean Shannon’s diversity index and its standard deviation (in parentheses) in 

macroinvertebrate communities at biological sampling sites with wastewater outfalls within 

10km downstream (column 2) versus sites without wastewater outfalls within 10km downstream 

(column 3). Statistically significant differences (as determined by a two-way t-test) are bolded, 

with levels of significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls 

downstream 

Mean at sampling sites 

without wastewater outfalls 

downstream 

11120202 NA NA 

11120302 NA NA 

11120303 2.21 (0.81) 1.84 (0.88) 

11130102 NA NA 

11130201 1.90 (0.35) 2.28 (1.02) 

11130202 2.93 (0.56) 2.83 (0.70) 

11130203 2.35 (0.98) 2.79 (0.56) 

11130208 2.36 (0.55) 2.84 (0.24) 

11130210 NA NA 

11130302 2.62 (0.47) 2.66 (0.53) 

11130303 2.94 (0.68) 2.64 (0.54) 

11130304 3.12 (0.54) 3.24 (0.43) 

11140101 NA NA 

11140102 NA NA 

11140103 2.41 (0.84) 2.55 (0.46) 

11140104 2.93 (0.38) 2.97 (0.55) 

11140105 2.78 (0.78) 2.74 (0.61) 
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Table A13. Mean Simpson’s diversity index and its standard deviation (in parentheses) in fish 

communities at biological sampling sites with wastewater outfalls within 10km upstream 

(column 2) versus sites without wastewater outfalls within 10km upstream (column 3). 

Statistically significant differences (as determined by a two-way t-test) are bolded, with levels of 

significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** .  

HUC8 Mean at sampling sites with 

wastewater outfalls upstream 

Mean at sampling sites 

without wastewater outfalls 

upstream 

11120202 0.44 (0.07) 0.61 (0.11) 

11120302 NA NA 

11120303 0.55 (0.26) 0.71 (0.16) 

11130102 NA NA 

11130201 0.80 (0.12) 0.79 (0.11) 

11130202 0.82 (0.05) 0.82 (0.07) 

11130203 0.75 (0.18) 0.73 (0.10) 

11130208 0.68 (0.11) 0.71 (0.15) 

11130210 NA NA 

11130302 0.56 (0.17) 0.57 (0.19) 

11130303 0.76* (0.12) 0.65 (0.17)  

11130304 0.76 (0.14) 0.78 (0.07) 

11140101 NA NA 

11140102 NA NA 

11140103 0.84 (0.06) 0.86 (0.05) 

11140104 0.67 (0.21) 0.83 (0.11) 

11140105 0.79 (0.15) 0.83 (0.09) 
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Table A14. Mean Simpson’s diversity index and its standard deviation (in parentheses) in fish 

communities at biological sampling sites with wastewater outfalls within 10km downstream 

(column 2) versus sites without wastewater outfalls within 10km downstream (column 3). 

Statistically significant differences (as determined by a two-way t-test) are bolded, with levels of 

significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls 

downstream 

Mean at sampling sites 

without wastewater outfalls 

downstream 

11120202 0.56 (0.18) 0.57 (0.06) 

11120302 NA NA 

11120303 0.65 (0.19) 0.77 (0.14)   

11130102 NA NA 

11130201 0.73 (0.11) 0.83 (0.11) 

11130202 0.82 (0.07) 0.83 (0.06) 

11130203 0.71 (0.10) 0.80 (0.13) 

11130208 0.69 (0.15) 0.72 (0.08) 

11130210 NA NA 

11130302 0.54* (0.19) 0.64 (0.12) 

11130303 0.65 (0.19) 0.75 (0.13) 

11130304 0.69 (0.11) 0.84 (0.05) 

11140101 NA NA 

11140102 NA NA 

11140103 0.86 (0.05) 0.85 (0.06) 

11140104 0.81 (0.12) 0.75 (0.19) 

