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[bookmark: _Toc442943100][bookmark: _Toc162948147]Executive Summary
[bookmark: _GoBack]This Stressor Identification Analysis Report addresses benthic impairments in Wolf Creek, Tinker Creek, and the Roanoke River at two different locations (4AROA202.20 and 4AROA198.08). The analysis was conducted in accordance with the U.S. Environmental Protection Agency’s (USEPA) Stressor Identification Guidance Document (USEPA, 2000b) using the Causal Analysis/Diagnosis Decision Information System (CADDIS) (USEPA, 2018a). Twenty-three years of data (2000 – 2023) on over 397 parameters from 67 monitoring stations totaling over 72,000 data points were used in the analysis. These data were evaluated according to 18 lines of evidence to categorize candidate stressors as non-stressors, possible stressors, or probable stressors. Based on the evaluation, sediment was identified as a probable stressor in Wolf Creek, Tinker Creek, and the Roanoke River at station 4AROA202.20. Nutrients in the form of phosphorus and nitrogen were also identified as probable stressors in the Roanoke River (nitrogen at station 4AROA198.08 and phosphorus at both stations). In addition, polychlorinated biphenyls (PCBs) in sediment were identified as a probable stressor in Tinker Creek, and the Niagara Dam was identified as a probable stressor in the Roanoke River (at station 4AROA198.08). To address the benthic impairments in Wolf Creek and Tinker Creek, a sediment TMDL should be developed. To address the benthic impairment in the Roanoke River, nitrogen and phosphorus TMDLs should be developed. The Niagara Dam stressor cannot be addressed through the TMDL process. A sediment TMDL (above station 4AROA202.20) and a PCB TMDL (encompassing the entire Roanoke River Project area) have already been developed to address the remaining probable stressors. 
[bookmark: _Toc162948148]Overview
[bookmark: _Hlk80704173][bookmark: _Toc162948149]TMDL Development
Section 303(d) of the Federal Clean Water Act and the U.S. Environmental Protection Agency’s (USEPA) Water Quality Planning and Management Regulations (40 CFR Part 130) require states to develop Total Maximum Daily Loads (TMDLs) for water bodies that fail to meet designated water quality standards and are placed on the state’s Impaired Waters List (VDEQ, 2020). A TMDL reflects the total pollutant loading that a waterbody can receive and still meet water quality standards. A TMDL establishes the maximum allowable pollutant loading from both point and nonpoint sources for a waterbody, allocates the load among the pollutant contributors, and provides a framework for taking actions to restore water quality.
For impairments that result from the violation of numeric water quality standards, a TMDL can be directly developed for the pollutant that violates the standard. Benthic impairments, however, result from violations of the narrative general standard that waters should be free from substances that are harmful to aquatic life. To develop TMDLs that address benthic impairments, the first step is to identify the pollutant(s) causing the impairment. This step is called a Stressor Identification Analysis. 
[bookmark: _Toc162948150]Benthic Impairments
The Virginia Department of Environmental Quality (VDEQ) contracted Wetland Studies and Solutions, Inc. and James Madison University (JMU) to conduct a stressor identification analysis for benthic impairments in the Roanoke River, Tinker Creek, and Wolf Creek in Roanoke City, Roanoke County, and Botetourt County, Virginia. Tinker Creek and Wolf Creek are tributaries to the Roanoke River, which flows into Smith Mountain Lake and several other impoundments before reaching the Albemarle Sound near Plymouth, North Carolina. The benthic impairments listed in Table 1 and shown in Figure 1 will be addressed in this stressor analysis and collectively termed the Roanoke River Project.

[bookmark: _Ref84925784][bookmark: _Toc162948268]Table 1. Benthic impairments in the Roanoke River Project.
	Stream Name
	NWBD
	Impaired Assessment Units
	Cause Group Code
	First listed
	Length (miles)
	Impairment Description

	Roanoke River
	RU14
	VAW-L04R_ROA01A00
	L04R-03-BEN
	2008
	3.16
	Roanoke River mainstem waters from Niagara Dam downstream to the mouth of Back Creek

	Tinker Creek
	RU13
	VAW-L05R_TKR01A00

	L05R-01-BEN
	2010
	5.37
	Tinker Creek mainstem from the its confluence with the Roanoke River upstream to the mouth of Carvin Creek

	Tinker Creek
	RU11
	VAW-L05R_TKR01B06
	L05R-01-BEN
	2018
	6.50
	Tinker Creek mainstem from the Carvin Creek mouth upstream to the confluence of Buffalo Creek

	Wolf Creek
	RU14
	VAW-L04R_WOR01A10
	L04R-10-BEN
	2018
	2.61
	Wolf Creek from its mouth on the Roanoke River upstream to the upper end of the WQS designated public water supply (PWS) section 6i

	Wolf Creek
	RU14
	VAW-L04R_WOR02A08
	L04R-10-BEN
	2018
	1.89
	Wolf Creek from the upstream PWS end upstream to its headwaters
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[bookmark: _Ref84925785][bookmark: _Toc162948219]Figure 1. Location of benthic impairments in the Roanoke River Project.

[bookmark: _Toc162948151]Stressor Analysis Process
[bookmark: _Hlk80704213]Benthic impairments are based on biological assessments of the benthic community.  These biological assessments are effective at determining whether a water body is impaired or not, but they do not provide definitive information on the stressor or source causing the impairment.  To determine the cause of the impairment, a stressor identification analysis must be conducted.  JMU conducted this analysis according to the U.S. Environmental Protection Agency’s (USEPA) Stressor Identification Guidance Document (USEPA, 2000b). In short, the stressor identification analysis identifies the pollutant(s) responsible for the benthic impairment through a weight of evidence approach that evaluates all available information on potential candidate stressors (Figure 2). Once the probable stressor(s) is identified, a TMDL can be developed for that pollutant to reduce sources and restore the aquatic life designated use. 
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[bookmark: _Ref46322148][bookmark: _Toc162948220]Figure 2. Stressor identification analysis process.

The first step in the stressor identification analysis is to list potential candidate stressors.  JMU identified these from the listing information, monitoring data, scientific literature, and historic information. Potential stressors include both pollutants that can be targeted through TMDL development and additional contributing factors that can influence and stress benthic communities but that cannot be effectively targeted through TMDL development (Table 2). 
The next step is to analyze all of the available evidence to support or eliminate potential candidate stressors. In this step, JMU used the Causal Analysis/Diagnosis Decision Information System (CADDIS) (USEPA, 2018a). The CADDIS approach provides guidance on evaluating various lines of evidence to determine the cause of biological impairments. For this project, JMU used available physical, chemical, and biological data collected throughout the watershed, published water quality standards and threshold values, and available literature from other cases to investigate the potential causes of impairment in each of the impaired streams. Based on the weight of evidence supporting each potential candidate, stressors were then separated into the following categories: non-stressor(s), possible stressor(s), and probable stressor(s).

[bookmark: _Ref46322975][bookmark: _Toc162948269]Table 2. Candidate stressors evaluated in the Roanoke River Project.
	
	Candidate Pollutants
	

	pH
	Dissolved Sulfate
	Ammonia

	Dissolved Oxygen
	Total Dissolved Ions
	Dissolved Metals

	Temperature
	Suspended Solids
	Water Column Toxics

	Conductivity
	Deposited Sediment
	Sediment Metals

	Dissolved Chloride
	Organic Matter
	Sediment PAHs

	Dissolved Sodium
	Nitrogen
	Sediment PCBs

	Dissolved Potassium
	Phosphorus
	Sediment Pesticides and Organics

	PFAS
	
	

	
	Additional Contributing Factors
	

	Habitat
	Hydrologic Alteration
	Niagara Dam

	Imperviousness
	Current Land Use Practices
	



Once a probable stressor(s) was identified, a conceptual model was developed to describe the causal pathways linking pollutant sources to the probable stressors and mechanisms of impairment.  The pathways in the conceptual model were then evaluated to determine if the existing data support those mechanisms for producing the impairment. 
[bookmark: _Toc162948152]Biological, Physical, and Chemical Data
For the stressor identification analysis, JMU used biological, physical, and chemical data from 67 VDEQ monitoring stations within the Roanoke River watershed (Table 3). This includes 1 station in the Wolf Creek watershed, 21 stations in the Tinker Creek watershed, and 45 additional stations draining to the impaired portion of the Roanoke River. Upstream stations draining to the North Fork and South Fork Roanoke River were excluded from analysis because benthic conditions are unimpaired at the confluence of these two branches, so upstream data are not critical to diagnosing the cause of impairment. 
Water quality data were collected from all of the 67 stations, and benthic data were collected from 34 of these stations. These VDEQ stations have been monitored for various parameters, lengths of time, and purposes. Table 3 shows the number of samples and the period of time over which individual stations were monitored. All data collected since 2000 was used in the stressor identification analysis. 
For benthic monitoring stations, data include the taxonomic identification (family or genus level) and counts of the collected benthic macroinvertebrates, eight calculated benthic metrics, stream condition index scores (SCI), biological condition gradient attribute scores, and visual habitat assessment scores. For water quality monitoring stations, data include results for various physical and chemical parameters. Across all of the stations and sampling dates, 397 different water quality parameters were measured. In total, over 72,000 individual data points were compiled and incorporated into the stressor identification analysis.
For some parameters and analyses, the impaired streams were compared to an unimpaired reference. For the Wolf Creek and the Tinker Creek impairments, the unimpaired upstream Tinker Creek station 4ATKR014.16 was used as the benthic reference and 4ATKR015.88 used as the water quality reference. For the Roanoke River impairment, the unimpaired upstream Roanoke River station 4AROA212.17 was used as the benthic and water quality reference. Figure 3 shows the location of the reference stations and primary benthic stations in the Roanoke River Project.

[bookmark: _Ref42617362][bookmark: _Toc162948270]Table 3. Benthic and water quality data used in the stressor analysis.
	Watershed
	Stream
	Station
	Benthic Sampling
	Water Quality Sampling

	
	
	
	Monitoring Period
	Samples Collected
	Monitoring Period
	Samples Collected

	Wolf Creek
	Wolf Creek
	4AWOR000.34
	2015-2022
	8
	2015-2022
	38

	Tinker Creek
	Tinker Creek
	4ATKR000.08
	
	
	2015-2018
	25

	
	
	4ATKR000.69
	2008-2022
	9
	2000-2023
	170

	
	
	4ATKR002.26
	2020-2021
	4
	2020-2021
	4

	
	
	4ATKR003.03
	2018-2019
	4
	2018-2019
	4

	
	
	4ATKR005.68
	
	
	2023
	2

	
	
	4ATKR009.30
	2015-2021
	10
	2001-2023
	72

	
	
	4ATKR010.54
	2007-2008
	4
	2007-2008
	9

	
	
	4ATKR014.16
	2008-2017
	5
	2008-2017
	11

	
	
	4ATKR015.40
	2007
	2
	2007
	2

	
	
	4ATKR015.88
	
	
	2001-2012
	47

	
	Coyner Branch
	4ACNE000.12
	
	
	2002-2003
	3

	
	Carvin Creek
	4ACRV000.28
	
	
	2002-2003
	13

	
	
	4ACRV001.88
	
	
	2001-2010
	22

	
	
	4ACRV005.10
	2015
	2
	2015
	19

	
	
	4ACRV005.58
	
	
	2001
	1

	
	Glade Creek
	4AGLA000.20
	
	
	2001-2023
	58

	
	
	4AGLA004.39
	
	
	2001-2021
	30

	
	
	4AGLA008.10
	
	
	2002-2003
	13

	
	Lick Run
	4ALCK000.38
	
	
	2000-2008
	60

	
	
	4ALCK002.17
	
	
	2002-2005
	18

	
	Tinker Creek UT
	4AXKN000.36
	
	
	2002
	1

	Roanoke River
	Roanoke River
	4AROA198.08
	2005-2022
	18
	2005-2023
	57

	
	
	4AROA199.20
	
	
	2005-2023
	86

	
	
	4AROA200.06
	
	
	2005-2009
	3

	
	
	4AROA202.20
	2000-2022
	20
	2000-2023
	198

	
	
	4AROA202.32
	
	
	2004-2009
	6

	
	
	4AROA204.76
	
	
	2005-2009
	6

	
	
	4AROA205.67
	2000
	1
	2000-2009
	3

	
	
	4AROA205.73
	
	
	2003-2006
	36

	
	
	4AROA206.95
	2000-2022
	15
	2000-2022
	24

	
	
	4AROA207.08
	
	
	2005-2009
	5

	
	
	4AROA210.56
	2009
	2
	2009
	4

	
	
	4AROA212.17
	2000-2022
	16
	2000-2022
	47

	
	
	4AROA212.99
	
	
	2009
	2

	
	
	4AROA215.13
	2003-2022
	13
	2003-2022
	28

	
	
	4AROA216.33
	
	
	2009
	2

	
	
	4AROA216.75
	2017-2022
	7
	2017-2023
	25

	
	
	4AROA217.38
	2020-2022
	5
	2020-2022
	5

	
	
	4AROA218.11
	2020-2022
	5
	2020-2022
	5

	
	
	4AROA219.08
	2020-2022
	5
	2020-2022
	5

	
	
	4AROA219.99
	
	
	2005
	1

	
	
	4AROA220.94
	
	
	2003-2005
	12

	
	
	4AROA221.95
	2002-2006
	4
	2002-2006
	4

	
	
	4AROA224.54
	2000-2022
	16
	2000-2022
	27

	
	
	4AROA226.64
	2017-2018
	2
	2017-2018
	2

	
	
	4AROA226.86
	2017-2018
	2
	2017-2018
	2

	
	
	4AROA227.42
	
	
	2000-2023
	168

	
	Barnhardt Creek
	4ABHT001.90
	2009-2010
	3
	2009-2010
	3

	
	Dry Branch
	4ADRR000.21
	
	
	2004-2005
	4

	
	Garnand Branch
	4AGND000.02
	
	
	2008
	2

	
	Gish Branch
	4AGSH001.28
	2012
	2
	2012
	2

	
	Mud Lick Creek
	4AMDL000.34
	
	
	2003-2023
	27

	
	
	4AMDL002.93
	2005-2018
	11
	2005-2018
	11

	
	
	4AMDL003.34
	2005-2006
	2
	2005-2006
	2

	
	Mason Creek
	4AMSN000.53
	2004-2013
	5
	2004-2013
	5

	
	
	4AMSN000.67
	
	
	2003-2021
	45

	
	
	4AMSN003.05
	2004-2005
	3
	2004-2005
	3

	
	Mason Creek UT
	4AXNB000.60
	2006-2016
	4
	2006-2016
	4

	
	Murray Run
	4AMUR001.63
	
	
	2000-2001
	6

	
	
	4AMUR001.82
	2009-2010
	3
	2009-2010
	3

	
	Ore Branch
	4AORE000.01
	2011
	2
	2011
	2

	
	
	4AORE000.19
	
	
	2000-2006
	27

	
	Peters Creek
	4APEE000.00
	
	
	2005
	1

	
	
	4APEE001.04
	
	
	2000-2010
	32

	
	
	4APEE001.16
	2013
	2
	2013
	2

	
	Spring Hollow
	4ASHR000.24
	
	
	2008
	7


1 This stream/station was used as a benthic and water quality reference.

[image: ]
[bookmark: _Ref161743698][bookmark: _Toc162948221]Figure 3. Primary benthic stations in the Roanoke River Project.

[bookmark: _Toc162948153]Benthic Assessments
To assess the health of streams in Virginia and evaluate compliance with the general aquatic life standard, VDEQ uses the Virginia Stream Condition Index (SCI). This index was first developed by Tetra Tech (Burton and Gerritsen, 2003) and later validated by VDEQ (2006). The SCI is a multimetric index based on 8 biomonitoring metrics of the benthic macroinvertebrate community. The index provides a score from 0-100. Scores of 60 and above are considered healthy, and scores below 60 are considered impaired. 
[bookmark: _Toc162948154]Spatial Analysis of Benthic Data
VDEQ conducted benthic assessments at 34 stations within the impaired Wolf Creek, Tinker Creek, and Roanoke River watersheds for varying periods of time. Table 4 and Figure 4 show the average SCI scores for each station. At the impaired Wolf Creek station (4AWOR000.34), SCI scores averaged 47.3, indicating a moderate impairment. No other benthic stations were assessed within the Wolf Creek watershed.
At the most downstream Tinker Creek station (4ATKR000.69), SCI scores averaged 45.4, indicating a moderate impairment. Benthic scores on Tinker Creek, however, consistently improve moving upstream (Figure 5). While the current benthic impairment extends for 11.87 miles upstream, benthic scores from mile 2.26 to 10.54 averaged from 61 to 65.5. If benthic health in this reach continues to score above the impairment threshold, the middle portion of Tinker Creek may be a candidate for delisting in upcoming water quality assessments. In the unimpaired upstream reach of Tinker Creek, SCI scores averaged 70.2 at station 4ATKR014.16. This station was used as a benthic reference station for impaired Wolf Creek and Tinker Creek stations. Spatial analysis of benthic scores in the Tinker Creek watershed shows healthy conditions in the upstream reaches and in upstream tributaries, such as Carvin Creek. Benthic scores decrease as Tinker Creek reaches the more urbanized areas of Roanoke City and flow is contributed by Glade Creek and Lick Run tributaries. By the time Tinker Creek reaches the mouth, benthic conditions are moderately impaired.
In the Roanoke River, average benthic scores within the lower impaired reach ranged from 44.9 to 55.3, indicating a moderate impairment. Similar to Tinker Creek, benthic conditions improve moving upstream in the Roanoke River (Figure 5). Within the upstream unimpaired reach from river mile 206.95 to 226.86, average SCI scores ranged from 60 to 74, indicating healthy conditions. Station 4AROA0212.17, within this upstream unimpaired reach, was used as a benthic reference for the Roanoke River. Downstream from this station, a number of impaired tributaries join the Roanoke River. These include Barnhardt Creek, Gish Branch, Mud Lick Creek, Mason Creek, Murray Run, Ore Branch, Peters Creek, Tinker Creek, and Wolf Creek. Benthic conditions in all of these tributaries are poor, and some are very poor. SCI scores averaged as low as 19.4, and 4 of these tributaries had average SCI scores below 30. Effluent from a large municipal wastewater treatment plant (Western Virginia Water Authority Water Pollution Control Plant, permit #VA0025020) also discharges to the Roanoke River within the impaired reach at approximately river mile 202. Spatial analysis of benthic scores within the Roanoke River watershed shows healthy conditions in the upstream reaches, with progressively degrading conditions as impaired tributaries enter the river from river mile 211 through 200. Flow from impaired tributaries and the wastewater discharge progressively account for more of the flow in the Roanoke River moving downstream. These cumulative effects degrade benthic conditions in the Roanoke River to below the benthic threshold downstream from river mile 205. With the exception of station 4AROA0205.67, which was only monitored once, the most degraded benthic conditions were observed at the most downstream station, 4AROA0198.08.  
[bookmark: _Ref42674657][bookmark: _Toc162948271]Table 4. Benthic scores in the Roanoke River Project area.
	Watershed
	Stream
	Station
	Years Sampled
	Samples Collected
	SCI Average
(All)1
	SCI Average (Recent)2
	Assessment

	Wolf Creek
	Wolf Creek
	4AWOR000.34
	2015-2022
	8
	47.3
	47.3
	Impaired

	Tinker Creek
	Tinker Creek
	4ATKR000.69
	2008-2022
	9
	45.4
	44.7
	Impaired

	
	
	4ATKR002.26
	2020-2021
	4
	63.8
	63.8
	Impaired

	
	
	4ATKR003.03
	2018-2019
	4
	61
	61
	Impaired

	
	
	4ATKR009.30
	2015-2021
	10
	61.3
	61.3
	Impaired

	
	
	4ATKR010.54
	2007-2008
	4
	65.5
	-
	Impaired

	
	
	4ATKR014.16
	2008-2017
	5
	70.2
	69.4
	Unimpaired

	
	
	4ATKR015.40
	2007
	2
	59.8
	-
	Unimpaired

	
	Carvin Creek
	4ACRV005.10
	2015
	2
	71.4
	71.4
	Unimpaired

	Roanoke River
	Roanoke River
	4AROA198.08
	2005-2022
	18
	49.3
	49.1
	Impaired

	
	
	4AROA202.20
	2000-2022
	20
	55.3
	56.1
	Impaired

	
	
	4AROA205.67
	2000
	1
	44.9
	-
	Impaired

	
	
	4AROA206.95
	2000-2022
	15
	60
	59.4
	Unimpaired

	
	
	4AROA210.56
	2009
	2
	61.2
	-
	Unimpaired

	
	
	4AROA212.17
	2000-2022
	16
	60.6
	60.8
	Unimpaired

	
	
	4AROA215.13
	2003-2022
	13
	63.7
	65.3
	Unimpaired

	
	
	4AROA216.75
	2017-2022
	7
	67
	67
	Unimpaired

	
	
	4AROA217.38
	2020-2022
	5
	73.4
	73.4
	Unimpaired

	
	
	4AROA218.11
	2020-2022
	5
	69.7
	69.7
	Unimpaired

	
	
	4AROA219.08
	2020-2022
	5
	67.6
	67.6
	Unimpaired

	
	
	4AROA221.95
	2002-2006
	4
	70.6
	-
	Unimpaired

	
	
	4AROA224.54
	2000-2022
	16
	63.9
	63.5
	Unimpaired

	
	
	4AROA226.64
	2017-2018
	2
	74
	74
	Unimpaired

	
	
	4AROA226.86
	2017-2018
	2
	70.2
	70.2
	Unimpaired

	
	Barnhardt Creek
	4ABHT001.90
	2009-2010
	3
	36.8
	-
	Impaired

	
	Gish Branch
	4AGSH001.28
	2012
	2
	47.1
	-
	Impaired

	
	Mud Lick Creek
	4AMDL002.93
	2005-2018
	11
	27.6
	33.4
	Impaired

	
	
	4AMDL003.34
	2005-2006
	2
	28.6
	-
	Impaired

	
	Mason Creek
	4AMSN000.53
	2004-2013
	5
	40.3
	-
	Impaired

	
	
	4AMSN003.05
	2004-2005
	3
	55.4
	-
	Impaired

	
	Mason Creek UT
	4AXNB000.60
	2006-2016
	4
	63.7
	74.1
	Unimpaired

	
	Murray Run
	4AMUR001.82
	2009-2010
	3
	19.4
	-
	Impaired

	
	Ore Branch
	4AORE000.01
	2011
	2
	23.3
	-
	Impaired

	
	Peters Creek
	4APEE001.16
	2013
	2
	26.9
	-
	Impaired


1 Average of all available SCI scores from 2000-2022.
2 Average of SCI scores included in or newer than the most recent 2022 water quality assessment.
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[bookmark: _Ref42674672][bookmark: _Toc162948222]Figure 4. Benthic scores at monitoring stations within the Roanoke River Project area.
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[bookmark: _Ref135723681][bookmark: _Toc162948223]Figure 5. Benthic SCI scores along the length of Tinker Creek and the Roanoke River.

[bookmark: _Toc162948155]Temporal and Seasonal Trends in Benthic Data
Figure 6 shows the temporal trends in benthic data from Roanoke River Project streams, and Figure 7 shows the seasonal trends.   
· Wolf Creek – In Wolf Creek, SCI scores averaged 47.3 and ranged from 33.9 to 64.2, indicating a moderate to slight impairment. There was no discernible trend in benthic scores over time, however, there was a significant seasonal trend in Wolf Creek benthic scores. Spring SCI scores averaged 38.6, while fall scores averaged 55.9. This represents a 31% decrease in SCI scores from fall to spring. This difference was statistically significant at the alpha = 0.05 level (t-test with unequal variance). 
· Tinker Creek – At the most downstream Tinker Creek station (4ATKR000.69), benthic SCI scores were consistently impaired, averaging 45.4 and ranging from 32.5 to 58.6. At other stations within the impaired reach, SCI scores were both above and below the impairment threshold of 60. There was no discernible temporal trend in Tinker Creek benthic scores, however, there was a significant seasonal trend. Spring SCI scores averaged 52.3, while fall scores averaged 62.4. This represents a 16% statistically significant (t-test with unequal variance and alpha = 0.05) decrease in SCI scores from fall to spring.   
· Roanoke River – In the Roanoke River impaired reach, benthic SCI scores averaged 49.3 at station 4AROA198.08 and 55.25 at station 4AROA202.20. At station 4AROA198.08, SCI scores ranged from 21.3 to 68.78. This full range was experienced within a single season. The highest SCI score was observed on 10/26/2015, and the lowest score was observed the following spring on 4/20/2016. This pattern of impairment indicates the presence of an episodic stressor in addition to more persistent stressors. At station 4AROA202.20, SCI scores were slightly less variable, ranging from 34.7 to 73.4. Overall, there were no discernible temporal trends in SCI scores at either of the impaired stations. There was a significant seasonal trend, however, at station 4AROA198.08. Spring SCI scores averaged 41.5, while fall scores averaged 55.5. This represents a 14% decrease in SCI scores from fall to spring. This difference was statistically significant at the alpha = 0.05 level (t-test with unequal variance). Spring SCI scores were also lower at station 4AROA202.20 (52.6 in spring versus 57.0 in fall), however, this difference was not statistically significant.
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[bookmark: _Ref42863162][bookmark: _Toc162948224]Figure 6. Temporal trends in benthic data for Roanoke River Project streams.
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[bookmark: _Ref42863167][bookmark: _Toc162948225]Figure 7. Seasonal trends in benthic data for Roanoke River Project streams. “D” indicates that there was a statistically significant difference (alpha = 0.05) between seasons.

· Summary – Benthic conditions in Wolf Creek, Tinker Creek, and the Roanoke River did not exhibit discernible temporal trends of either degrading or improving conditions over time. Each of the impaired streams did, however, exhibit statistically significant seasonal trends in benthic SCI scores. Spring SCI scores were from 14% to 31% lower than fall SCI scores. As a result, a number of fall scores in these impaired streams were above the impairment threshold of 60. In Wolf Creek, Tinker Creek, Roanoke River station 4AROA202.20, and Roanoke River station 4AROA198.08, 50%, 63%, 50%, and 40% of fall scores were above the impairment threshold, respectively. 
The seasonal pattern of impairment is one line of evidence that can be used to elucidate potential stressors. Some stressors such as ammonia or low dissolved oxygen typically have a greater impact on fall benthic scores because critical conditions for these stressors are in the hot and dry late summer period. Other stressors such as sediment, nutrients, or winter salts have a greater impact on spring benthic scores. Sediment and nutrient loads typically increase with higher spring flows and increasing spring temperatures and sunlight can spur algal growth. Seasonal differences could also be from natural causes such as flow conditions or the timing of benthic macroinvertebrate lifecycles. A natural cause to the observed seasonal differences is likely due to the fact that statistically significant seasonal differences were also observed at unimpaired Roanoke River stations (Figure 8). Even at unimpaired stations, there was a 13% decrease in SCI scores from fall to spring. This difference is less than the difference observed at impaired stations, so the result may be a combined effect of natural factors and stressors.
To investigate the influence of high spring flows that might scour benthic macroinvertebrates and reduce the diversity of benthic communities, spring benthic scores at the impaired Roanoke River stations were compared to spring flow conditions from the USGS gage at the Niagara Dam (Figure 9). Discharge data for 90 days preceding each spring benthic sampling date was summed to obtain the total 90-d antecedent flow volume. This cumulative measure of antecedent flow conditions was then compared to spring benthic SCI scores. At station 4AROA202.20, this relationship produced a statistically significant regression, with higher antecedent flow conditions producing lower spring benthic SCI scores. This relationship was not statistically significant at station 4AROA198.08. This could indicate the presence of different stressors at these locations, with flow-dependent spring stressors driving benthic conditions at the upstream station and flow-independent spring stressors driving benthic conditions at the downstream station.  
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[bookmark: _Ref135730208][bookmark: _Toc162948226]Figure 8. Seasonal trends in benthic data at unimpaired Roanoke River stations. “D” indicates that there was a statistically significant difference (alpha = 0.05) between seasons.
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[bookmark: _Ref135814252][bookmark: _Toc162948227]Figure 9. Relationship between spring SCI scores at impaired Roanoke River stations and river flow volume for 90 days prior to benthic sampling. Dotted trend lines are not statistically significant, and solid trend lines are statistically significant at the alpha = 0.05 level.

[bookmark: _Toc162948156]Analysis of Benthic Metrics
The Stream Condition Index (SCI) is a multi-metric index composed of eight individual metrics: family richness, Ephemeroptera Plecoptera Trichoptera richness (EPT richness), % Ephemeroptera (% Ephem), % Plecoptera and Trichoptera minus Hydropsychidae (% PT-Hydro), % Chironomidae, % scraper, % 2 dominant, and the modified family biotic index (MFBI). Assessing these metrics individually can provide clues to potential stressors, since different stressors may impact the benthic community in different ways. To evaluate individual metrics, impaired streams were compared to an unimpaired reference (Figure 10). The benthic reference was 4AROA212.17 for the Roanoke River and 4ATKR014.16 for Wolf Creek and Tinker Creek. For each impaired stream, average scores for each metric were compared to the reference using a t-test with unequal variances (alpha = 0.05). 
· Wolf Creek – In Wolf Creek, family richness, EPT richness, % scrapers, % 2 dominant, and MFBI were all significantly lower (p<0.05) than in the reference. Wolf Creek averaged 11 different taxonomic families compared to 17 in the reference. Only 5 of those families were EPT taxa in Wolf Creek, while 10 were EPT taxa in the reference. Over half of the benthic community (59%) in Wolf Creek was composed of the top 2 dominant taxa, which were Chironomidae and Hydropsychidae. These organisms are collectors and filterers, respectively. As a result, the percentage of scrapers in Wolf Creek (9%) was significantly lower than in the reference (27%). Lastly, the MFBI metric was 71% in Wolf Creek compared to 82% in the reference, a modest, but statistically significant difference. Overall, benthic metrics in Wolf Creek point to a stressor that is eliminating sensitive species and increasing the abundance of a few tolerant species that thrive in environments with high suspended and deposited solids, which provide a food source for collectors and filterers.
· Tinker Creek – At the primary impaired Tinker Creek station (4ATKR000.69), all of the benthic metrics except for % scraper were significantly lower (p<0.05) than in the reference. The impaired station averaged 13 different taxonomic families compared to 17 at the reference station. Only 5 of those families were EPT taxa at the impaired station, while 10 were EPT taxa at the reference station. The % Ephem and %PT-Hydro were both below 10% at the impaired station, while these more sensitive taxa represented 30% and 16% of the community at the reference station. Chironomidae represented 32% of the benthic community at the impaired station compared to 12% at the reference station. The midge, Chironomidae, and the riffle beetle, Elmidae, were the two most abundant taxa, accounting for 62% of the community. Lawrence and Gressens (2011) showed that Chironomid abundance correlated with increased nutrient enrichment in urban and rural streams. Bjornn et al. (1977) demonstrated in artificial mesocosm experiments that increases in fine sediment significantly reduced EPT taxa but were tolerated by Chironomid taxa. Similarly, Elmidae have anal gills covered by a moveable operculum that can protect the gills from suspended solids (Voshell, 2002). This characteristic could give the Elmidae a competitive advantage in higher suspended solids environments, so their abundance could indicate an early community response to suspended solids as a stressor. Overall, benthic metrics in Tinker Creek point to sediment enrichment that has reduced sensitive species and allowed sediment tolerant species to thrive. 
· Roanoke River – At the upstream impaired Roanoke River station (4AROA202.20), only two benthic metrics (% Ephemeroptera and %2 dominant) were significantly lower (p<0.05) than in the reference. The % Ephemeroptera at the impaired station accounted for a slightly smaller (but statistically significant) percentage of the community than in the reference (20% compared to 28%). The midge, Chironomidae, and the net spinning caddisfly, Hydropsychidae, were the two most abundance taxa, accounting for 54% of the community. These dominant organisms are collectors and filterers, respectively, and point to a stressor that is eliminating sensitive species and increasing the abundance of a few tolerant species that thrive in environments with high suspended and deposited solids, which provide a food source for collectors and filterers. 
At the downstream impaired Roanoke River station (4AROA198.08), additional benthic metrics were significantly decreased in comparison to the reference. While only two metrics at 4AROA202.20 were significantly lower than the reference, six out of eight of the benthic metrics were significantly lower (p<0.05) at 4AROA198.08 than in the reference. Station 4AROA198.08 averaged 12 different taxonomic families compared to 15 at the reference station. Only 5 of those families were EPT taxa at the impaired station, while 7 were EPT taxa at the reference station. The % Ephemeroptera accounted for 18% of the community at the impaired station compared to 28% at the reference. Chironomidae represented 29% of the benthic community at the impaired station compared to 14% at the reference station. The midge, Chironomidae, and the snail, Pleuroceridae, were the two most abundant taxa, accounting for 60% of the community. Pleuroceridae are small to medium-sized snails that scrape algae and diatoms from rock surfaces. Their abundance can signal nutrient enrichment, because excess nutrients can spur algal growth and provide scrapers with a readily available food source. Overall, benthic metrics in the Roanoke River point to sediment or nutrient enrichment that has reduced sensitive species and allowed organisms that scrape rocks or feed on deposited sediment to thrive. 
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[bookmark: _Ref43372686][bookmark: _Toc162948228]Figure 10. Individual metric scores comprising the stream condition index (SCI) in Roanoke River Project streams. “D” indicates that the metric was significantly lower (alpha = 0.05) than the benthic reference. The benthic reference was 4AROA212.17 for the Roanoke River and 4ATKR014.16 for Wolf Creek and Tinker Creek.

[bookmark: _Toc162948157]Analysis of Community Composition
The taxonomic composition of the benthic communities was analyzed to identify shifts in composition at impaired stations that might provide clues to sources or mechanisms of impairment. Figure 11 compares the taxonomic composition in Wolf Creek and Tinker Creek impaired stations to the upstream unimpaired Tinker Creek reference (4ATKR014.16). Figure 12 compares the taxonomic composition in the impaired Roanoke River stations to the upstream unimpaired Roanoke River reference (4AROA0212.17). 
· Wolf Creek – Sensitive Ephemeroptera, Plecoptera, and Trichoptera (EPT) taxa were present in Wolf Creek, but they represented only 29% of the benthic community compared to 46% in the reference. Community composition in Wolf Creek was dominated by Diptera (35%) and Hydropsychidae (28%). The Diptera were primarily comprised of midges (Chironomidae) and black fly larvae (Simulium). Each of these predominant taxa could signal excess sediment or nutrient enrichment. Lawrence and Gressens (2011) showed that Chironomid abundance correlated with increased nutrient enrichment in urban and rural streams. Bjornn et al. (1977) demonstrated in artificial mesocosm experiments that increases in fine sediment significantly reduced EPT taxa but were tolerated by Chironomid taxa. Hydropsychidae are net spinning caddisflies that filter suspended food from the water column, so enriched conditions with more suspended solids and organic matter could cause an increase in this taxon. The black fly larvae, Simulium, can be common in fast flowing water, and due to their filter feeding nature, their presence in high numbers can be an indicator of moderate organic or nutrient enrichment (Voshell, 2002).
· Tinker Creek – At the impaired Tinker Creek station, sensitive EPT taxa accounted for only 14% of the benthic community, compared to 46% at the upstream unimpaired reference station. The benthic community at the impaired station was dominated by Diptera (38%), Hydropsychidae (22%) and Coleoptera (17%). The Diptera were mostly Chironomids, which could signal excess sediment or nutrient and organic enrichment. The abundance of Hydropsychidae can likewise signal sediment or nutrient and organic enrichment. Most of the Coleoptera in Tinker Creek were in the Elmidae family, which have anal gills covered by a moveable operculum that can protect the gills from suspended solids (Voshell, 2002). This characteristic could give the Elmidae a competitive advantage in higher suspended solids environments, so their abundance could indicate an early community response to suspended solids as a stressor. 
· Roanoke River – At the impaired Roanoke River stations, sensitive EPT taxa ranged from 20% to 24% of the benthic community, compared to 32% at the upstream reference station. Like Wolf Creek and Tinker Creek, the Roanoke River benthic community was dominated by Diptera (23 to 33%) and Hydropsychidae (20 to 22%). Ephemeroptera were the third most prevalent taxonomic group. As described above, the dominance of Hydropsychidae and Diptera from the Chironomid group could signal excess sediment or nutrient and organic enrichment as potential stressors.    
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[bookmark: _Ref45699232][bookmark: _Toc162948229]Figure 11. Taxonomic composition of Wolf Creek and Tinker Creek impaired stations compared to a reference (4ATKR014.16).
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[bookmark: _Ref135831010][bookmark: _Toc162948230]Figure 12. Taxonomic composition of Roanoke River impaired stations compared to a reference (4AROA212.17).

[bookmark: _Toc162948158]Biological Condition Gradient Attribute Analysis
In 2019, Tetra Tech began working with mid-Atlantic region states (including Virginia) to develop a conceptual model of environmental condition called the Biological Condition Gradient (BCG). The goal of the BCG will be to describe environmental conditions by analyzing patterns of pollution tolerance among fish and macroinvertebrates present. The first step in developing the BCG was to define six attributes related to pollution tolerance and score those attributes across 560 macroinvertebrate taxa for 10 specific stressors (Tetra Tech, 2019) Table 5 describes these six attributes and the stressors evaluated. Attributes were scored for each taxa and stressor combination based on statistical analysis of regional data and expert consensus. The result is a database of taxa tolerance attribution that can be useful for stressor analysis.
Using BCG attribute data, the taxa present at each of the impaired streams were assigned attribute scores for each stressor. The average scores and the scores for predominant species were evaluated for each stressor to identify potential stressors that might be indicative of the pattern of organism tolerance observed. Table 6 shows the BCG attribute scores for the three most prevalent taxa at each of the impaired monitoring stations. Attribute scores of 5 indicate tolerant taxa that would be expected to increase in number when the respective stressor is present. Some taxa, like Chironomidae, are relatively tolerant to a wide range of stressors and don’t show much differentiation with respect to stressor identification. Others, however, show better differentiation and can be indicators of specific stressors. 
 
[bookmark: _Ref48637353][bookmark: _Toc162948272]Table 5. Biological condition gradient attributes and stressors evaluated.
	Attribute
	Explanation
	Stressors Evaluated

	I
	Historically documented, sensitive, long-lived or regionally endemic taxa
	Dissolved oxygen
Acidity

	II
	Highly sensitive taxa
	Alkalinity

	III
	Intermediate sensitive taxa
	Specific Conductivity

	IV
	Intermediate tolerant taxa
	Chloride

	V
	Tolerant taxa
	Sulfate

	VI
	Non-native taxa
	Total Nitrogen and Phosphorus

	
	
	Total Habitat

	
	
	Relative Bed Stability

	
	
	%Imperviousness



The three most predominant taxa in Wolf Creek indicated that conductivity, sulfate, nutrients, and imperviousness could be potential stressors. In Tinker Creek, the predominant taxa indicated that conductivity, nutrients, habitat, and imperviousness could be potential stressors. In the Roanoke River, no BCG attribute scores of 5 were present for the top three predominant taxa. This means that these species are not expected to increase in abundance in response to a particular stressor, but may be responding to multiple stressors. 
In addition to analyzing the BCG attribute scores for the top three dominant taxa in each impaired stream, BCG attribute scores of all present taxa were averaged to calculate mean scores for each stressor in each stream. Those scores were then ranked to identify the stressors with the highest scores (Table 7). These represent the stressors that have the greatest likelihood of impact on each stream based on the taxa present and BCG attribute scores for those taxa. For Wolf Creek, sulfate was ranked as the top stressor from BCG attribute analysis. For Tinker Creek and the Roanoke River, nutrients (nitrogen and phosphorus) were ranked as the top stressor. Other impaired Roanoke River tributaries were also included in the analysis because sources of impairment in these tributaries could provide insights into the source of impairment in the Roanoke River. Across Roanoke River tributaries, a number of different stressors were ranked as the top stressor from BCG attribute analysis. Nutrients, conductivity, and sediment-related parameters (RBS and % imperviousness) were ranked as the top stressors in various Roanoke River tributaries. 

[bookmark: _Ref48640986][bookmark: _Toc162948273]Table 6. Biological condition gradient attribute scores for the three most prevalent taxa at each station.
	Stream
	Station
	Predominant Taxa
	Diss. Oxy.
	Acidity
	Alkalinity
	Spec. Cond.
	Chloride
	Sulfate
	TN/TP
	Total Habitat
	RBS
	% Imp.