11140105 0.82 (0.11) 0.83 (0.08) 
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Table A15. Mean Simpson’s diversity index and its standard deviation (in parentheses) in 

macroinvertebrate communities at biological sampling sites with wastewater outfalls within 

10km upstream (column 2) versus sites without wastewater outfalls within 10km upstream 

(column 3). Statistically significant differences (as determined by a two-way t-test) are bolded, 

with levels of significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls upstream 

Mean at sampling sites 

without wastewater outfalls 

upstream 

11120202 NA NA 

11120302 NA NA 

11120303 0.54 (0.19) 0.79 (0.18) 

11130102 NA NA 

11130201 0.78 (0.17) 0.80 (0.07) 

11130202 0.76 (0.13) 0.92 (0.04) 

11130203 NA NA 

11130208 0.81 (0.16) 0.86 (0.06) 

11130210 NA NA 

11130302 0.87 (0.07) 0.86 (0.08) 

11130303 0.89 (0.06) 0.87 (0.08) 

11130304 0.92 (0.03) 0.94 (0.03) 

11140101 NA NA 

11140102 NA NA 

11140103 0.88 (0.05) 0.82 (0.15) 

11140104 0.92 (0.03) 0.90 (0.04) 

11140105 0.86 (0.14) 0.88 (0.11) 
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Table A16. Mean Simpson’s diversity index and its standard deviation (in parentheses) in 

macroinvertebrate communities at biological sampling sites with wastewater outfalls within 

10km downstream (column 2) versus sites without wastewater outfalls within 10km downstream 

(column 3). Statistically significant differences (as determined by a two-way t-test) are bolded, 

with levels of significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls 

downstream 

Mean at sampling sites 

without wastewater outfalls 

downstream 

11120202 NA NA 

11120302 NA NA 

11120303 0.75 (0.19) 0.67 (0.28) 

11130102 NA NA 

11130201 0.77 (0.06) 0.81 (0.18) 

11130202 0.89 (0.08) 0.83 (0.10) 

11130203 0.76 (0.26) 0.86 (0.09) 

11130208 0.83 (0.11) 0.90 (0.02) 

11130210 NA NA 

11130302 0.87 (0.08) 0.87 (0.08) 

11130303 0.89 (0.09) 0.87 (0.06) 

11130304 0.92 (0.04) 0.93 (0.03) 

11140101 NA NA 

11140102 NA NA 

11140103 0.82 (0.16) 0.86 (0.06) 

11140104 0.91 (0.03) 0.91 (0.06) 

11140105 0.88 (0.12) 0.86 (0.10) 
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Table A17. Mean inverse Simpson’s diversity index and its standard deviation (in parentheses) in 

fish communities at biological sampling sites with wastewater outfalls within 10km upstream 

(column 2) versus sites without wastewater outfalls within 10km upstream (column 3). 

Statistically significant differences (as determined by a two-way t-test) are bolded, with levels of 

significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls upstream 

Mean at sampling sites 

without wastewater outfalls 

upstream 

11120202 1.80 (0.21) 2.83 (1.25) 

11120302 NA NA 

11120303 3.45 (3.07) 4.41 (2.35) 

11130102 NA NA 

11130201 6.90 (4.19) 6.04 (3.18) 

11130202 5.88 (1.55) 6.33 (2.11) 

11130203 5.52 (4.05) 4.66 (3.40) 

11130208 3.35 (1.12) 4.44 (2.26) 

11130210 NA NA 

11130302 2.80 (1.68) 2.84 (1.41) 

11130303 4.99*** (1.86) 3.47 (1.38) 

11130304 5.53 (2.96) 5.11 (1.90)  

11140101 NA NA 

11140102 NA NA 

11140103 7.13 (2.25) 8.16 (3.12) 

11140104 4.03 (2.10) 7.35* (3.33) 

11140105 6.40 (3.19) 7.04 (2.57) 
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Table A18. Mean inverse Simpson’s diversity index and its standard deviation (in parentheses) in 

fish communities at biological sampling sites with wastewater outfalls within 10km downstream 

(column 2) versus sites without wastewater outfalls within 10km downstream (column 3). 