	Wolf Creek
	4AWOR000.34
	Chironomidae
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4

	
	
	Cheumatopsyche
	4
	3
	4
	5
	4
	4
	5
	4
	4
	5

	
	
	Simulium
	4
	4
	4
	4
	3
	5
	5
	4
	4
	4

	Tinker Creek
	4ATKR000.69
	Chironomidae
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4

	
	
	Stenelmis
	4
	4
	4
	5
	4
	4
	4
	5
	4
	5

	
	
	Cheumatopsyche
	4
	3
	4
	5
	4
	4
	5
	4
	4
	5

	Roanoke River
	4AROA202.20
	Chironomidae
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4

	
	
	Hydropsychidae
	3
	3
	4
	4
	3
	4
	4
	4
	4
	4

	
	
	Pleuroceridae
	3
	2
	4
	3
	3
	3
	4
	3
	3
	4

	Roanoke River
	4AROA198.08
	Chironomidae
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4

	
	
	Pleuroceridae
	3
	2
	4
	3
	3
	3
	4
	3
	3
	4

	
	
	Hydropsychidae
	3
	3
	4
	4
	3
	4
	4
	4
	4
	4




[bookmark: _Ref48644075][bookmark: _Toc162948274]Table 7. Rank of average biological condition gradient attribute scores for each stressor in each impaired stream.
	Stream
	Station
	Diss. Oxy.
	Acidity
	Alkalinity
	Spec. Cond.
	Chloride
	Sulfate
	TN/TP
	Total Habitat
	RBS
	% Imp.

	Wolf Creek
	4AWOR000.34
	10
	9
	7
	3
	8
	1
	2
	6
	4
	5

	Tinker Creek
	4ATKR000.69
	9
	10
	7
	2
	8
	3
	1
	6
	5
	4

	Roanoke River
	4AROA202.20
	9
	10
	4
	6
	8
	5
	1
	7
	2
	3

	
	4AROA198.08
	9
	10
	6
	3
	8
	2
	1
	7
	5
	4

	Roanoke Tribs
	4ABHT001.90
	9
	5
	7
	8
	10
	5
	3
	3
	1
	2

	
	4AGSH001.28
	9
	7
	8
	3
	10
	3
	1
	5
	2
	6

	
	4AMDL002.93
	10
	9
	7
	4
	8
	2
	2
	6
	1
	5

	
	4AMSN000.53
	9
	10
	5
	4
	8
	6
	1
	7
	3
	1

	
	4AMUR001.82
	7
	5
	9
	5
	9
	7
	2
	2
	1
	2

	
	4AORE000.01
	9
	9
	7
	2
	8
	4
	1
	6
	5
	2

	
	4APEE001.16
	9
	10
	7
	1
	8
	3
	4
	6
	5
	2



[bookmark: _Toc162948159]Analysis of Functional Feeding Groups
The composition of functional feeding groups comprising the benthic community was also analyzed to identify shifts in composition at impaired stations that might provide clues to sources or mechanisms of impairment. Figure 13 shows the composition of functional feeding groups within Roanoke River Project streams in comparison to a reference. In Wolf Creek, benthic communities shifted to a higher percentage of filterers and collectors; while shredders, scrapers, and predators decreased. Filterers increased by 10% and collectors increased by 13%. The largest decrease was in scrapers, which decreased by 17%. This shift in functional feeding group is indicative of increased deposited sediment and deposited organic material. As the amount of deposited organic matter increases, the niche of macroinvertebrates that collect their food from bottom deposits (collectors) expands. An increase in filterers indicates an increase in suspended sediment and organic matter. As particulate matter in the water column increases, more food is available for filtering organisms and that feeding niche expands. 
In Tinker Creek, collectors increased by 19%, and all other feeding groups decreased. As described above, this shift in functional feeding group is indicative of increased deposited sediment and deposited organic material. 
In the Roanoke River, collectors and scrapers increased, while other groups decreased or stayed the same. At river mile 202.20, collectors increased by 3% and scrapers increased by 2%. At river mile 198.08, collectors and scrapers both increased by 5% compared to the reference. As described above, the increase in collectors is indicative of increased deposited sediment and deposited organic material. The increase in scrapers is indicative of nutrient enrichment. As nutrients increase, algae growth is spurred and provides an increased availability of food for scrapers.
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[bookmark: _Ref45787280][bookmark: _Toc162948231]Figure 13. Functional feeding group composition in Roanoke River Project streams compared to a reference. The benthic reference was 4AROA212.17 for the Roanoke River and 4ATKR014.16 for Wolf Creek and Tinker Creek.

[bookmark: _Toc162948160]Habitat Assessment
As part of the Rapid Bioassessment Protocol (Barbour et al., 1999), a visual habitat assessment is performed at the time of each benthic sample collection.  This assessment entails scoring each of a series of habitat components from 0 to 20. These habitat components include bank stability, channel alteration, bank vegetation, riparian vegetation, substrate, embeddedness, flow, riffles, and velocity/depth. The individual scores for each of these measures are then added for a total habitat score.  Figure 14 compares the total habitat scores in Roanoke River Project streams with those from a reference. The reference for Wolf Creek and the impaired Tinker Creek station was the upstream unimpaired Tinker Creek station (4ATKR014.16). The reference for the impaired Roanoke River stations was the upstream unimpaired Roanoke River station (4AROA212.17). 
Total habitat scores averaged 129 in the stream reference, 123 in Wolf Creek, and 100 in Tinker Creek. The impaired Tinker Creek station scored significantly lower than the reference in total habitat (p<0.05 in a one-tailed t-test with unequal variance), but Wolf Creek was not significantly different. Based on VDEQ’s analysis of probabilistic monitoring data (VDEQ, 2017), the colors shown in Figure 14 represent the probability of habitat being a stressor on the aquatic community. Tinker Creek fell on the border between the high and medium probability ranges while Wolf Creek fell in the medium probability range. 
In the Roanoke River, total habitat scores averaged 147 at the reference station, 137 at station 4AROA202.20, and 173 at station 4AROA198.08. Scores were statistically lower at station 4AROA202.20 than at the reference (p<0.05 in a one-tailed t-test with unequal variance) but these scores were in the low probability range for stressor effects. Total habitat scores at station 4AROA198.08 were actually statistically higher (p<0.05 in a two-tailed t-test with unequal variance) than in the reference and in the no probability range for stressor effects.
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[bookmark: _Ref43473063][bookmark: _Toc162948232]Figure 14. Total habitat scores for Roanoke River Project streams compared to a reference. Streams with a "D" have statistically lower (alpha = 0.05) habitat scores than the reference site. Colors represent the probability that data within that range would be responsible for causing stress. The benthic reference was 4AROA212.17 for the Roanoke River and 4ATKR014.16 for Wolf Creek and Tinker Creek.

[bookmark: _Hlk106109242]Figure 15 compares the individual habitat metrics in each impaired stream with metric scores from a reference station. The benthic reference was 4AROA212.17 for the Roanoke River and 4ATKR014.16 for Wolf Creek and Tinker Creek. Statistical differences were determined using a one-tailed t-test with unequal variances and alpha = 0.05. Individual metrics are generally categorized into those that indicate degraded bank conditions (bank stability, channel alteration, bank vegetation, or riparian vegetation), those that indicate degraded instream habitat conditions (substrate, embeddedness, or sediment), and those that indicate degraded hydrologic conditions (flow, riffles, or velocity/depth). 
· Wolf Creek – In Wolf Creek, habitat metrics for bank stability, embeddedness, flow, and velocity/depth were significantly lower than the reference. These lower metric scores represent sediment sources from degraded bank habitat (bank stability metric) and indications of deposited sediment impacts within the stream channel (embeddedness metric). Hydrological conditions may also be limiting benthic health, as flow and velocity/depth metrics were significantly lower than in the reference. 
· Tinker Creek – In Tinker Creek, habitat metrics for bank stability, alteration, substrate, embeddedness, and velocity/depth were significantly lower than the reference. These lower metric scores represent sediment sources from degraded bank habitat (bank stability and alteration) and indications of deposited sediment impacts within the stream channel (substrate and embeddedness metrics). Low velocity/depth scores may also indicate limited hydrologic habitat. 
· Roanoke River – At the primary impaired station on the Roanoke River (4AROA198.08), habitat conditions were very good. All habitat metrics at this location scored higher than the reference station. This indicates that habitat conditions are not likely a cause of the benthic impairment at this location. At station 4AROA202.20, habitat metrics for alteration, riparian vegetation, and embeddedness were significantly lower than the reference station. Like Wolf Creek and Tinker Creek, these lower metric scores indicate sediment sources from degraded bank habitat (alteration and riparian vegetation metrics) and indications of deposited sediment impacts within the stream channel (embeddedness metric).
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[bookmark: _Ref43474241][bookmark: _Toc162948233]Figure 15. Habitat metric scores for Roanoke River Project streams compared to a reference. Metrics with a "D" are statistically lower than the reference site. The benthic reference was 4AROA212.17 for the Roanoke River and 4ATKR014.16 for Wolf Creek and Tinker Creek.
As a part of TMDL monitoring, VDEQ conducted a detailed physical habitat assessment of the impaired streams and several tributaries according to EPA methods for Quantifying Physical Habitat in Wadeable Streams (Kaufmann et al., 1999).  This analysis involved the measurement of channel dimensions and substrate composition at numerous transects within a 150 to 800-m stream reach surrounding the benthic monitoring station. The outcome of this analysis is the calculation of a log relative bed stability index (LRBS). The LRBS is the ratio between the observed size distribution of in-stream sediments and the predicted sediment size distribution based on bankfull depth. LRBS values near zero indicate that the stream is stable. Large negative values indicate that the stream is unstable and depositing excess sediment. Large positive numbers, while less common, indicate that the stream is unstable and sediment starved. In an analysis of streams across the commonwealth, VDEQ has determined that LRBS scores between -1.0 and -1.5 have a medium probability of stressing aquatic life, and LRBS scores <-1.5 have a high probability of stressing aquatic life (VDEQ, 2017). LRBS scores that are too high can also stress benthic macroinvertebrates, and scores >0.5 are also in the medium probability range for stressor effects.
Table 8 shows the results of relative bed stability analysis in Roanoke River Project streams. Wolf Creek exhibited an LRBS score in the medium probability range, indicating that deposited sediment may be a stressor in this stream. Embeddedness and percent sand and fines were both above 50% at the impaired Wolf Creek station, further supporting deposited sediment as a stressor.
In Tinker Creek, LRBS scores in the medium and high probability range were also observed. However, scores were worse at the upstream unimpaired stations on Tinker Creek (4ATKR010.54 and 4ATKR015.40) than at the downstream impaired station (4ATKR000.69). This finding is inconsistent with benthic scores and total habitat scores at these stations, which improved moving from downstream to upstream. It is possible that the LRBS methodology is less accurate for urban streams that frequently cycle through periods of deposition and scouring. This is supported by high variability in LRBS scores over time in Tinker Creek. For station 4ATKR010.54, which was monitored in 2007 and 2008, LRBS scores ranged from the no probability range of -0.40 to the medium probability range of -1.33. 
In the Roanoke River, the LRBS score was in the medium probability range for stressor effects at the impaired 4AROA198.08 station. At this station, the LRBS score was positive, indicating sediment starved conditions. This could be due to the upstream Niagara Dam retaining sediment from downstream reaches. LRBS scores at all other upstream stations were in the no probability range for stressor effects. Percentages of sand and fines and embeddedness were below 50% at all Roanoke River stations.  

[bookmark: _Ref43718993][bookmark: _Toc162948275]Table 8. Log relative bed stability index for Roanoke River Project streams.
	Watershed
	Stream
	Station
	Date
	% Sand and Fines
	Embeddedness (%)
	Log Relative Bed Stability Index (LRBS)1

	Wolf Creek
	Wolf Creek
	4AWOR000.34
	9/13/2017
	60
	70
	-1.36

	
	
	4AWOR000.34
	8/3/2021
	54
	69
	-0.89

	Tinker Creek
	Tinker Creek
	4ATKR000.69
	8/2/2021
	50
	63
	-0.43

	
	
	4ATKR009.30
	10/9/2018
	28
	42
	0.16

	
	
	4ATKR009.30
	10/8/2019
	38
	53
	-0.36

	
	
	4ATKR010.54
	10/4/2007
	55
	68
	-1.33

	
	
	4ATKR010.54
	10/7/2008
	36
	52
	-0.40

	
	
	4ATKR015.40
	10/11/2007
	76
	79
	-2.03

	
	Carvin Creek
	4ACRV005.10
	9/21/2015
	13
	19
	0.28

	
	
	4ACRV005.10
	10/8/2015
	11
	30
	0.22

	Roanoke River
	Roanoke River
	4AROA198.08
	8/2/2021
	24
	34
	0.58

	
	
	4AROA202.20
	8/3/2021
	26
	42
	0.27

	
	
	4AROA210.56
	9/23/2009
	37
	49
	-0.12

	
	
	4AROA216.75
	9/14/2017
	19
	35
	0.30

	
	Gish Branch
	4AGSH001.28
	8/29/2012
	36
	32
	-1.33

	
	Mason Creek UT
	4AXNB000.60
	9/20/2006
	7
	16
	-0.34

	
	Mud Lick Creek
	4AMDL002.93
	10/4/2007
	49
	63
	-0.40

	
	Ore Branch
	4AORE000.01
	10/24/2011
	1
	5
	-0.29


1 Values in blue are in the no probability range for stressor effects. Values in green are in the low probability range for stressor effects. Values in yellow are in the medium probability range for stressor effects, and values in red are in the high probability range. 

[bookmark: _Toc162948161]Land Cover Assessment
While a more detailed land cover assessment will be part of the Roanoke River Project TMDL Report, the stressor analysis evaluated the potential connections between land cover patterns within the watershed and impaired benthic stations. Table 9 shows the land cover contributing to each of the benthic monitoring stations in the three impaired streams. The Wolf Creek watershed was dominated by urban and residential grasses (37%) and trees (18%), forest (24%), and impervious (16%). The watershed draining to the impaired Tinker Creek station was dominated by forest (43%), urban and residential grasses (18%) and trees (13%), and impervious (15%). Moving upstream from this station, impervious areas decreased and pasture increased. The watershed draining to the most downstream impaired Roanoke River station (4AROA198.08) was dominated by forest (60%), urban and residential grasses (12%) and trees (9%), and impervious (9%). Moving upstream from this station, impervious areas and urban and residential grasses and trees decreased while forest increased. 
Regression analysis was used to compare these land cover trends to benthic SCI scores at the respective stations (Table 10). Statistically significant regressions were observed between SCI scores and impervious, urban/residential grasses, and wetlands/other. The strongest predictor of SCI scores was impervious land cover (r2 = 0.58), which increased with decreasing SCI scores. Urban/residential grasses were also negatively correlated with SCI scores, while wetlands were positively correlated. SCI scores increased with increasing wetlands in the watershed. These results suggest that as these watersheds progressively become more urbanized from headwaters to outlet, benthic health decreases.
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[bookmark: _Ref43387759][bookmark: _Toc162948276]Table 9. Land cover upstream from benthic monitoring stations.
	Stream
	Station
	Water
	Impervious
	Barren
	Forest
	Urban/ Res. Trees
	Scrub/ Shrub
	Harvested/Disturbed
	Urban/ Res. Grass
	Pasture
	Cropland
	Wetland/ Other

	Wolf Creek
	2AWOR000.34
	0.04%
	16.30%
	0.41%
	24.13%
	17.77%
	0.17%
	0.00%
	36.63%
	4.08%
	0.45%
	0.01%

	Tinker Creek
	4ATKR000.69
	1.05%
	14.69%
	0.24%
	42.85%
	12.55%
	0.76%
	0.18%
	18.47%
	8.67%
	0.49%
	0.06%

	Tinker Creek
	4ATKR002.26
	1.70%
	9.81%
	0.15%
	50.13%
	11.51%
	0.86%
	0.11%
	16.61%
	8.39%
	0.65%
	0.07%

	Tinker Creek
	4ATKR003.03
	1.70%
	9.76%
	0.16%
	50.33%
	11.44%
	0.86%
	0.11%
	16.55%
	8.37%
	0.66%
	0.07%

	Tinker Creek
	4ATKR009.30
	0.24%
	9.10%
	0.23%
	40.08%
	16.48%
	0.66%
	0.25%
	16.93%
	14.81%
	1.16%
	0.07%

	Tinker Creek
	4ATKR010.54
	0.26%
	8.42%
	0.19%
	40.40%
	16.70%
	0.61%
	0.27%
	16.25%
	15.78%
	1.05%
	0.07%

	Tinker Creek
	4ATKR014.16
	0.46%
	5.58%
	0.00%
	36.17%
	15.17%
	0.36%
	0.00%
	18.22%
	22.43%
	1.57%
	0.03%

	Tinker Creek
	4ATKR015.40
	0.49%
	5.59%
	0.00%
	34.75%
	15.14%
	0.28%
	0.00%
	18.68%
	23.46%
	1.58%
	0.03%

	Roanoke River
	4AROA198.08
	0.50%
	8.77%
	0.27%
	60.30%
	8.80%
	0.68%
	0.36%
	12.01%
	7.79%
	0.47%
	0.05%

	Roanoke River
	4AROA202.20
	0.31%
	6.95%
	0.28%
	65.89%
	7.59%
	0.66%
	0.43%
	9.79%
	7.62%
	0.45%
	0.05%

	Roanoke River
	4AROA205.67
	0.30%
	6.65%
	0.28%
	66.52%
	7.43%
	0.64%
	0.44%
	9.51%
	7.74%
	0.46%
	0.05%

	Roanoke River
	4AROA206.95
	0.30%
	6.11%
	0.28%
	67.61%
	7.07%
	0.65%
	0.45%
	9.13%
	7.90%
	0.47%
	0.05%

	Roanoke River
	4AROA210.56
	0.28%
	4.61%
	0.27%
	71.26%
	6.18%
	0.66%
	0.47%
	7.34%
	8.40%
	0.48%
	0.05%

	Roanoke River
	4AROA212.17
	0.29%
	4.22%
	0.28%
	71.30%
	5.94%
	0.68%
	0.48%
	7.17%
	9.08%
	0.52%
	0.06%

	Roanoke River
	4AROA215.13
	0.28%
	3.43%
	0.28%
	72.66%
	5.67%
	0.65%
	0.50%
	6.49%
	9.44%
	0.54%
	0.06%

	Roanoke River
	4AROA216.75
	0.27%
	3.17%
	0.27%
	73.09%
	5.55%
	0.64%
	0.49%
	6.24%
	9.66%
	0.56%
	0.06%

	Roanoke River
	4AROA217.38
	0.28%
	3.07%
	0.28%
	73.19%
	5.49%
	0.64%
	0.50%
	6.08%
	9.84%
	0.57%
	0.06%

	Roanoke River
	4AROA218.11
	0.27%
	3.07%
	0.27%
	73.20%
	5.50%
	0.63%
	0.50%
	6.08%
	9.85%
	0.58%
	0.06%

	Roanoke River
	4AROA219.08
	0.27%
	2.97%
	0.27%
	73.34%
	5.43%
	0.63%
	0.50%
	5.94%
	10.01%
	0.56%
	0.06%

	Roanoke River
	4AROA221.95
	0.26%
	2.96%
	0.29%
	73.26%
	5.40%
	0.58%
	0.52%
	5.86%
	10.23%
	0.58%
	0.07%

	Roanoke River
	4AROA224.54
	0.26%
	2.95%
	0.28%
	73.12%
	5.38%
	0.50%
	0.53%
	5.80%
	10.52%
	0.59%
	0.07%

	Roanoke River
	4AROA226.64
	0.17%
	2.94%
	0.29%
	73.17%
	5.36%
	0.47%
	0.51%
	5.78%
	10.65%
	0.60%
	0.07%

	Roanoke River
	4AROA226.86
	0.17%
	2.93%
	0.29%
	73.21%
	5.36%
	0.48%
	0.51%
	5.78%
	10.61%
	0.60%
	0.07%




[bookmark: _Ref76131799][bookmark: _Toc162948277]Table 10. Regression relationship between land cover and stream condition index (SCI) scores.
	Land Cover
	Correlation Coefficient
	Regression Significant 
(Y/N)
	r2
	p-value

	Impervious
	-0.73
	Y
	0.53
	<0.01

	Urban/Res. Grass
	-0.52
	Y
	0.27
	0.01

	Wetlands/Other
	0.5
	Y
	0.25
	0.02

	Forest
	0.41
	N
	0.16
	0.05

	Urban/Res. Tree
	-0.36
	N
	0.13
	0.09

	Harvested/Disturbed
	0.35
	N
	0.12
	0.1

	Pasture
	0.35
	N
	0.12
	0.1

	Cropland
	0.25
	N
	0.06
	0.26

	Barren
	-0.18
	N
	0.03
	0.42

	Water
	-0.16
	N
	0.02
	0.48

	Scrub/Shrub
	-0.05
	N
	<0.01
	0.81



[bookmark: _Toc162948162]Water Quality Data Assessment
Water quality data for all of the candidate stressors were evaluated to assess trends and compare to relevant water quality standards and stressor thresholds. Stressor thresholds were based on VDEQ’s analysis of probabilistic monitoring data from across the state (VDEQ, 2017). By comparing the patterns of benthic impairment with concentrations of a variety of water quality parameters, VDEQ established estimated thresholds for impairment. The thresholds represent concentrations where there is no probability of impairment, low probability, medium probability, and high probability of impairment. These thresholds can be useful in determining whether a water quality parameter may be responsible for impairment.
[bookmark: _Toc162948163]Temperature
VDEQ measures temperature when collecting benthic or water quality samples, so periodic temperature data are available from 2000 to present for Roanoke River Project streams (Figure 16). Temperatures obviously vary by season, so ranges are wide when year-round measurements are considered. Wolf Creek and Tinker Creek temperatures were consistent with the Tinker Creek reference, averaging between 14 and 15°C. In the Roanoke River, temperatures at the impaired stations averaged 15.4 to 17.8°C and were statistically higher than in the Roanoke River reference, which averaged 13.5°C.
None of the impaired streams had temperatures that exceeded the relevant water quality standard (Figure 17). For Wolf Creek and the Roanoke River, the temperature standard is 31°C for mountainous zone waters. For Tinker Creek, a special standard of 26°C is applied from May to October to support stockable trout waters. The maximum temperature observed in Wolf Creek was 24.2°C, the maximum temperature observed at impaired Tinker Creek stations was 24.6°C, and the maximum temperature observed at impaired Roanoke River stations was 28.7°C. Across other stations and tributaries in the Roanoke River watershed, temperatures remained within the mountainous zone standard. None of the nearly 1000 measurements exceeded 31⁰C.
In addition to periodic temperature measurements, the USGS operates a continuous gage and monitoring station that measures temperature on Tinker Creek and on the Roanoke River. The Tinker Creek gage (205551614) is located above Glade Creek and upstream of VDEQ station 4ATKR000.69. The Roanoke River gage (2055080) is located at the 13th Street bridge and co-located with VDEQ station 4AROA202.20. Figure 18 shows 15-minute temperature data collected from these two stations since September 2019. Temperature in Tinker Creek exceeded the stockable trout special standard briefly in the summer of 2020 and 2021. The maximum temperature of 28.1⁰C was observed on 8/11/2020. Over the 3-year period, temperatures exceeded the standard for a total of less than 6 hours. In the Roanoke River, temperatures remained well below the mountainous zone temperature standard of 31⁰C. The maximum observed temperature was 29.5⁰C. 
In summary, temperature conditions in each of the impaired Roanoke River Project streams were sufficient to support a healthy benthic community. Even though there were several exceedances of the special standard in Tinker Creek, this standard is designed to support coldwater fisheries and is not targeted towards health of the benthic community. Temperature is not likely a stressor to the benthic community in Roanoke River Project streams.   
[image: ]
[bookmark: _Ref44406377][bookmark: _Toc162948234]Figure 16. Temperature in Roanoke River Project streams. Boxes represent the inter-quartile range, whiskers represent minimum and maximum values excluding outliers, lines represent the median, and the X represents the mean. The "D" indicates a statistically significant difference from the reference station. The solid red line represents the Virginia water quality standard for the mountainous zone, and the dashed red line represents the special standard for stocked trout in Tinker Creek.
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[bookmark: _Ref76463853][bookmark: _Toc162948235]Figure 17. Temperature over time in Roanoke River Project streams. The red line represents the relevant Virginia water quality standard.
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[bookmark: _Ref84250842][bookmark: _Toc162948236]Figure 18. Continuous temperature monitoring by the USGS in Tinker Creek and the Roanoke River. The red line represents the relevant Virginia water quality standard.

[bookmark: _Toc162948164]pH
VDEQ measures pH when collecting benthic or water quality samples, so periodic pH data are available from each of the impaired streams and a reference (Figure 19). Measured pH values were moderately alkaline in each of the streams with averages of 8.15 in Wolf Creek, 8.04 in Tinker Creek, and 8.00 to 8.13 at Roanoke River impaired stations. Both Wolf Creek and Tinker Creek had statistically higher pH than the stream reference site (p<0.05 in t-test with unequal variance). Roanoke River stations 4AROA202.20 and 4AROA199.20 had statistically lower pH than the river reference site (p<0.05 in t-test with unequal variance). At all sites, however, median pH values were within the low probability range for stressor effects. 
Figure 20 shows the time series of pH values in Roanoke River Project streams. While pH varied over time, all individual samples from all stations were within the low probability range for stressor effects and within the relevant water quality standards. For Wolf Creek and Tinker Creek the mountainous zone water quality standard for pH is between 6 and 9. For the Roanoke River, there is a special standard for pH of 6.5 to 9.5. In Wolf Creek, minimum and maximum pH values were 7.59 and 8.6, respectively. In Tinker Creek, minimum and maximum pH values were 6.1 and 8.9, respectively. In the Roanoke River, minimum and maximum pH values were 6.5 and 9.0, respectively. 
In addition to periodic pH measurements, the USGS operates a continuous gage and monitoring station that measures pH on Tinker Creek and on the Roanoke River. The Tinker Creek gage (205551614) is located above Glade Creek and upstream of VDEQ station 4ATKR000.69. The Roanoke River gage (2055080) is located at the 13th Street bridge and co-located with VDEQ station 4AROA202.20. Figure 21 shows 15-minute pH data collected from these two stations since September 2019. In both streams, pH remained well within the 6 to 9 or 6.5 to 9.5 water quality standards. 
In summary, pH conditions in each of the impaired Roanoke River Project streams were sufficient to support a healthy benthic community. While pH values were statistically above (Wolf Creek and Tinker Creek) or below (Roanoke River) the relevant references, all pH values were within water quality standards and in the low probability range for stressor effects. 

[image: ]
[bookmark: _Ref44414313][bookmark: _Toc162948237]Figure 19. pH in Roanoke River Project streams. Boxes represent the inter-quartile range, whiskers represent minimum and maximum values excluding outliers, lines represent the median, and the X represents the mean. Dots represent outliers that are greater than 1.5 times the inter-quartile range away from the mean. The "D" indicates a statistically significant difference from the reference station. The red line represents the Virginia water quality standard. Colors represent the probability that data within that range would be responsible for causing stress.
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[bookmark: _Ref44417428][bookmark: _Toc162948238]Figure 20. pH over time in Roanoke River Project streams. The red line represents the relevant Virginia water quality standard. Colors represent the probability that data within that range would be responsible for causing stress.
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[bookmark: _Ref137636296][bookmark: _Toc162948239]Figure 21. Continuous pH monitoring by the USGS in Tinker Creek and the Roanoke River. The red line represents the relevant Virginia water quality standard. Colors represent the probability that data within that range would be responsible for causing stress.

[bookmark: _Toc162948165]Dissolved Oxygen
VDEQ measures dissolved oxygen (DO) when collecting benthic or water quality samples, so periodic DO data are available from 2000 to present in each of the impaired streams and reference stations (Figure 22). Dissolved oxygen averaged 10.6 mg/L in Wolf Creek, 10.5 mg/L in Tinker Creek, and from 10.0 to 10.2 mg/L in impaired Roanoke River stations. No stations differed significantly from the relevant reference. Median DO values were in the no to low probability range for stressor effects in all three impaired streams. 
Figure 23 shows the time series of DO concentrations in each impaired stream. In Wolf Creek and Tinker Creek, there were no DO excursions into the high probability range for stressor effects and no DO values were below the average water quality standard of 5 mg/L. In the Roanoke River, 2% of DO values were in the high probability range, but no DO values were below the average water quality standard (5 mg/L). The minimum DO in the Roanoke River was 5.43 mg/L recorded on 8/27/2002 at station 4AROA202.20. 
In addition to periodic DO measurements, the USGS operates a continuous gage and monitoring station that measures DO on Tinker Creek and on the Roanoke River. The Tinker Creek gage (205551614) is located above Glade Creek and upstream of VDEQ station 4ATKR000.69. The Roanoke River gage (2055080) is located at the 13th Street bridge and co-located with VDEQ station 4AROA202.20. Figure 24 shows 15-minute DO data collected from these two stations since September 2019. In both streams, DO remained above the instantaneous (4 mg/L) and the average water quality standard (5 mg/L) for the duration of the 3-year monitoring period. Minimum nighttime DO was 5.1 mg/L in Tinker Creek and 5.7 mg/L in the Roanoke River. 
In the late summer of 2021 and 2022, VDEQ also collected diurnal dissolved oxygen data at Tinker Creek station 4ATKR000.06 and Roanoke River station 4AROA198.08. Diurnal data were collected at 15-minute intervals for 5 to 12 days at each location. Diurnal monitoring of dissolved oxygen is important, because critical dissolved oxygen levels are typically encountered just before sunrise.  This is due to the combination of oxygen consumption from respiration and the absence of oxygen production from photosynthesis during the night. Diurnal monitoring was conducted in August through early September, because critical dissolved oxygen levels are more common during the hot and dry summer months.  
Dissolved oxygen data collected by VDEQ during diurnal deployments are expressed as percent saturation in Figure 25. This method of analysis allows the observed DO to be compared with the anticipated DO if the stream were at full DO saturation. Values above 100% mean that the stream is super-saturated with DO, and values below 100% show that oxygen is depleted to varying degrees. Large swings in DO during a day indicate that nutrient enrichment may be driving high levels of photosynthesis by algae during the day and oxygen consumption at night. Both streams exhibited a natural cycle of increasing DO during the day while plants are photosynthesizing and decreasing DO at night when respiration dominates. Neither of the streams exhibited large swings in DO indicative of nutrient enrichment and excess algal growth. In both streams, DO saturation was primarily constrained between 80% and 120%. In cases of nutrient enrichment, DO fluctuations often approach or exceed the 60% to 140% range. 
In summary, dissolved oxygen is not likely a stressor in any of the Roanoke River Project streams. Dissolved oxygen at impaired stations was not significantly different from reference stations. Median DO in each stream was in the no to low probability range for stressor effects. Minimum DO values were also above the average water quality standard of 5 mg/L, even in continuous diurnal monitoring. Dissolved oxygen patterns in these streams also do not point towards nutrient enrichment to the point where DO is artificially suppressed. 
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[bookmark: _Ref44589522][bookmark: _Toc162948240]Figure 22. Dissolved oxygen in Roanoke River Project streams. Boxes represent the inter-quartile range, whiskers represent minimum and maximum values excluding outliers, lines represent the median, and the X represents the mean. Dots represent outliers that are greater than 1.5 times the inter-quartile range away from the mean. The red line represents the Virginia water quality standard. Colors represent the probability that data within that range would be responsible for causing stress.
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[bookmark: _Ref44662080][bookmark: _Toc162948241]Figure 23. Dissolved oxygen over time in Roanoke River Project streams. The red line represents the Virginia water quality standard. Colors represent the probability that data within that range would be responsible for causing stress.
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[bookmark: _Ref137462420][bookmark: _Toc162948242]Figure 24. Continuous dissolved oxygen monitoring by the USGS in Tinker Creek and the Roanoke River. The red line represents the relevant Virginia water quality standard. Colors represent the probability that data within that range would be responsible for causing stress.
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[bookmark: _Ref84251753][bookmark: _Toc162948243]Figure 25. Diurnal dissolved oxygen as a percentage of saturation in Tinker Creek and the Roanoke River. 

[bookmark: _Toc162948166]Conductivity and Total Dissolved Solids
Conductivity is a measure of the electrical potential of water based on the ionic charges of dissolved compounds.  For this reason, the conductivity of water is closely related to the total dissolved solids present. VDEQ measures conductivity when collecting benthic or water quality samples, so periodic conductivity data are available from 2000 to present in each of the impaired streams and the associated reference stations (Figure 26). In general, the Roanoke River drains a predominantly limestone valley, so conductivities are naturally higher than in other parts of the state with less underlying limestone geology. In Wolf Creek, conductivity averaged 223 μS/cm, and in Tinker Creek, conductivity averaged 450 μS/cm. These two impaired streams were lower in conductivity than the stream reference station (4ATKR015.88), which averaged 510 μS/cm. In the Roanoke River, conductivities averaged 295, 330, 394, and 407 μS/cm at the reference station and river miles 202.20, 199.20, and 198.08, respectively. The two most downstream stations were statistically higher in conductivity than the reference (t-test with unequal variance and alpha = 0.05 level).
Figure 27 shows conductivity levels over time in Roanoke River Project streams. Median conductivity in Wolf Creek was in the no probability range for stressor effects and no conductivity measurements were above 500 μS/cm. This indicates that conductivity is not likely a stressor in Wolf Creek. In Tinker Creek, median conductivities were in the medium probability range at impaired stations and high probability range at the reference station. At Tinker Creek impaired stations, 24% of measurements were above 500 μS/cm, and the maximum conductivity was 880 μS/cm. At the Tinker Creek reference station, 68% of measurements were above 500 μS/cm, and the maximum conductivity was 695 μS/cm. In the Roanoke River, median conductivities were in the low probability range for stressor effect at river mile 202.20 and the medium probability range at the two most downstream stations. Less than 3% of conductivity measurements in the Roanoke River impaired section exceeded 500 μS/cm, with a maximum of 738 μS/cm.
In summary, conductivity is not likely a stressor in Wolf Creek, as values are relatively low and in the no to low probability range for stressor effects. In Tinker Creek, conductivity levels are elevated, but they are highest at the upstream reference station and decrease at downstream impaired stations. This indicates that Tinker Creek has large spring and groundwater influences and that the high conductivity represents a natural condition. In the Roanoke River, conductivity increases significantly between river miles 202.20 and 199.20. This is likely due to high conductivity tributaries (like Tinker Creek) and point sources (like the Western Virginia Water Authority Water Pollution Control Plant discharge) that enter the Roanoke River between these stations. Conductivity levels are elevated at downstream impaired stations but values are predominantly within the medium probability range for stressor effects.      
In addition to periodic conductivity measurements, the USGS operates a continuous gage and monitoring station that measures conductivity on Tinker Creek and on the Roanoke River. The Tinker Creek gage (205551614) is located above Glade Creek and upstream of VDEQ station 4ATKR000.69. The Roanoke River gage (2055080) is located at the 13th Street bridge and co-located with VDEQ station 4AROA202.20. Figure 28 shows 15-minute conductivity data collected from these two stations since September 2019. The pattern of conductivity in Tinker Creek consisted of a baseline around 500 μS/cm, sharp decreases during rainfall events, and sharp increases during wintertime snowfall events. Salt application for roadway deicing during snowfall events likely increased Tinker Creek conductivity in the winter of 2019/2020, 2020/2021, and 2021/2022. Conductivity peaked at 1780 μS/cm on 1/9/2022, and remained above 1000 μS/cm for approximately 18 hours during January of 2022. The pattern of conductivity in the Roanoke River consisted of a lower baseline around 335 μS/cm, less dramatic decreases during rainfall events, and very modest increases during snowfall events. Conductivity in the Roanoke River remained below 500 μS/cm throughout the continuous monitoring period.  
Total dissolved solids (TDS) are closely tied to conductivity, since it is the dissolved ions that transmit electrical current. Figure 29 shows TDS levels in Roanoke River Project streams compared to a reference. TDS averaged 135 mg/L in Wolf Creek, 272 mg/L in Tinker Creek, and 189 to 243 at impaired Roanoke River stations. Wolf Creek and the impaired Tinker Creek stations were lower in TDS than the stream reference, but the most downstream Roanoke River station was significantly higher in TDS than the river reference (t-test with unequal variance and alpha = 0.05 level). Median TDS values in Wolf Creek and the Roanoke River were in the low probability range for stressor effects, and the median TDS value in Tinker Creek was in the medium probability range. None of the impaired sites had TDS excursions into the high probability range (Figure 30). 
In summary, conductivity and TDS are not likely chronic stressors in Roanoke River Project streams. Brief excursions of high conductivity were observed in Tinker Creek during winter storm deicing events, but chronic conductivity levels were higher in the unimpaired Tinker Creek reference than in the impaired Tinker Creek stations. Conductivity and TDS were consistently low in Wolf Creek and in the no to low probability range for stressor effects. Impaired Roanoke River stations were higher in conductivity and TDS than the upstream reference, but median values were in the low to medium probability range for stressor effects. 
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[bookmark: _Ref44575217][bookmark: _Toc162948244]Figure 26. Conductivity in Roanoke River Project streams. Boxes represent the inter-quartile range, whiskers represent minimum and maximum values excluding outliers, lines represent the median, and the X represents the mean. Dots represent outliers that are greater than 1.5 times the inter-quartile range away from the mean. Arrow indicates a value above the scale of the graph. The "D" indicates statistically higher conductivity than the reference station. Colors represent the probability that data within that range would be responsible for causing stress.
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[bookmark: _Ref46301651][bookmark: _Toc162948245]Figure 27. Conductivity over time in Roanoke River Project streams. Colors represent the probability that data within that range would be responsible for causing stress.
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[bookmark: _Ref84255541][bookmark: _Toc162948246]Figure 28. Continuous conductivity monitoring by the USGS in Tinker Creek and the Roanoke River. Colors represent the probability that data within that range would be responsible for causing stress.
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[bookmark: _Ref45630117][bookmark: _Toc162948247]Figure 29. Total dissolved solids in Roanoke River Project streams. Boxes represent the inter-quartile range, whiskers represent minimum and maximum values excluding outliers, lines represent the median, and the X represents the mean. Dots represent outliers that are greater than 1.5 times the inter-quartile range away from the mean. The "D" indicates statistically higher total dissolved solids than the reference station. Colors represent the probability that data within that range would be responsible for causing stress.
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[bookmark: _Ref75941497][bookmark: _Toc162948248]Figure 30. Total dissolved solids over time in Roanoke River Project streams. Colors represent the probability that data within that range would be responsible for causing stress.