Statistically significant differences (as determined by a two-way t-test) are bolded, with levels of 

significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls 

downstream 

Mean at sampling sites 

without wastewater outfalls 

downstream 

11120202 2.78 (1.70) 2.36 (0.35) 

11120302 NA NA 

11120303 3.86 (2.29) 5.50 (2.98) 

11130102 NA NA 

11130201 5.58 (3.09) 7.80 (4.19) 

11130202 6.03 (1.56) 6.54 (2.63) 

11130203 3.98 (1.84) 7.26 (5.93) 

11130208 4.24 (2.25) 3.73 (1.01) 

11130210 NA NA 

11130302 2.77 (1.51) 3.23 (1.43) 

11130303 3.47 (1.37) 4.73* (1.89) 

11130304 3.67 (1.76) 6.68* (2.04) 

11140101 NA NA 

11140102 NA NA 

11140103 8.17 (3.44) 7.55 (2.32) 

11140104 6.80 (3.18) 6.17 (3.82) 

11140105 6.87 (2.74) 6.63 (3.23) 
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Table A19. Mean inverse Simpson’s diversity index and its standard deviation (in parentheses) in 

macroinvertebrate communities at biological sampling sites with wastewater outfalls within 

10km upstream (column 2) versus sites without wastewater outfalls within 10km upstream 

(column 3). Statistically significant differences (as determined by a two-way t-test) are bolded, 

with levels of significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** . 

HUC8 Mean at sampling sites with 

wastewater outfalls upstream 

Mean at sampling sites 

without wastewater outfalls 

upstream 

11120202 NA NA 

11120302 NA NA 

11120303 2.40 (0.91) 7.54** (4.56) 

11130102 NA NA 

11130201 9.02* (7.75) 5.77 (2.08) 

11130202 6.05 (4.88) 14.98 (5.60) 

11130203 NA NA 

11130208 7.98 (4.22) 8.16 (3.25) 

11130210 NA NA 

11130302 9.30 (3.66) 9.39 (3.95) 

11130303 11.87 (6.51) 10.90 (6.30) 

11130304 16.19 (8.02) 20.08 (9.65) 

11140101 NA NA 

11140102 NA NA 

11140103 9.45 (3.36) 8.98 (5.85) 

11140104 14.43 (7.87) 11.25 (4.49) 

11140105 12.54 (7.40) 13.13 (7.34) 
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Table A20. Mean inverse Simpson’s diversity index and its standard deviation (in parentheses) in 

macroinvertebrate communities at biological sampling sites with wastewater outfalls within 

10km downstream (column 2) versus sites without wastewater outfalls within 10km downstream 

(column 3). Statistically significant differences (as determined by a two-way t-test) are bolded, 

with levels of significance denoted as follows: 0.05>p * ; 0.01>p **; 0.001>p *** .  

HUC8 Mean at sampling sites with 

wastewater outfalls 

downstream 

Mean at sampling sites 

without wastewater outfalls 

downstream 

11120202 NA NA 

11120302 NA NA 

11120303 7.02 (4.88) 4.65 (2.91) 

11130102 NA NA 

11130201 4.63 (1.32) 10.99 (7.84) 

11130202 13.59 (6.75) 12.84 (6.43) 

11130203 3.98 (7.36) 7.26 (6.07) 

11130208 7.63 (3.56) 9.87 (2.29) 

11130210 NA NA 

11130302 9.13 (3.42) 9.85 (4.65) 

11130303 13.73 (8.17) 9.93 (4.52) 

11130304 16.43 (9.03) 18.22 (8.65) 

11140101 NA NA 

11140102 NA NA 

11140103 9.45 (6.01) 8.68 (3.74) 

11140104 12.30 (5.93) 13.44 (8.16) 

11140105 13.57 (7.42) 10.09 (5.83) 

 