[bookmark: _Toc162948167]Dissolved Ions
Dissolved sodium, potassium, chloride, and sulfate were measured in Roanoke River Project streams (Figure 31). Dissolved sodium concentrations averaged 8.77 mg/L in Wolf Creek, 9.34 mg/L in Tinker Creek, and 6.19 to 13.9 mg/L at impaired Roanoke River stations. All impaired stations were statistically higher in sodium than their respective reference station (t-test with unequal variance and alpha = 0.05). Median dissolved sodium values were in the low probability range for stressor effects in Wolf Creek and Tinker Creek. Median values were in the no probability range for stressor effects at station 4AROA202.20 and the medium probability range at stations 4AROA199.20 and 4AROA198.08. None of the impaired stations had dissolved sodium excursions into the high probability range for stressor effects. The maximum measured sodium value was 18.1 mg/L at Roanoke River station 4AROA198.08.
Dissolved potassium concentrations averaged 2.47 mg/L in Wolf Creek, 2.44 mg/L in Tinker Creek, and 1.93 to 3.43 mg/L at impaired Roanoke River stations. Wolf Creek and Tinker Creek were not statistically different from the stream reference, but impaired Roanoke River stations were statistically higher in dissolved potassium than the upstream river reference (t-test with unequal variance and alpha = 0.05). Median dissolved potassium values were in the medium probability range for stressor effects in all impaired streams, although no streams had excursions into the high probability range. The maximum measured potassium value was 4.14 mg/L at Roanoke River station 4AROA198.08. 
Dissolved chloride concentrations averaged 13.7 mg/L in Wolf Creek, 16.6 mg/L in Tinker Creek, and 10.8 to 25.6 mg/L at impaired Roanoke River stations. Tinker Creek and each of the impaired Roanoke River stations were statistically higher in chloride than their respective reference station (t-test with unequal variance and alpha = 0.05). Median dissolved chloride values were in the low probability range for stressor effects in each of the impaired streams with the exception of Roanoke River station 4AROA199.20, where the median dissolved chloride value was in the medium probability range for stressor effects. None of the impaired stations had dissolved chloride excursions into the high probability range for stressor effects. The maximum measured chloride value was 31.2 mg/L at Roanoke River station 4AROA198.08. This is still well below the Virginia water quality criterion for chloride of 230 mg/L.
Dissolved sulfate concentrations averaged 7.41 mg/L in Wolf Creek, 25.4 mg/L in Tinker Creek, and 18.4 to 23.3 mg/L at impaired Roanoke River stations. Tinker Creek and each of the impaired Roanoke River stations were statistically higher in sulfate than their respective reference station (t-test with unequal variance and alpha = 0.05). Median dissolved sulfate values were in the no probability range for stressor effects in Wolf Creek, the medium probability range in Tinker Creek, and the low probability range at each of the impaired Roanoke River stations. None of the impaired stations had dissolved sulfate excursions into the high probability range for stressor effects. The maximum measured sulfate value was 32.5 mg/L in Tinker Creek. 
In summary, the potentially toxic ions chloride, potassium, sodium, and sulfate are not likely to be stressors in Roanoke River Project streams. None of the streams had median concentrations of any of the dissolved ions in the high probability range for stressor effects. Several streams had median dissolved ion levels in the medium probability range for stressor effects, but maximum values of all ions were well below water quality criteria or toxic levels reported by Mount et al. (2016). Virginia’s water quality criterion for chloride is 230 mg/L, which is approximately seven times higher than the highest chloride concentration measured in Roanoke River Project streams. Similarly, measured concentrations were well below toxic levels reported by Mount et al. (2016) for sodium (460-920 mg/L), potassium (78-390 mg/L), or sulfate (96-2400 mg/L). 
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[bookmark: _Ref45285432][bookmark: _Toc162948249]Figure 31. Dissolved ions in Roanoke River Project streams. Boxes represent the inter-quartile range, whiskers represent minimum and maximum values excluding outliers, lines represent the median, and the X represents the mean. Dots represent outliers that are greater than 1.5 times the inter-quartile range away from the mean. The "D" indicates statistically higher dissolved ions than the reference station. Colors represent the probability that data within that range would be responsible for causing stress.

[bookmark: _Toc162948168]Solids
Figure 32 shows total suspended solids (TSS) measured in Roanoke River Project streams. TSS averaged 5.5 mg/L in Wolf Creek, 8.8 mg/L at Tinker Creek impaired stations, 11.3 mg/L at Roanoke River station 4AROA202.20, and 10.7 mg/L at Roanoke River station 4AROA199.20. None of the impaired stations differed statistically from relevant reference stations, although TSS data is inherently variable. Cumulative probability distributions of TSS values across the various sites were relatively consistent (Figure 33), with medians varying by only 2 mg/L and 75th percentiles varying by only 4 mg/L. 
In addition to TSS concentrations, turbidity levels were measured in Roanoke River Project streams (Figure 34). Turbidity averaged 5.6 NTU in Wolf Creek, 7.3 NTU at impaired Tinker Creek stations, 9.1 NTU at Roanoke River station 4AROA202.20, and 7.4 NTU at Roanoke River station 4AROA199.20. Like TSS, turbidity also did not differ statistically between impaired Roanoke River Project stations and relevant references. 
In addition to periodic conductivity measurements, the USGS operates a continuous gage and monitoring station that measures turbidity on Tinker Creek and on the Roanoke River. The Tinker Creek gage (205551614) is located above Glade Creek and upstream of VDEQ station 4ATKR000.69. The Roanoke River gage (2055080) is located at the 13th Street bridge and co-located with VDEQ station 4AROA202.20. Figure 35 shows 15-minute turbidity data collected from these two stations since September 2019. Turbidity is highly variable based on flow conditions. Median turbidity values during this time period were 2.4 FNU and 3.3 FNU in Tinker Creek and the Roanoke River, respectively. Figure 36 compares the cumulative probability distributions of turbidity at these stations with stream and river references. The distributions are relatively consistent, with Tinker Creek having only slightly higher turbidity than the stream reference and Roanoke River having only slightly higher turbidity than the river reference at the upper end of the distribution. 
In summary, total suspended solids and turbidity in impaired Roanoke River Project streams were not statistically different from relevant references. These parameters, however, are highly variable based on flow conditions, so identifying statistical differences is difficult. For this reason, the impacts of suspended solids as a stressor are better diagnosed through habitat and biological data. 
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[bookmark: _Ref43818756][bookmark: _Toc162948250]Figure 32. Total suspended solids in Roanoke River Project streams. Boxes represent the inter-quartile range, whiskers represent minimum and maximum values excluding outliers, lines represent the median, and the X represents the mean. Dots represent outliers that are greater than 1.5 times the inter-quartile range away from the mean. Arrows indicate values exceeding the range of the graph. 
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[bookmark: _Ref138664448][bookmark: _Toc162948251]Figure 33. Cumulative probability distribution of total suspended solids in Roanoke River Project streams.
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[bookmark: _Ref75421258][bookmark: _Toc162948252]Figure 34. Turbidity in Roanoke River Project streams. Boxes represent the inter-quartile range, whiskers represent minimum and maximum values excluding outliers, lines represent the median, and the X represents the mean. Dots represent outliers that are greater than 1.5 times the inter-quartile range away from the mean.
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[bookmark: _Ref84257478][bookmark: _Toc162948253]Figure 35. Continuous turbidity monitoring by the USGS in Tinker Creek and the Roanoke River.
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[bookmark: _Ref140054937][bookmark: _Toc162948254]Figure 36. Cumulative probability distribution of turbidity in Roanoke River Project streams.

[bookmark: _Toc162948169] Organic Matter
Various forms of organic matter were measured in a limited number of samples from Roanoke River Project streams. Total organic carbon (TOC) is the mass of carbon in organic form dissolved or suspended in the water column. TOC was measured in five or fewer samples from Roanoke River Project streams. Within this small dataset, TOC was relatively low, averaging from 2.2 to 2.8 mg/L, just above the method detection limit of 2 mg/L. Dissolved organic carbon (DOC) was similarly low, averaging 1.56 to 2.96 mg/L in a limited number of samples. 
The most commonly measured form of organic matter in Roanoke River Project streams was total volatile solids (TVS). TVS captures the mass of suspended or dissolved solids in the stream that volatilizes when heated to 550⁰C. At this temperature, only inorganic material remains, so TVS represents the organic fraction. TVS averaged 2.5 mg/L in Wolf Creek, 4.8 mg/L at impaired Tinker Creek stations, and 3.25 to 4 mg/L at impaired Roanoke River stations (Figure 37). None of the impaired streams differed statistically from the relevant reference stations. 
In summary, chemical measures of organic matter in Roanoke River Project streams were relatively low and not statistically different from relevant references. The datasets for these parameters, however, were relatively small, so it is difficult to draw definitive conclusions.  
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[bookmark: _Ref138677783][bookmark: _Toc162948255]Figure 37. Total volatile solids in Roanoke River Project streams. Boxes represent the inter-quartile range, whiskers represent minimum and maximum values excluding outliers, lines represent the median, and the X represents the mean. Dots represent outliers that are greater than 1.5 times the inter-quartile range away from the mean.

[bookmark: _Toc162948170]Nutrients
Nitrogen and phosphorus are the primary nutrients of concern in freshwater. These nutrients are necessary to support healthy ecosystems, but excess nutrients can lead to eutrophication. Excess nutrients spur algae growth and can change the benthic community composition. An overabundance of algae can reduce oxygen levels, leading to further changes in community composition and eventually hypoxic conditions. 
The initiation of this eutrophication process is not reliant upon the total nutrient availability, but upon the availability of the limiting nutrient. The typical ratio of nitrogen to phosphorus in algae is 16:1 (Redfield, 1958) on a molar basis, or 7.2:1 on a N to P mass basis. So, ratios of nitrogen to phosphorus concentrations above 7.2 have traditionally been used to indicate that phosphorus is the limiting nutrient and ratios below 7.2 have traditionally been used to indicate that nitrogen is the limiting nutrient. Average nitrogen to phosphorus ratios were 27 to 86 in Roanoke River Project streams, indicating that phosphorus is likely the limiting nutrient. 
Traditional assumptions about nutrient limitations, however, have begun to be questioned, and many authors and policy makers now recommend controlling both nitrogen and phosphorus in nutrient enriched waters (Lewis and Wurtsbaugh, 2008; Lewis et al., 2011; Dodds and Smith, 2016; Conley et al., 2009). Nutrient dynamics are complicated and can be influenced by a host of factors including sunlight, predation, competition, nutrient cycling, sediment dynamics, retention times, flow conditions, bioavailable fractions, sediment fluxes, and diffusion through biofilm and periphyton layers. Each of these factors are variable in time and space, so nutrient limitations based on average conditions may not tell the complete story. 
[bookmark: _Toc162948171]Phosphorus
Over time, VDEQ has measured various forms of phosphorus (total and dissolved orthophosphate, and total and dissolved phosphorus). While these various forms signal the availability of nutrients for biological uptake, total phosphorus is used in the stressor analysis to identify the potential for nutrient enrichment. Figure 38 shows the total phosphorus levels in Roanoke River Project streams. Total phosphorus averaged 0.032 mg/L in Wolf Creek, 0.034 mg/L at impaired Tinker Creek stations, and 0.026 to 0.036 mg/L at impaired Roanoke River stations. At all stations, median phosphorus values were in the no to low probability range for stressor effects, although levels at station 4AROA199.20 were statistically higher than the reference (t-test with unequal variance and alpha = 0.05). 
Figure 39 shows the time series of total phosphorus levels in Roanoke River Project streams. In Wolf Creek, total phosphorus levels were relatively consistent with no excursions into the high probability range for stressor effects. In Tinker Creek, 3.6% of phosphorus values were in the high probability range, with a maximum of 0.34 mg/L phosphorus. In the Roanoke River, 3.5% of phosphorus values were in the high probability range at station 4AROA202.20 and 2.4% were in the high probability range at station 4AROA199.20. No phosphorus values were in the high range at station 4AROA198.08. Maximum phosphorus levels were 0.24, 0.18, and 0.1 mg/L at river miles 202.20, 199.20, and 198.08, respectively. 
While VDEQ does not have nutrient criteria for freshwater streams, USEPA has published recommended criteria by ecoregion (USEPA, 2000a). The Roanoke River watershed is in the Ridge and Valley Level 3 Ecoregion, and the recommended total phosphorus criterion based on the 25th percentile of streams in this region is 0.01 mg/L. Each of the impaired streams as well as the reference stations exceeded this threshold.
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[bookmark: _Ref45613200][bookmark: _Toc162948256]Figure 38. Total phosphorus in Roanoke River Project streams. Boxes represent the inter-quartile range, whiskers represent minimum and maximum values excluding outliers, lines represent the median, and the X represents the mean. Dots represent outliers that are greater than 1.5 times the inter-quartile range away from the mean. The "D" indicates statistically higher total phosphorus than the reference station. Colors represent the probability that data within that range would be responsible for causing stress.
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[bookmark: _Ref45619165][bookmark: _Toc162948257]Figure 39. Total phosphorus over time in Roanoke River Project streams. Colors represent the probability that data within that range would be responsible for causing stress.
[bookmark: _Toc162948172]Nitrogen
Over time, VDEQ has measured various forms of nitrogen (total and dissolved nitrite, total and dissolved nitrate, total and dissolved ammonia, total Kjeldahl nitrogen, and total nitrogen). While these various forms signal the availability of nutrients for biological uptake, total nitrogen is used in the stressor analysis to identify the potential for nutrient enrichment. Figure 40 shows the total nitrogen levels in Roanoke River Project streams. Total nitrogen averaged 1.15 mg/L in Wolf Creek, 1.48 mg/L in Tinker Creek, 0.709 mg/L at Roanoke River station 4AROA202.20, 2.20 mg/L at station 4AROA199.20, and 2.30 mg/L at station 4AROA198.08. Tinker Creek and both downstream Roanoke River stations had statistically higher total nitrogen than the relevant reference (t-test with unequal variance and alpha = 0.05). The median total nitrogen value in Wolf Creek and Tinker Creek was in the medium probability range for stressor effects. In the Roanoke River, the median total nitrogen value was in the low probability range at the upstream impaired station but the high probability range at the two downstream impaired stations. Discharge from the Western Virginia Water Authority Water Pollution Control Plant between stations 4AROA202.20 and 4AROA199.20 likely accounts for the significantly higher nitrogen levels at downstream Roanoke River stations.  
Figure 41 shows total nitrogen concentrations over time in Roanoke River Project streams. In Wolf Creek, nitrogen levels ranged from the no to medium probability range for stressor effects, with no excursions into the high range. In Tinker Creek, nitrogen levels were consistently in the medium probability range for stressor effects, with only 2 excursions (1.3%) into the high range. At Roanoke River station 4AROA202.20, nitrogen levels were consistently in the low probability range for stressor effects. At the two downstream Roanoke River stations, nitrogen levels were consistently in the medium to high probability range for stressor effects with 53% and 62% of values in the high range at stations 4AROA199.20 and 4AROA198.08, respectively. 
While VDEQ does not have nutrient criteria for freshwater streams, USEPA has published recommended criteria by ecoregion (USEPA, 2000a). The recommended total nitrogen criterion based on the 25th percentile of streams is 0.399 mg/L for the Ridge and Valley Level 3 Ecoregion. Each of the impaired streams (and the reference locations) exceeded this value with averages from 0.709 to 2.30 mg/L.
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[bookmark: _Ref45626565][bookmark: _Toc162948258]Figure 40. Total nitrogen in Roanoke River Project streams. Boxes represent the inter-quartile range, whiskers represent minimum and maximum values excluding outliers, lines represent the median, and the X represents the mean. Dots represent outliers that are greater than 1.5 times the inter-quartile range away from the mean. The "D" indicates statistically higher total nitrogen than the reference station. Colors represent the probability that data within that range would be responsible for causing stress.
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[bookmark: _Ref75957412][bookmark: _Toc162948259]Figure 41. Total nitrogen concentration over time in Roanoke River Project streams. Colors represent the probability that data within that range would be responsible for causing stress.

[bookmark: _Toc162948173]Algae Growth
In 2021 and 2022, VDEQ sampled attached algae from rocks in the Roanoke River for chlorophyll content and ash-free dry weight (AFDW). Algae was sampled upstream from the Western Virginia Water Authority Water Pollution Control Plant discharge (at station 4AROA202.20 or 4AROA202.67) and below the Niagara Dam (at station 4AROA198.08) in the spring and fall of 2021 and 2022. At each sampling, a defined area of six rocks from a stream transect were scraped, preserved, and shipped to the Virginia Division of Consolidated Lab Services for analysis. In 2021, VDEQ began sampling station 4AROA202.20 as the upstream location, however, in Fall 2021 staff indicated that algal conditions at this particular location were inconsistent and unrepresentative of the stream segment. In 2022, VDEQ moved the upstream station further upstream to 4AROA202.67, which better represented the upstream reach. 
Figure 42 shows the average chlorophyll and AFDW of algae from 2021 and 2022 sampling. Both measures of algae were higher at the downstream location (4AROA198.08) in Spring 2021 and Fall 2022, but were lower in Spring 2022. In Fall 2021, downstream algae levels were higher than at station 4AROA202.67, but lower than station 4AROA202.20. All of the chlorophyll values except for Spring 2021 from 4AROA202.20 and Fall 2021 from 4AROA202.67 were above the eutrophic threshold of 70 mg/m2 proposed by Dodds et al. (1998), indicating that nutrient enrichment may be a stressor. From observations made by JMU during site visits on 6/19/2023, attached algae was almost non-existent at the upstream reference site (4AROA212.17), prevalent at 4AROA202.20, and even more abundant at 4AROA198.08. Thick mats of attached algae were present on all rock surfaces within the riffle areas that are sampled for benthic macroinvertebrates. Net-spinning caddisflies (Hydrophyschidae) and grazing snails (Pleuroceridae) were the dominant macroinvertebrates based on observation at this time.
Based on complications with site locations in 2021 and 2022, VDEQ repeated algae sampling in Fall 2023 with several modifications. Two transects of six rocks were sampled from each location to provide information on variability, and an upstream reference station (4AROA212.17) was added to the sampling regime. Figure 43 shows the 2023 algae levels in the Roanoke River. Chlorophyll increased steadily from the upstream reference location, where it averaged 86 mg/m2, to station 4AROA202.67, where it averaged 165 mg/m2, to the most downstream station, where it averaged 222 mg/m2. This represents a 158% increase in chlorophyll from the upstream reference location to 4AROA198.08. Similarly, AFDW increased steadily from upstream to downstream with a 157% increase. AFDW averaged 19 g/m2 at 4AROA212.17, 34 g/m2 at 4AROA202.67, and 49 g/m2 at 4AROA198.08. 
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[bookmark: _Ref138686621][bookmark: _Toc162948260]Figure 42. Chlorophyll and ash free dry weight from attached algae in the Roanoke River in 2021 and 2022.
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[bookmark: _Ref149832814][bookmark: _Toc162948261]Figure 43. Chlorophyll and ash free dry weight from attached algae in the Roanoke River in 2023.

In summary, nutrient enrichment appears to be impacting the Roanoke River and increasing algae growth. This condition appears to worsen with increasing distance downstream. Information regarding the nutrient(s) responsible for enrichment will be further investigated through the causal analysis process.
[bookmark: _Toc162948174]Ammonia
Ammonia is a reduced form of nitrogen that can be toxic at certain temperatures and pHs. Figure 44 shows the ammonia levels measured in Roanoke River Project streams. Ammonia levels averaged near the detection limit of 0.04 mg/L at all of the locations except for the downstream Roanoke River stations (4AROA199.20 and 4AROA198.08). Ammonia averaged 0.12 mg/L and 0.07 mg/L at these stations, respectively. At station 4AROA199.20, ammonia levels were significantly higher (t-test with unequal variance and alpha = 0.05) than at the river reference station, and more than 65% of measured values were greater than detection. 
Figure 45 shows the ammonia levels in Roanoke River Project streams compared to the relevant water quality standards. The water quality standard for ammonia is dependent upon pH and temperature, so it varies with each sample. While several elevated ammonia values were observed, ammonia did not violate the relevant water quality criteria on any sampling date at any of the stations. The maximum observed ammonia level was 0.66 mg/L on 5/26/21 at station 4AROA199.20, but the calculated water quality criteria based on temperature and pH for that day was 0.93 mg/L.
In summary, ammonia levels were elevated at downstream Roanoke River stations. This is likely due to the high nitrogen discharge from the Western Virginia Water Authority Water Pollution Control Plant in combination with the bottom release from the Niagara Dam. Organic nitrogen in bottom sediments behind the dam can be converted to ammonia under anaerobic conditions. This would produce higher ammonia levels at station 4AROA199.20 than normal for a well-oxygenated free flowing stream. Ammonia levels then decrease at station 4AROA198.08 as mixing and aeration convert ammonia to nitrate through nitrification. Even with elevated ammonia levels at the downstream Roanoke River stations, no measured ammonia concentrations exceeded the water quality standards.  
[image: ]
[bookmark: _Ref136860488][bookmark: _Toc162948262]Figure 44. Total ammonia in Roanoke River Project streams. Boxes represent the inter-quartile range, whiskers represent minimum and maximum values excluding outliers, lines represent the median, and the X represents the mean. Dots represent outliers that are greater than 1.5 times the inter-quartile range away from the mean. The "D" indicates statistically higher total ammonia than the reference station.
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[bookmark: _Ref45800651][bookmark: _Toc162948263]Figure 45. Ammonia levels in Roanoke River Project streams. The red line represents the calculated water quality standard based on temperature and pH at the time of sampling.

[bookmark: _Toc162948175]Dissolved Metals
Dissolved metals were measured on 22 occasions in Roanoke River Project streams and tributaries. Table 11 shows the measured values of eight metals in the three primary impaired segments along with the associated water quality standard (9VAC25-260-140). Virginia’s water quality standards for dissolved metals depends upon the hardness of the water (except for arsenic and selenium), so standards were calculated specifically for each stream based on hardness values measured at the time of sampling. All average dissolved metals concentrations were below the respective water quality standards, indicating that these metals do not pose a risk to aquatic life. 
For toxic metals that do not have chronic water quality criteria for aquatic life use in Virginia (aluminum, antimony, barium, beryllium, silver, and thallium), toxicity reference values (TRVs) were obtained from the literature. TRVs are threshold values below which toxic freshwater effects are not expected. Table 12 shows the measured values of these six metals within the three primary impaired segments along with the associated TRVs. None of the stations exceeded TRVs in any of the samples, indicating that these metals are not expected to pose a risk to aquatic life.
To investigate the combined effects of dissolved metals, a criterion unit was calculated for each sample as the ratio of measured values to the chronic water quality criterion. In cases where the measured value was censored at the detection limit, half the detection limit was used for the criterion unit calculation. The criterion unit values for each of the eight metals subject to Virginia water quality standards were then summed to obtain a cumulative criterion unit (CCU) for each sampling event. The cumulative criterion unit represents the additive effect of the metals in total. A value greater than one indicates that the combined effects of the metals acting additively could be toxic. Across 22 sampling events throughout the watershed, CCUs ranged from 0.09 to 0.57 (Table 13). The CCU values calculated throughout the watershed fall into the range of no probability of causing stressor effects, according to VDEQ’s stressor threshold analysis (VDEQ, 2017).
To investigate the combined effects of dissolved metals that do not have chronic water quality criteria for aquatic life in Virginia, a toxicity reference value (TRV) quotient was calculated for each sample as the ratio of measured values to the literature-based TRV. In cases where the measured value was censored at the detection limit, half the detection limit was used for the TRV quotient. The TRV quotient values for each of the six metals were then summed to obtain a TRV index for each sampling event. The TRV index is similar to the CCU and represents the additive effect of the metals in total. A value greater than one indicates that the combined effects of the metals acting additively could be toxic. The TRV index values ranged from 0.06 to 0.48 (Table 13). All of the TRV index values were below 1.0, indicating that these six dissolved metals are not likely a stressor to the benthic community.
Based on comparison to individual water quality standards, literature-based toxicity reference values, cumulative criterion units, and TRV indices, dissolved metals are not likely a stressor in Roanoke River Project streams. 

[bookmark: _Ref42793289][bookmark: _Toc162948278]Table 11. Dissolved metals concentrations and corresponding water quality standards for Roanoke River Project streams.
	[bookmark: _Hlk106970008]Metal
	Water Quality Standard Average and (Range)1
	
	Average Concentration and (Range)
(ug/L)
	

	
	(ug/L)
	Wolf Creek
(4AWOR000.34)
	Tinker Creek
(4ATKR009.30)
	Roanoke River
(4AROA202.20 / 199.20 / 198.08)

	Arsenic
	150
	<0.2
	0.30
(0.23-0.37)
	0.3
(<0.2-0.9)

	Cadmium
	1.07
(0.56-1.36)
	<0.1
	<0.1
(<0.04-<0.1)
	<0.1

	Chromium
	115
(56.6-149)
	0.34
	0.56
(0.5-0.61)
	0.23
(<0.3-0.41)

	Copper
	14.2
(6.76-18.6)
	0.45
	0.51
(0.5-0.52)
	1.04
(0.3-1.64)

	Lead
	19.3
(7.46-26.7)
	<0.1
	<0.1
(<0.03-<0.1)
	0.06
(<0.04-0.1)

	Nickel
	31.9
(15.3-41.8)
	<0.2
	0.26
(0.26-0.26)
	0.51
(0.17-1.1)

	Selenium
	5
	<0.4
	<0.3
	0.18
(0.1-0.25)

	Zinc
	186
(89.4-244)
	<0.4
	0.41
(<0.6-0.51)
	1.29
(0.31-1.73)


1 Water quality standards for all metals except for arsenic and selenium are hardness based, so standards varied with individual samples.

















[bookmark: _Ref42794175][bookmark: _Toc162948279]Table 12. Dissolved metals concentrations and corresponding toxicity reference values for Roanoke River Project streams.
	Metal
	Toxicity Reference Value Average and (Range)1
	
	Average Concentration and (Range)
(ug/L)
	

	
	(ug/L)
	Wolf Creek
(4AWOR000.34)
	Tinker Creek
(4ATKR009.30)
	Roanoke River
(4AROA202.20 / 199.20 / 198.08)

	Aluminum2
	1200
(270-1600)
	2.34
	1.43
(1.22-1.64)
	2.82
(1.11-5.70)

	Antimony3
	30
	0.02
	0.04
(0.03-0.04)
	0.08
(0.04-0.12)

	Barium4
	1700
	37.1
	61.58
(61.1-61.9)
	44.48
(31.3-53.7)

	Beryllium5
	5.3
	<0.2
	<0.1
	<0.1

	Silver3
	0.12
	<0.02
	<0.02
	<0.1
(<0.006-<0.1)

	Thallium3
	40
	<0.02
	<0.01
	<0.2
(<0.01-<0.2)


[bookmark: _Hlk106970850]1 Toxicity reference values were based on literature values from the references below.
2 Toxicity reference value was based on pH, hardness, and dissolved organic carbon as specified in USEPA, 2018b.
3 Toxicity reference value from USEPA, 1987.
4 Toxicity reference value from Golding et al., 2018.
5 Toxicity reference value from USEPA, 1980.

[bookmark: _Ref42794945][bookmark: _Toc162948280]Table 13. Cumulative criterion units and toxicity reference value index scores for dissolved metals in Roanoke River Project streams and tributaries.
	Watershed
	Stream
	Station
	Date
	CCU1
	TRV Index2

	Wolf Creek
	Wolf Creek
	4AWOR000.34
	5/9/2017
	0.22
	0.13

	Tinker Creek
	Tinker Creek
	4ATKR009.30
	5/3/2018
	0.09
	0.13

	
	
	4ATKR009.30
	4/8/2019
	0.11
	0.13

	
	
	4ATKR010.54
	4/23/2007
	0.14
	0.47

	
	
	4ATKR010.54
	4/24/2008
	0.13
	0.48

	
	
	4ATKR015.40
	4/19/2007
	0.13
	0.47

	
	Carvin Creek
	4ACRV005.10
	4/29/2015
	0.28
	0.11

	Roanoke River
	Roanoke River
	4AROA198.08
	11/8/2021
	0.17
	0.07

	
	
	4AROA198.08
	11/11/2022
	0.28
	0.12

	
	
	4AROA199.20
	5/26/2021
	0.18
	0.07

	
	
	4AROA202.20
	6/19/2001
	0.19
	0.43

	
	
	4AROA202.20
	11/8/2021
	0.09
	0.07

	
	
	4AROA202.20
	11/11/2022
	0.27
	0.12

	
	
	4AROA202.32
	5/3/2004
	0.15
	0.46

	
	
	4AROA210.56
	3/25/2009
	0.21
	0.46

	
	
	4AROA216.75
	4/11/2017
	0.16
	0.13

	
	
	4AROA216.75
	5/10/2021
	0.10
	0.06

	
	
	4AROA227.42
	6/19/2001
	0.18
	0.43

	
	Gish Branch
	4AGSH001.28
	5/8/2012
	0.11
	0.16

	
	Mud Lick Creek
	4AMDL002.93
	4/19/2007
	0.18
	0.46

	
	Mason Creek UT
	4AXNB000.60
	4/4/2006
	0.57
	0.48

	
	Ore Branch
	4AORE000.01
	5/26/2011
	0.26
	0.10


1 Cumulative criterion unit (CCU) is the sum of the dissolved metal concentration to water quality standard ratio for each metal. Values in blue are in the no probability range for stressor effects.
2 Toxicity reference value (TRV) index is the sum of the dissolved metal concentration to toxic threshold value ratio for each metal. 

[bookmark: _Ref158039094][bookmark: _Toc162948176]Water Column Toxics
To evaluate the possibility of toxic substances in the Roanoke River, the Western Virginia Water Authority performed whole effluent toxicity (WET) tests on Roanoke River receiving water on several occasions. In November 2021, WET testing was conducted on Roanoke River receiving water directly upstream of the Western Virginia Water Authority Water Pollution Control Plant discharge (pre-outfall) and directly downstream of the discharge (post-outfall). Roanoke River water from 4AROA202.20 and 4AROA198.08 were monitored for toxicity on three occasions (November 2022, February 2023, and May 2023). All samples were tested using EPA Test Method 1000.0 (Fathead minnow, Pimephales promelas, larval survival and growth test) and EPA Test Method 1002.0 (Daphnia, Ceriodaphnia dubia, survival and reproduction) (USEPA, 2002).
Table 14 shows the WET test results for Roanoke River receiving water monitored directly upstream and downstream from the Western Virginia Water Authority Water Pollution Control Plant discharge. Both upstream and downstream samples did not show any toxicity to either of the two test species. All LC50 (50% lethal concentration) and IC25 (25% inhibition concentration) results were >100%, meaning that the full-strength effluent did not show survival effects of >50% or growth and reproduction effects of >25%. All NOEC (No Observable Effect Concentration) results were 100, meaning that the full-strength effluent did not show statistically significant decreases in survival, growth, or reproduction.
Table 15 shows the WET test results for Roanoke River samples collected from benthic monitoring stations (4AROA202.20 and 4AROA198.08). All LC50 and IC25 results were >100%, meaning that the full-strength Roanoke River water did not show survival effects of >50% or growth and reproduction effects of >25%. Several NOEC values, however, were less than 100%, indicating possible toxicity. The P. promelas survival NOEC from 4AROA202.20 on 11/11/21-11/15/23, the P. promelas survival and biomass NOECs from 4AROA198.08 on 11/11/21-11/15/23, and the P. promelas survival NOEC from 4AROA198.08 on 5/1/23-5/5/23 ranged from 12.5% to 50%. While these results could indicate possible toxicity, they could also simply reflect limitations of hypothesis testing endpoints like the NOEC. NOEC values are hypothesis testing endpoints, and while they are commonly used for regulatory compliance, EPA recommends the use of point estimate endpoints (such as the IC25) for quantifying toxicity. Based on EPA’s WET method guidance on dose-response curves (USEPA, 2000c), two of the four NOEC values that were originally reported as less than 100% in this study should be identified as anomalous and the NOEC reported as 100%. After this quality check on the data, the only remaining observed NOEC less than 100% is the NOEC of 50% for P. promelas survival from 4AROA198.08 on 11/11/21-11/15/23 and the NOEC of 12.5% for P. promelas survival from 4AROA198.08 on 5/1/23-5/5/23. It should be noted that in both of these cases, the biomass endpoint did not exhibit toxicity, with NOEC values of 100% and IC25 values of >100%. Since toxicity was only observed in NOEC results of P. promelas survival in the receiving stream, it is possible that observed toxicity could be related to pathogen interference in the test. Pathogen interference can reduce survival sporadically in test treatments without exhibiting a dose-response relationship. In summary, whole effluent toxicity testing was inconclusive in determining the presence of toxicity in Roanoke River receiving water.

[bookmark: _Ref137720563][bookmark: _Toc162948281]Table 14. Whole effluent toxicity test results directly upstream and downstream of the Western Virginia Water Authority Water Pollution Control Plant discharge.
	Source
	Date
	Sample
	Species
	Endpoint
	LC50/IC251
	NOEC

	Roanoke River
	11/15/21-11/18/21
	Roanoke River upstream of outfall
	P. promelas
	Survival
	>100%
	100%

	
	
	
	
	Biomass
	>100%
	100%

	
	
	
	C. dubia
	Survival
	>100%
	100%

	
	
	
	
	Reproduction
	>100%
	100%

	
	
	Roanoke River downstream of outfall
	P. promelas
	Survival
	>100%
	100%

	
	
	
	
	Biomass
	>100%
	100%

	
	
	
	C. dubia
	Survival
	>100%
	100%

	
	
	
	
	Reproduction
	>100%
	100%


1 LC50 for survival endpoints and IC25 for biomass and reproduction endpoints.

[bookmark: _Ref137720883][bookmark: _Toc162948282]Table 15. Whole effluent toxicity test results for the Roanoke River.
	Source
	Date
	Sample
	Species
	Endpoint
	LC50/IC251
	NOEC

	Roanoke River
	11/11/21-11/15/21
	4AROA202.20
	P. promelas
	Survival
	>100%
	25%2

	
	
	
	
	Biomass
	>100%
	100%

	
	
	
	C. dubia
	Survival
	>100%
	100%

	
	
	
	
	Reproduction
	>100%
	100%

	
	
	4AROA198.08
	P. promelas
	Survival
	>100%
	50%

	
	
	
	
	Biomass
	>100%
	12.5%2

	
	
	
	C. dubia
	Survival
	>100%
	100%

	
	
	
	
	Reproduction
	>100%
	100%

	
	2/13/23
	4AROA202.20
	P. promelas
	Survival
	>100%
	100%

	
	
	
	
	Biomass
	>100%
	100%

	
	
	
	C. dubia
	Survival
	>100%
	100%

	
	
	
	
	Reproduction
	>100%
	100%

	
	
	4AROA198.08
	P. promelas
	Survival
	>100%
	100%

	
	
	
	
	Biomass
	>100%
	100%

	
	
	
	C. dubia
	Survival
	>100%
	100%

	
	
	
	
	Reproduction
	>100%
	100%

	
	5/1/23-5/5/23
	4AROA202.20
	P. promelas
	Survival
	>100%
	100%

	
	
	
	
	Biomass
	>100%
	100%

	
	
	
	C. dubia
	Survival
	>100%
	100%

	
	
	
	
	Reproduction
	>100%
	100%

	
	
	4AROA198.08
	P. promelas
	Survival
	>100%
	12.5%

	
	
	
	
	Biomass
	>100%
	100%

	
	
	
	C. dubia
	Survival
	>100%
	100%

	
	
	
	
	Reproduction
	>100%
	100%


1 LC50 for survival endpoints and IC25 for biomass and reproduction endpoints.
2 Based on EPA’s WET Method Guidance for dose-response evaluation, the statistically significant difference observed would be determined to be anomalous and the NOEC result would be revised to 100%.


[bookmark: _Toc162948177]PFAS
Per- and polyfluoroalkyl substances, or PFAS, are a group of man-made chemicals that are used in a wide variety of products, including firefighting foams, non-stick coatings, water and stain repellents, and cosmetics and personal care products. These compounds are persistent in the environment and may be toxic.
In 2020, high levels of a PFAS compound was identified in the Roanoke River and the Spring Hollow Reservoir. This compound was hexafluoropropylene oxide dimer acid (HFPO-DA), commonly referred to as GenX. The source of GenX in the Roanoke River was determined to be from the ProChem facility in Elliston, VA. ProChem was responsible for cleaning equipment from the Chemours Company in West Virginia. GenX residue from the cleaned equipment was periodically discharged into the South Fork Roanoke River for several years.
Based on the finding of PFAS contamination in the Roanoke River system, VDEQ conducted monitoring for a range of PFAS compounds in 2022 and 2023. Table 16 shows the results of sampling throughout the Roanoke River system. PFAS levels were variable over time, but the highest average levels of GenX and total PFAS were observed in the upper reaches of the Roanoke River (4AROA225.49). This is consistent with the source of GenX being near the confluence of the North and South Forks of the Roanoke River. At this location, benthic conditions are unimpaired, so it is unlikely that PFAS are the cause of downstream benthic impairments.
In addition, PFAS concentrations were relatively low in the Roanoke River. The maximum total PFAS concentration was 58.5 ng/L at station 4ARSF000.05. While thresholds for toxic effects on aquatic life have not been developed specifically for GenX or total PFAS, USEPA has recommended aquatic life water quality criteria for perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) (USEPA, 2022). The recommended chronic water column criteria continuous concentration (CCC) for these compounds are 94,000 ng/L and 8,400 ng/L, respectively. These values are orders of magnitude above those measured in the Roanoke River.  

[bookmark: _Ref158015031][bookmark: _Toc162948283]Table 16. PFAS concentrations in Roanoke River Project streams.
	Stream
	Station
	Number of Samples
	Dates
	Average GenX1 Conc. (ng/L)
	Average PFOA2 Conc. (ng/L)
	Average PFOS3 Conc. (ng/L)
	Average Total PFAS4 Conc. (ng/L)

	North Fork Roanoke River
	4ARNF013.66
	2
	2/27/23 - 4/26/23
	nd5
	0.2
	nd
	2.8

	
	4ARNF002.97
	3
	2/23/23 - 6/20/23
	nd
	nd
	nd
	4.4

	
	4ARNF000.04
	7
	11/4/22 - 6/20/23
	nd
	0.2
	0.1
	1.7

	South Fork Roanoke River
	4ARSF003.73
	1
	3/28/2022
	nd
	nd
	nd
	nd

	
	4ARSF000.88
	7
	11/4/22 - 6/20/23
	nd
	nd
	nd
	0.1

	
	4ARSF000.05
	7
	11/4/22 - 6/20/23
	5.5
	nd
	0.1
	13.5

	Roanoke River
	4AROA227.42
	3
	2/27/23 - 6/20/23
	nd
	nd
	nd
	nd

	
	4AROA225.49
	2
	5/6/22 - 5/20/22
	20.7
	nd
	0.4
	21.7

	
	4AROA216.75
	3
	2/23/23 - 6/20/23
	nd
	nd
	nd
	nd

	
	4AROA206.80
	3
	2/23/23 - 6/20/23
	nd
	0.7
	1.0
	2.5

	
	4AROA202.20
	3
	3/14/23 - 6/22/23
	nd
	nd
	1.9
	14.5

	
	4AROA199.20
	2
	3/14/23 - 5/23/23
	nd
	1.1
	6.7
	10.6

	
	4AROA198.08
	5
	5/6/22 - 6/20/23
	3.3
	1.0
	2.7
	13.4

	Tinker Creek
	4ATKR000.69
	2
	3/14/23 - 5/23/23
	nd
	1.0
	4.5
	14.8


1 GenX is the common name for hexafluoropropylene oxide dimer acid.
2 PFOA = Perfluorooctanoic acid.
3 PFOS = Perfluorooctanesulfonic acid.
4 Total PFAS is the sum of all per- and polyfluoroalkyl substances.
5 nd = not detected.

[bookmark: _Toc162948178]Sediment Toxics - Metals
Sediment metals were measured on 16 occasions in Roanoke River Project streams and tributaries. This included the primary impaired stations in Tinker Creek and the Roanoke River (Table 17), as well as other stations and tributaries. No sediment metals data were available for Wolf Creek. Levels of the toxic metals were compared to threshold effect concentrations (TECs) and probable effect concentrations (PECs) from MacDonald et al. (2000). TECs are levels below which toxic effects are unlikely, and PECs are levels above which toxic effects are likely. In Tinker Creek and the Roanoke River, all metal concentrations in sediments were below PEC values. All except for lead in Tinker Creek were also below TEC values, meaning that these metals are likely non-stressors in these streams. Across other stations throughout the watershed, only lead in Ore Branch exceeded the PEC value. On 5/26/2011 at station 4AORE000.01, lead in sediment was measured at 168 mg/kg, which slightly exceeds the PEC value of 128 mg/kg. Based on limited data, sediment metals are not like a stressor in the Roanoke River, but lead in sediment could be a possible stressor in Tinker Creek. While not the subject of this stressor analysis, lead in Ore Branch is a likely stressor to the benthic community.

[bookmark: _Ref136959264][bookmark: _Toc121736153][bookmark: _Toc162948284]Table 17. Metals concentrations in sediments from Roanoke River Project streams.
	Metal
	TEC1
(mg/kg)
	PEC2
(mg/kg)
	Concentration (mg/kg)
In Tinker Creek
(4ATKR000.69)
	Concentration (mg/kg)
In Roanoke River
(4AROA202.20)

	Arsenic
	9.79
	33
	<5
	<5

	Cadmium
	0.99
	4.98
	<5
	<5

	Chromium
	43.4
	111
	25.7
	21.1

	Copper
	31.6
	149
	11.9
	10.2

	Lead
	35.8
	128
	40
	35.2

	Mercury
	0.18
	1.06
	<0.3
	<0.3

	Nickel
	22.7
	48.6
	10.9
	15.2

	Zinc
	121
	459
	62.7
	75.4


1 TEC is the consensus-based Threshold Effect Concentration from MacDonald et al., 2000. 
2 PEC is the consensus-based Probable Effect Concentration from MacDonald et al., 2000.


[bookmark: _Toc121736068][bookmark: _Toc162948179]Sediment Toxics - PAHs
Polycyclic aromatic hydrocarbons (PAHs) are a class of chemicals that occur naturally in coal, oil, and gasoline and can be generated when organic fuels are burned. PAHs in the aquatic environment are commonly associated with oil or fuel leaks or spills, but PAHs can also be elevated in urban areas from the runoff of deposited fossil fuel combustion byproducts. Many PAH compounds are toxic and can adversely impact benthic aquatic communities when they build up in sediments. PAHs were analyzed in sediments collected from the Roanoke River (4AROA202.32) on 5/3/2004. A total of 17 PAH compounds were analyzed, and 4 were below detection. Concentrations of detectable PAH compounds ranged from 27 to 1039 μg/kg. These values are considerably higher than PAH levels which were below detection in Mason Creek, UT (4AXNB000.60), an unimpaired station within the Roanoke River watershed. Table 18 shows the PAH concentrations measured in Roanoke River sediments compared to threshold effect concentrations (TEC) and probable effect concentrations (PEC) reported by MacDonald et al. (2000). No PAH compounds exceeded PEC values, but four compounds (benzo(a)anthracene, benzo(a)pyrene, chrysene, and phenanthrene) and total PAHs were detected above TEC values. Based on limited data, this indicates that PAH could be a possible, but not likely, stressor to the benthic community. 

[bookmark: _Ref137472167][bookmark: _Toc162948285]Table 18. Polycyclic aromatic hydrocarbon (PAH) concentrations in sediments from Roanoke River Project streams.
	PAH
	TEC1
(mg/kg)
	PEC2
(mg/kg)
	Concentration (μg/kg)
In Roanoke River
(4AROA202.32)

	Anthracene
	57.2
	845
	<72

	Benzo(a)anthracene
	108
	1050
	904

	Benzo(a)pyrene
	150
	1450
	877

	Chrysene
	166
	1290
	931

	Fluoranthene
	423
	2230
	27

	Fluorene
	77.4
	536
	54

	Naphthalene
	176
	561
	<72

	Phenanthrene
	204
	1170
	1039

	Pyrene
	195
	1520
	121

	Total PAHs
	1610
	22800
	4097


1 TEC is the consensus-based Threshold Effect Concentration from MacDonald et al., 2000. 
2 PEC is the consensus-based Probable Effect Concentration from MacDonald et al., 2000.

[bookmark: _Toc121736069][bookmark: _Toc162948180]Sediment Toxics - PCBs
Polychlorinated biphenyls (PCBs) are a group of man-made chlorinated organic compounds that were widely used in electrical equipment and other applications from the 1930s to 1970s. While their manufacturing has been banned in the US for decades, these compounds are extremely persistent in the environment and can continue to produce toxicity in aquatic sediments. The upper Roanoke River was included in a 2009 TMDL to address PCB contamination in the watershed (Tetra Tech, 2009). The Roanoke River, Tinker Creek, and Wolf Creek (along with other tributaries) were assigned load and wasteload allocations for PCBs requiring 75 to 97% reductions. Relevant PCB sediment monitoring data from the 2009 TMDL is shown in Table 19. In Tinker Creek, sediment PCB concentrations ranged as high as 940.76 μg/kg, which exceeds the probable effect concentration (PEC) of 676 μg/kg reported by MacDonald et al. (2000). In the Roanoke River, sediment PCBs ranged from 1.94 μg/kg to 133.37 μg/kg. This range is well below the PEC, but above the TEC of 59.8 μg/kg. Based on these levels, PCBs may be a possible, but unlikely stressor in the Roanoke River. PCBs may be a more likely stressor in Tinker Creek, since levels exceeded the PEC. 


[bookmark: _Ref137478041][bookmark: _Toc162948286]Table 19. Polychlorinated biphenyl (PCB) concentrations in sediments reported from Roanoke River PCB TMDL.
	Stream
	Station
	Period of Record
	Sample Count
	Minimum Total PCBs
(μg/kg)
	Maximum Total PCBs
(μg/kg)
	Average Total PCBs
(μg/kg)

	Tinker Creek
	4ATKR000.69
	7/15/1997
	2
	54.52
	940.76
	497.64

	
	4ATKR000.17
	8/5/1999 – 9/10/2007
	3
	26.45
	101.9
	74.03

	Roanoke River
	4AROA212.99
	7/15/1997
	1
	9.98
	9.98
	9.98

	
	4AROA206.80
	6/2/1999
	2
	1.94
	11.65
	6.79

	
	4AROA202.20
	8/6/1999
	2
	43.83
	77.84
	60.83

	
	4AROA199.78
	6/2/1999
	1
	81.87
	81.87
	81.87

	
	4AROA199.73
	7/26/1999
	1
	41.5
	41.5
	41.5

	
	4AROA199.68
	7/29/1999
	1
	94.6
	94.6
	94.6

	
	4AROA199.60
	5/29/2002
	1
	133.37
	133.37
	133.37

	
	4AROA199.20
	6/19/1996
	2
	37.23
	47.35
	42.29



[bookmark: _Toc121736070][bookmark: _Toc162948181]Sediment Toxics – Pesticides and Organics
A total of 12 different pesticide compounds were analyzed in the sediments of Tinker Creek (4ATKR000.69) and the Roanoke River (4AROA227.42, 212.17, and 202.20). All of the pesticides were below detection at each of these stations. An additional 89 organic compounds were measured in the sediments of the Roanoke River at station 4AROA202.32. Of these compounds, 86 were below detection levels and only 3 were detected. Bis(2-ethylhexyl) phthalate, butyl benzyl phthalate, and di-n-butyl phthalate were measured above detection limits. These phthalate compounds are in a group of chemicals sometimes referred to as plasticizers. They are used in a variety of products including plastics, lubricating oils, and personal care products. Due to their semi-volatile nature and the global distribution of plastics, they are somewhat ubiquitous in the environment. There is also emerging evidence that these compounds can be produced naturally as secondary metabolites in plants, animals, and microorganisms (Zhang et al., 2018). These same compounds were also detected in Mason Creek, UT (4AXNB000.60), a remote unimpaired station on the slopes of Fort Lewis Mountain within the Roanoke River watershed. Detection of these compounds are not likely a stressor to the benthic community.    

[bookmark: _Toc162948182]Water Quality Regressions
To investigate the potential role of various water quality parameters impacting the benthic macroinvertebrate community, SCI scores at primary benthic stations on Wolf Creek, Tinker Creek, and the Roanoke River were regressed against water quality parameter values at those sites. Table 20 shows the results of these regressions ordered from most significant to least significant. No parameters exhibited a statistically significant regression across sites throughout the project area. 
[bookmark: _Ref46135556][bookmark: _Toc162948287]Table 20. Regression relationship between water quality parameters and stream condition index (SCI) scores across Roanoke River Project primary benthic stations.
	Parameter
	Regression Significant 
(Y/N)
	r2
	p-value

	DOC
	N
	0.59
	0.13

	DO
	N
	0.36
	0.21

	Sodium
	N
	0.32
	0.24

	pH
	N
	0.23
	0.34

	Temp
	N
	0.21
	0.36

	Conductivity
	N
	0.15
	0.45

	TDS
	N
	0.15
	0.45

	Chloride
	N
	0.15
	0.45

	CCU
	N
	0.1
	0.45

	LRBS
	N
	0.14
	0.46

	Potassium
	N
	0.12
	0.5

	TOC
	N
	0.09
	0.56

	Nitrogen
	N
	0.09
	0.56

	Phosphorus
	N
	0.07
	0.61

	Sulfate
	N
	0.05
	0.66

	Turbidity
	N
	0.03
	0.74

	Habitat
	N
	0.03
	0.75

	TSS
	N
	0.01
	0.82

	Ammonia
	N
	<0.01
	0.86

	TVS
	N
	<0.01
	0.92



Water quality regressions at stations throughout the watershed could be misleading if different stressors are responsible for impairments in different streams. For the Roanoke River, sufficient sites and data were available to evaluate water quality regressions longitudinally. Benthic SCI scores were regressed against water quality data from Roanoke River stations at miles 224.54, 216.75, 215.13, 212.17, 202.20, and 198.08. In the Roanoke River, phosphorus, temperature, and nitrogen each showed statistically significant regressions (p-value < 0.05) with benthic SCI scores (Table 21). The r2 values for these regressions were 0.81, 0.73, and 0.72, respectively. Figure 46 shows these statistically significant relationships. Benthic SCI scores decreased longitudinally in the Roanoke River as phosphorus, temperature, and nitrogen levels increased. No other parameters produced statistically significant regressions.

[bookmark: _Ref150413578][bookmark: _Toc162948288]Table 21. Regression relationship between water quality parameters and stream condition index (SCI) scores in the Roanoke River.
	Parameter
	Regression Significant 
(Y/N)
	r2
	p-value

	Phosphorus
	Y
	0.81
	0.01

	Temp
	Y
	0.73
	0.03

	Nitrogen
	Y
	0.72
	0.03

	Ammonia
	N
	0.65
	0.05

	CCU
	N
	0.88
	0.06

	Sulfate
	N
	0.87
	0.07

	Chloride
	N
	0.78
	0.12

	Potassium
	N
	0.77
	0.12

	Sodium
	N
	0.76
	0.13

	TDS
	N
	0.7
	0.16

	pH
	N
	0.43
	0.16

	LRBS
	N
	0.51
	0.28

	TSS
	N
	0.26
	0.3

	TOC
	N
	0.46
	0.32

	DOC
	N
	0.42
	0.35

	Conductivity
	N
	0.22
	0.35

	Habitat
	N
	0.21
	0.37

	TVS
	N
	0.35
	0.41

	Turbidity
	N
	0.13
	0.49

	DO
	N
	<0.01
	0.92



[image: ]
[bookmark: _Ref150415278][bookmark: _Toc162948264]Figure 46. Significant water quality regressions with benthic score in the Roanoke River.


[bookmark: _Toc162948183]Supplemental Non-Agency Data
In addition to data compiled by VDEQ, several other data sources were submitted by stakeholders and reviewed as part of this stressor analysis. 
[bookmark: _Toc162948184]BMI Report
The Western Virginia Water Authority submitted a report from Biological Monitoring Inc. (BMI) with additional benthic, habitat, and water quality data (BMI, 2023). BMI collected data from three stations collocated with VDEQ stations used in this stressor analysis (4AROA198.08, 4ATKR000.69, and 4AROA202.20). In addition, three upstream sampling locations were monitored. These included downstream of Wasena Park (WPD), which is near VDEQ monitoring station 4AROA206.27; upstream of Wasena Park (WPU), which is near VDEQ monitoring station 4AROA206.95; and at Cook Drive (CD1), which is near VDEQ monitoring station 4AROA210.56. 
Benthic data collected from these stations in Fall 2022 and Spring 2023 are shown in Table 22. In general, benthic data reported by BMI was consistent with benthic data collected by VDEQ. BMI data confirmed that stations 4AROA198.08, 4AROA202.20, and 4ATKR000.69 were impaired. Benthic data also showed that benthic conditions improved moving upstream. BMI monitoring did not extend as far upstream as the unimpaired VDEQ reference (4AROA212.17), but conditions at CD1 approached unimpaired conditions with an average SCI of 59.18 and two of the four scores above the 60 threshold.

[bookmark: _Ref158035447][bookmark: _Toc162948289]Table 22. Stream condition index scores for benthic data collected by Biological Monitoring Inc.
	Date
	4AROA198.08
	4ATKR000.69
	4AROA202.20
	WPD (near 4AROA206.27)
	WPU (near 4AROA206.95)
	CD1 (near (4AROA210.56)

	10/24/22 & 11/07/22
	57.31
	50.66
	54.95
	51.25
	57.97
	62.38

	11/28/22
	52.53
	50.33
	49.09
	47.54
	63.81
	58.28

	3/21/23
	51.31
	37.68
	49.06
	55.03
	59.20
	53.82

	5/10/23
	54.94
	45.13
	54.92
	61.55
	55.53
	62.23

	Average
	54.02
	45.95
	52.01
	53.84
	59.13
	59.18



BMI also conducted a visual benthic habitat assessment using the methods of Barbour et al. (1999). Habitat scores reported by BMI for the three impaired stations (Table 23) were consistent with habitat scores reported by VDEQ. Both datasets placed each station within the same risk threshold for stressor effects. Station 4AROA198.08 was in the no probability range for stressor effects averaging 169 in the BMI dataset and 173 in VDEQ dataset. Tinker Creek was in the medium probability range for stressor effects averaging 124 in the BMI dataset and 100 in the VDEQ dataset. Station 4AROA202.20 was in the low probability range for stressor effects averaging 149 in the BMI dataset and 137 in the VDEQ dataset. 
   
[bookmark: _Ref158108069][bookmark: _Toc162948290]Table 23. Habitat scores collected by Biological Monitoring Inc.
	Date
	4AROA198.08
	4ATKR000.69
	4AROA202.20
	WPD (near 4AROA206.27)
	WPU (near 4AROA206.95)
	CD1 (near (4AROA210.56)

	10/24/22 & 11/07/22
	173
	125
	155
	138
	143
	139

	11/28/22
	170
	113
	150
	137
	144
	142

	3/21/23
	167
	128
	142
	139
	137
	130

	5/10/23
	166
	128
	147
	136
	141
	142

	Average
	169
	124
	149
	138
	141
	138



On each sampling date, BMI measured the water quality parameters of conductivity, pH, and temperature at each location. Temperatures ranged from 8.7 to 20.7 ⁰C at 4AROA198.08, 8.4 to 22.1 ⁰C in Tinker Creek, and 8.2 to 23.0 ⁰C at 4AROA202.20. Conductivity ranged from 406 to 510 μS/cm at 4AROA198.08, 433 to 741 μS/cm in Tinker Creek, and 369 to 510 μS/cm at 4AROA202.20. pH ranged from 7.45 to 8.45 at 4AROA198.08, 7.95 to 8.88 in Tinker Creek, and 7.79 to 8.89 at 4AROA202.20. These data were consistent with the water quality data collected by VDEQ. These ranges were within the ranges observed in VDEQ data at the same or nearby stations.
Lastly, BMI submitted whole effluent toxicity testing data from the Roanoke River. These data are discussed in Section 2.4.11 of the stressor analysis.
0. [bookmark: _Toc162948185]Nutrient Model
The Western Virginia Water Authority submitted the results of a screening level nutrient model developed for the Roanoke River. Bell (2023) developed a QUAL2K screening level model including 15 segments from roughly station 4AROA202.20 to station 4AROA198.08. Modeling results showed that dissolved oxygen is not expected to decrease below 5 mg/L as a result of nutrient enrichment. This is consistent with dissolved oxygen monitoring data collected by VDEQ, which also showed no violations of the 5 mg/L DO standard.
Nutrient modeling did show, however, that bottom algae can accumulate to relatively high levels (>25 g AFDW/m2). This is consistent with VDEQ algae sampling and other lines of evidence that indicate nutrient enrichment in the Roanoke River. VDEQ algae sampling in 2023 revealed 34 g AFDW/m2 at 4AROA202.67, and 49 g AFDW/m2 at 4AROA198.08, well above the elevated values predicted by modeling. 
Modeling also concluded that algae levels were similar upstream and downstream of the Western Virginia Water Authority Water Pollution Control Plant discharge. VDEQ algae monitoring shows relatively high levels of variability from season to season, so confirming or disputing this claim is difficult. In the most comprehensive algae monitoring effort in 2023, algae levels consistently increased from the upstream unimpaired station to station 4AROA202.20 to the downstream impaired station, 4AROA198.08.  
Lastly, modeling demonstrated that algae growth was light and phosphorus-limited rather than temperature, nitrogen, or carbon limited. This finding is consistent with Redfield ratios, showing phosphorus limitation. 
0. [bookmark: _Toc162948186]FERC Report
In 2021, Appalachian Power Company prepared a study report for reauthorization of the Niagara Hydroelectric Project through the Federal Energy Regulatory Commission (FERC). The study included water quality analysis (HDR, 2021) and benthic macroinvertebrate analysis (Edge Engineering and Science, 2021) in addition to the investigation of other impacts.
During water quality monitoring in 2020 and 2021, temperature and pH met water quality standards at all monitoring stations. Dissolved oxygen conditions violated the 4.0 mg/L instantaneous water quality standard at two location. In Fall 2020, DO at the bottom of the forebay (above the dam) fell below 4.0 mg/L during a power outage. When water is not flowing through the powerhouse, the forebay area above the dam can stratify and DO at the bottom can drop below water quality standards. In addition, summertime monitoring in 2021 at the upstream end of the bypass reach violated the 4.0 mg/L instantaneous water quality standard on numerous occasions from July to August. This was during low flow conditions when the minimum downstream flow of 8 cfs was being released through the dam. Once the minimum flow was increased to 20 cfs, DO violations ceased. During this time period of DO violations at the upstream end of the bypass reach, DO conditions at the downstream end of the bypass reach were above 6.0 mg/L.
Supplemental data from the FERC study indicates that low dissolved oxygen may be a stressor for a short distance within the bypass reach, but this condition does not continue downstream. Natural reaeration throughout the bypass reach increased DO levels to healthy levels by the end of this reach. No DO violations were observed at VDEQ station 4AROA199.20, which is just downstream from the confluence of the bypass reach and the tailrace. For this reason, DO is not likely a stressor at the downstream benthic monitoring station. 
The FERC study included benthic macroinvertebrate sampling from five quantitative stations in Fall 2020 and Spring 2021 (Table 24). In general, results from this study were consistent with VDEQ benthic monitoring within the same reach. Tinker Creek and all Roanoke River stations from 4AROA202.20 to 4AROA198.08 were impaired. SCI scores ranged from 21.49 to 59.04. The lowest SCI scores were at the two stations just downstream from the Niagara Dam, indicating additional impairment from the dam.

[bookmark: _Ref158107437][bookmark: _Toc162948291]Table 24. Benthic macroinvertebrate stream condition index (SCI) scores from FERC study.
	Station
	Description
	Fall 2020 SCI
	Spring 2021 SCI

	NFQT1
	Tinker Creek near 4ATKR000.69
	41.40
	36.19

	NFQT2
	Roanoke River near 4AROA202.20
	54.72
	52.04

	NFQT6
	Roanoke River near 4AROA199.20
	43.24
	28.61

	NFQT7
	Roanoke River near Blue Ridge Parkway crossing
	31.03
	21.49

	NFQT10
	Roanoke River near 4AROA198.08
	35.57
	59.04




[bookmark: _Toc162948187]Causal Analysis
JMU conducted this stressor identification analysis according to EPA’s Stressor Identification Guidance Document (USEPA, 2000b) using the Causal Analysis/Diagnosis Decision Information System (CADDIS) (USEPA, 2018a). The CADDIS approach provides guidance on evaluating various lines of evidence to determine the cause of biological impairments. JMU used the available data collected from the site, published water quality standards and threshold values, and available literature from other cases to investigate the potential causes of impairment. Table 25 shows the lines of evidence suggested by the CADDIS approach, an explanation of the concept, and examples of how these lines of evidence were analyzed in this project. Some lines of evidence were not applicable, such as the analysis of biomarkers, field manipulations, or laboratory experiments. The majority of the lines of evidence, however, were investigated for this project.

[bookmark: _Ref45805352][bookmark: _Toc162948292]Table 25. Lines of evidence used in the causal analysis approach.
	Evidence
	The Concept
	Examples from this Project

	Data from the Case

	Spatial Co-occurrence
	The biological effect must be observed where the cause is observed, and must not be observed where the cause is absent.
	Analysis of water quality and habitat data across stations

	Temporal Co-occurrence
	The biological effect must be observed when the cause is observed, and must not be observed when the cause is absent.
	Analysis of temporal trends in benthic data

	Evidence of Exposure or Biological Mechanism
	Measurements of the biota show that relevant exposure to the cause has occurred, or that other biological mechanisms linking the cause to the effect have occurred.
	NA

	Causal Pathway
	Steps in the pathways linking sources to the cause can serve as supplementary or surrogate indicators that the cause and the biological effect are likely to have co-occurred.
	Development and analysis of causal pathways for stressors

	Stressor-Response Relationships from the Field
	As exposure to the cause increases, intensity or frequency of the biological effect increases; as exposure to the cause decreases, intensity or frequency of the biological effect decreases.
	Correlation of water quality data with benthic score

	Manipulation of Exposure
	Field experiments or management actions that increase or decrease exposure to a cause must increase or decrease the biological effect.
	NA

	Laboratory Tests of Site Media
	Controlled exposure in laboratory tests to causes (usually toxic substances) present in site media should induce biological effects consistent with the effects observed in the field.
	NA

	Temporal Sequence
	The cause must precede the biological effect.
	Analysis of temporal trends in benthic data

	Verified Predictions
	Knowledge of a cause's mode of action permits prediction and subsequent confirmation of previously unobserved effects.
	NA

	Symptoms
	Biological measurements (often at lower levels of biological organization than the effect) can be characteristic of one or a few specific causes.
	Analysis of benthic metrics, community composition, and functional feeding groups

	Data from Elsewhere

	Stressor-Response Relationships from Other Field Studies
	At the impaired sites, the cause must be at levels sufficient to cause similar biological effects in other field studies.
	Water quality comparison with reference stations and stressor probability thresholds

	Stressor-Response Relationships from Laboratory Studies
	At the impaired sites, the cause must be at levels associated with related biological effects in laboratory studies.
	Water quality comparison with VA water quality standards and literature threshold values

	Stressor-Response Relationships from Simulation Models
	At the impaired sites, the cause must be at levels associated with effects in mathematical models simulating ecological processes.
	Confirmation through use of water quality models

	Mechanistically Plausible Cause
	The relationship between the cause and biological effect must be consistent with known principles of biology, chemistry and physics.
	Development and analysis of causal pathways for stressors

	Manipulation of Exposure at Other Sites
	Field experiments or management actions at other sites that increase or decrease exposure to a cause must increase or decrease the biological effect.
	Confirmation through literature

	Analogous Stressors
	Agents similar to the causal agent at the impaired site should lead to similar effects at other sites.
	Confirmation through literature

	Multiple Types of Evidence

	Consistency of Evidence
	Confidence in the argument for or against a cause is increased when many types of evidence consistently support or weaken it.
	Weight of evidence approach

	Explanation of the Evidence
	Confidence in the argument for a candidate cause is increased when a post hoc mechanistic, conceptual, or mathematical model reasonably explains any inconsistent evidence.
	Confirmation through use of TMDL model



For each impairment and for each potential candidate cause, the applicable lines of evidence were evaluated. For each line of evidence, the candidate cause was scored on a 3-point positive and negative scale (Table 26). This scale represents the strength of the evidence for or against each candidate cause. A weight of evidence approach was then used to sum the respective scores and classify candidate causes as either non-stressors, possible stressors, or probable stressors. If the summed scores for candidate causes were ≤0, the cause was classified as a non-stressor. If scores were 1-3, the cause was classified as a possible stressor. If scores were >3, the cause was classified as a probable stressor (Table 27).


[bookmark: _Ref45805768][bookmark: _Toc162948293]Table 26. Scoring criteria used to evaluate candidate stressors.
	Score
	Explanation

	+3
	The line of evidence strongly supports the candidate stressor as the cause of the impairment

	+2
	The line of evidence moderately supports the candidate stressor as the cause of the impairment

	+1
	The line of evidence weakly supports the candidate stressor as the cause of the impairment

	0
	The line of evidence does not support or refute the candidate stressor as the cause of the impairment

	-1
	The line of evidence weakly refutes the candidate stressor as the cause of the impairment

	-2
	The line of evidence moderately refutes the candidate stressor as the cause of the impairment

	-3
	The line of evidence strongly refutes the candidate stressor as the cause of the impairment



[bookmark: _Ref50625272][bookmark: _Toc162948294]Table 27. Scheme for classifying candidate causes based on causal analysis.
	Total Score
	Classification

	<-2
	Non-Stressor

	-1
	

	0
	

	+1
	Possible Stressor

	+2
	

	+3
	

	+4
	Probable Stressor

	+5
	

	>+6
	



[bookmark: _Toc162948188]Temperature
Table 28 shows the causal analysis results for temperature. Total causal analysis scores ranged from -14 to -6, indicating that there is strong evidence that temperature is a non-stressor in Roanoke River Project streams. No violations of the mountainous zone temperature standard were observed at any of the benthic monitoring stations. Several exceedances of the stockable trout temperature standard were observed in Tinker Creek, but this standard is designed to support coldwater fisheries and minor exceedances should not impact benthic macroinvertebrate health. In addition, temperatures are generally highest in the late summer, however, fall benthic scores were higher than spring scores in each of the impaired streams. For these reason and others explained in Table 28, temperature was categorized as a non-stressor in Roanoke River Project streams.

[bookmark: _Ref50626327][bookmark: _Toc162948295]Table 28. Causal analysis results for temperature as a stressor.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	-3
	-2
	1
	1
	Impaired Roanoke River stations were statistically higher in temperature than the river reference, although all temperatures were within water quality standards. Temperatures in Tinker Creek and Wolf Creek were not significantly different from the reference. 

	Temporal Co-occurrence
	-3
	-3
	-3
	-3
	At the time of benthic sample collection, temperature at all sites met water quality standards.

	Causal Pathway
	1
	1
	1
	1
	The pathway from high imperviousness to increased temperature is intact for all streams.

	Stressor-Response Relationships from the Field
	-2
	-2
	2
	2
	Temperature was not significantly correlated with benthic health across watershed sites, but was significantly correlated with benthic health longitudinally in the Roanoke River.

	Temporal Sequence
	-2
	-2
	-2
	-2
	Temperatures are generally highest in the late summer, however, fall benthic scores were higher than spring scores in each of the impaired streams.

	Stressor-Response Relationships from Laboratory Studies
	-3
	-2
	-3
	-3
	All temperature values in Wolf Creek and the Roanoke River were within water quality standards. Several exceedances of the stockable trout temperature standard were observed in Tinker Creek, but this standard is designed to support coldwater fisheries and minor exceedances should not impact benthic macroinvertebrate health.

	Consistency of Evidence
	-2
	-2
	-2
	-2
	Most evidence consistently refuted temperature as a stressor.

	Sum
	-14
	-12
	-6
	-6
	



[bookmark: _Ref51939562][bookmark: _Toc162948189]pH
Table 29 shows the causal analysis results for pH. Total causal analysis scores ranged from -21 to -17, indicating that there is strong evidence that pH is a non-stressor in Roanoke River Project streams. All pH values were within water quality standards and were in the low probability range for stressor effects. For these reasons and others explained in Table 29, pH was categorized as a non-stressor in Roanoke River Project streams.

[bookmark: _Ref50628602][bookmark: _Toc162948296]Table 29. Causal analysis results for pH as a stressor.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	1
	1
	1
	-1
	Impaired Wolf Creek and Tinker Creek stations were statistically higher in pH than the stream reference, and Roanoke River (202.20) was statistically lower in pH than the river reference. All pH values, however, were within water quality standards.

	Temporal Co-occurrence
	-3
	-3
	-3
	-3
	At the time of benthic sample collection, pH at all sites met water quality standards.

	Stressor-Response Relationships from the Field
	-2
	-2
	-2
	-2
	pH was not significantly correlated with benthic health across sites.

	Laboratory Tests of Site Media
	0
	0
	-2
	-2
	No toxicity (in IC25 endpoints) was observed in C. dubia and P. promelas laboratory toxicity testing of Roanoke River samples.

	Temporal Sequence
	-2
	-2
	-2
	-2
	Spring SCI scores were lower than fall scores in each of the impaired streams, however, no seasonal trend in pH was observed. 

	Symptoms
	-3
	-3
	-3
	-3
	Biological Condition Gradient attribute analysis did not identify any of the top predominant taxa as increasing in abundance in the presence of acidity (score of 5), and average BCG attribute scores for acidity were ranked the lowest in Tinker Creek and Roanoke River and the second lowest in Wolf Creek.

	Stressor-Response Relationships from Other Field Studies
	-3
	-3
	-3
	-3
	In each impaired stream, all pH values were in the low probability range for stressor effects.

	Stressor-Response Relationships from Laboratory Studies
	-3
	-3
	-3
	-3
	In each impaired stream, all pH values were within water quality standards.

	Consistency of Evidence
	-2
	-2
	-2
	-2
	Evidence consistently refuted pH as a stressor.

	Sum
	-17
	-17
	-19
	-21
	



[bookmark: _Ref51932501][bookmark: _Toc162948190]Dissolved Oxygen
Table 30 shows the causal analysis results for dissolved oxygen. Total causal analysis scores ranged from -21 to -18, indicating that there is strong evidence that dissolved oxygen is a non-stressor in Roanoke River Project streams. In all streams, median dissolved oxygen levels were in the no to low probability range for stressor effects, and concentrations were well above average and instantaneous water quality standards. In addition, dissolved oxygen conditions are generally most critical in the late summer, however, fall benthic scores were higher than spring scores in each of the impaired streams. For these reasons and others explained in Table 30, dissolved oxygen was categorized as a non-stressor in Roanoke River Project streams. 

[bookmark: _Ref50629419][bookmark: _Toc162948297]Table 30. Causal analysis results for dissolved oxygen as a stressor.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	-3
	-3
	-3
	-3
	SCI scores were impaired in each of the streams, but DO was not statistically different from the applicable reference.

	Temporal Co-occurrence
	-3
	-3
	-3
	-3
	At the time of benthic sample collection, DO was in the no to low probability range for stressor effects.

	Causal Pathway
	-2
	1
	1
	1
	Relatively high nutrient levels in the Roanoke River and Tinker Creek (to a lesser degree) suggest a pathway to low DO. However, DO levels remain high, so the pathway is incomplete.

	Stressor-Response Relationships from the Field
	-2
	-2
	-2
	-2
	DO was not significantly correlated with benthic health across sites.

	Temporal Sequence
	-2
	-2
	-2
	-2
	DO is generally lowest in the late summer, however, fall benthic scores were higher than spring scores in each of the impaired streams.

	Symptoms
	-3
	-3
	-3
	-3
	Biological Condition Gradient attribute analysis did not identify any of the top predominant taxa as increasing in abundance in the presence of low DO (score of 5), and average BCG attribute scores for DO were ranked the lowest in Wolf Creek and the second lowest in Tinker Creek and Roanoke River.

	Stressor-Response Relationships from Other Field Studies
	-3
	-2
	-1
	-1
	Median DO values were in the no probability range for stressor effects in Wolf Creek and Tinker Creek and the low probability range in the Roanoke River. Tinker Creek had several excursions into the medium probability range for stressor effects. 

	Stressor-Response Relationships from Laboratory Studies
	-1
	-3
	-3
	-3
	All DO values were above the water quality standard, even during continuous diurnal monitoring in Tinker Creek and Roanoke River. No diurnal monitoring was conducted in Wolf Creek.

	Consistency of Evidence
	-2
	-2
	-2
	-2
	Evidence consistently refuted DO as a stressor.

	Sum
	-21
	-19
	-18
	-18
	



[bookmark: _Toc162948191]Conductivity and Total Dissolved Solids
Table 31 shows the causal analysis results for conductivity and total dissolved solids. Total causal analysis scores were -16 and -8 for Wolf Creek and Roanoke River (202.20), respectively, indicating that there is strong evidence that conductivity and total dissolved solids are non-stressors in these streams. Conductivity levels in Wolf Creek were lower than in the stream reference, and conductivity levels in Roanoke River (202.20) were not statistically different from the river reference. Median conductivity levels were also in the no to low probability range for stressor effects in these streams. For these reasons and others explained in Table 31, conductivity and total dissolved solids were categorized as non-stressors in Wolf Creek and Roanoke River (202.20). 
In Tinker Creek and Roanoke River (198.08), total causal analysis scores were +2 and +1, respectively, indicating that conductivity and total dissolved solids are a possible stressor in these streams. Some evidence supported conductivity as a stressor, while other evidence refuted it. Median conductivity values were in the medium probability range for stressor effects, but values were lower than in the unimpaired stream reference. Biological Condition Gradient attribute analysis also ranked conductivity as a top two or three ranked stressor, but conductivity was not significantly correlated across benthic stations. For these reasons and others explained in Table 31, conductivity and total dissolved solids were categorized as possible stressors in Tinker Creek and Roanoke River (198.08).

[bookmark: _Ref50645448][bookmark: _Toc162948298]Table 31. Causal analysis results for conductivity and dissolved solids.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	-3
	-2
	-1
	1
	Conductivity was statistically higher at Roanoke River (198.08) than at the river reference. Conductivity was lower in Wolf Creek and Tinker Creek than in the stream reference.

	Temporal Co-occurrence
	-3
	1
	-1
	1
	At the time of impaired benthic sample collections, conductivity levels were in the high probability range for stress effects on one occasion in the Roanoke River (198.08) and two occasions in Tinker Creek. In Roanoke River (202.20), conductivity was in the low to medium probability range for stressor effects. In Wolf Creek, conductivity was consistently in the no probability range. 

	Causal Pathway
	1
	1
	1
	1
	The causal pathway from imperviousness to runoff of roadway deicing salts is intact for all streams. 

	Stressor-Response Relationships from the Field
	-2
	-2
	-2
	-2
	Conductivity was not significantly correlated with SCI scores across sites.

	Laboratory Tests of Site Media
	0
	0
	-2
	-2
	No toxicity (in IC25 endpoints) was observed in C. dubia and P. promelas laboratory toxicity testing of Roanoke River samples.

	Temporal Sequence
	-2
	1
	1
	1
	Spring SCI scores were lower than fall scores in each impaired stream, and conductivity peaks in Tinker Creek and the Roanoke River were highest in the winter prior to spring benthic collections. In Wolf Creek, conductivity was consistently low. 

	Symptoms
	1
	1
	-1
	1
	Biological Condition Gradient attribute analysis identified predominant taxa in Wolf Creek and Tinker Creek that increase in abundance in the presence of high conductivity (score of 5). Average BCG attribute scores also ranked conductivity as a top 2 or 3 stressors in each stream except for Roanoke River (202.20).   

	Stressor-Response Relationships from Other Field Studies
	-3
	1
	-2
	1
	Median conductivity values were in the no probability range for stressor effects in Wolf Creek, low probability range in Roanoke River (202.20), and the medium probability range in Tinker Creek and Roanoke River (198.08). However, conductivity in each stream was lower than in the unimpaired stream reference. 

	Analogous Stressors
	-3
	1
	-1
	-1
	The analogous stressor of total dissolved solids (TDS) was in the low probability range for stressor effects in Wolf Creek and Roanoke River and the medium range in Tinker Creek. However, TDS in each stream was lower than in the unimpaired stream reference.

	Consistency of Evidence
	-2
	0
	0
	0
	Evidence refuted conductivity as a stressor in Wolf Creek, but evidence was inconsistent in other streams. 

	Sum
	-16
	2
	-8
	1
	



[bookmark: _Toc162948192]Dissolved Sodium
Table 32 shows the causal analysis results for dissolved sodium. Total causal analysis scores ranged from -17 to -5, indicating that there is moderate to strong evidence that dissolved sodium is a non-stressor in Roanoke River Project streams. Median sodium levels were in the no to low probability range for stressor effects in Wolf Creek, Tinker Creek, and Roanoke River (202.20). Maximum sodium levels in all streams were well below toxic thresholds reported by Mount et al. (2016). Dissolved sodium was also not significantly correlated with benthic health across sites. For these reasons and others explained in Table 32, dissolved sodium was categorized as a non-stressor in Roanoke River Project streams. 

[bookmark: _Ref50646472][bookmark: _Toc162948299]Table 32. Causal analysis results for dissolved sodium.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	1
	1
	1
	2
	All impaired stations had statistically higher sodium levels than the applicable reference. However, median sodium levels were in the no to low probability range for stressor effects in Wolf Creek, Tinker Creek, and Roanoke River (202.20). Median sodium levels were in the medium range in the Roanoke River (198.08). 

	Temporal Co-occurrence
	-2
	1
	-2
	1
	At or around the time of benthic sampling, dissolved sodium levels were in the no to low probability range for stressor effects in Wolf Creek and Roanoke River (202.20) and low to medium range in Tinker Creek and Roanoke River (198.08). 

	Stressor-Response Relationships from the Field
	-2
	-2
	-2
	-2
	Dissolved sodium was not significantly correlated with benthic health across sites.

	Laboratory Tests of Site Media
	0
	0
	-2
	-2
	No toxicity (in IC25 endpoints) was observed in C. dubia and P. promelas laboratory toxicity testing of Roanoke River samples.

	Temporal Sequence
	-1
	-1
	-1
	-1
	Spring SCI scores were lower than fall scores in each of the impaired streams, but no distinct seasonal patterns were observed in sodium levels. 

	Stressor-Response Relationships from Other Field Studies
	-1
	-1
	-3
	1
	Median sodium levels were in the no probability range for stressor effects in Roanoke River (202.20), low probability range in Wolf Creek and Tinker Creek, and medium range in the Roanoke River (198.08). 

	Stressor-Response Relationships from Laboratory Studies
	-3
	-3
	-3
	-3
	In an analysis of toxicity to major ions (Mount et al., 2016), all LC50s for Ceriodaphnia exposed to sodium salts were well above the sodium levels in Roanoke River project streams.

	Mechanistically Plausible Cause
	-2
	-2
	-2
	-2
	Since sodium levels are well below toxic levels, benthic impacts due to sodium are unlikely. 

	Analogous Stressors
	-3
	1
	-1
	1
	For the analogous stressor of conductivity, median conductivity values were in the no probability range for stressor effects in Wolf Creek, medium range in Tinker Creek, low range in Roanoke River (202.20), and medium range in Roanoke River (198.08). 

	Consistency of Evidence
	-2
	0
	-2
	0
	Evidence strongly refutes sodium as a stressor in Wolf Creek and Roanoke River (202.20), but evidence is inconsistent in other streams.

	Sum
	-15
	-6
	-17
	-5
	



[bookmark: _Ref108081352][bookmark: _Toc162948193]Dissolved Potassium
Table 33 shows the causal analysis results for dissolved potassium. Total causal analysis scores ranged from -11 to -5, indicating that there is moderate to strong evidence that dissolved potassium is a non-stressor in Roanoke River Project streams. Maximum potassium levels in all streams were well below toxic thresholds reported by Mount et al. (2016), and dissolved potassium was not significantly correlated with benthic health across sites. In addition, spring SCI scores were lower than fall scores in each impaired stream, but potassium was typically highest in the fall or showed no discernible seasonal pattern. For these reasons and others explained in Table 33, dissolved potassium was categorized as a non-stressor in Roanoke River Project streams. 

[bookmark: _Ref116475975][bookmark: _Toc162948300]Table 33. Causal analysis results for dissolved potassium.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	-1
	-1
	2
	2
	The Roanoke River had statistically higher potassium levels than the river reference, but Wolf Creek and Tinker Creek were not statistically different from the reference. 

	Temporal Co-occurrence
	1
	1
	1
	1
	At or around the time of benthic sampling, dissolved potassium levels were in the low to medium probability range for stressor effects in each of the impaired streams. 

	Stressor-Response Relationships from the Field
	-2
	-2
	-2
	-2
	Dissolved potassium was not significantly correlated with benthic health across sites.

	Laboratory Tests of Site Media
	0
	0
	-2
	-2
	No toxicity (in IC25 endpoints) was observed in C. dubia and P. promelas laboratory toxicity testing of Roanoke River samples.

	Temporal Sequence
	-2
	-1
	-2
	-2
	Spring SCI scores were lower than fall scores in each impaired stream, but potassium was typically highest in the fall (Wolf Creek and Roanoke River) or no discernible seasonal pattern was observed (Tinker Creek). 

	Stressor-Response Relationships from Other Field Studies
	1
	1
	1
	1
	Median dissolved potassium values were in the medium probability range for stressor effects in each stream.

	Stressor-Response Relationships from Laboratory Studies
	-2
	-2
	-2
	-2
	In an analysis of toxicity to major ions (Mount et al., 2016), all LC50s for Ceriodaphnia exposed to KCl were well above the potassium levels in Roanoke River project streams.

	Mechanistically Plausible Cause
	-2
	-2
	-2
	-2
	Since potassium levels are well below toxic levels, benthic impacts due to potassium are unlikely. 

	Analogous Stressors
	-3
	1
	-1
	1
	For the analogous stressor of conductivity, median conductivity values were in the no probability range for stressor effects in Wolf Creek, medium range in Tinker Creek, low range in Roanoke River (202.20), and medium range in Roanoke River (198.08). 

	Consistency of Evidence
	-1
	0
	0
	0
	Most evidence refutes potassium as a stressor in Wolf Creek, but evidence is inconsistent in other streams.

	Sum
	-11
	-5
	-7
	-5
	


[bookmark: _Toc162948194]Dissolved Chloride
Table 34 shows the causal analysis results for dissolved chloride. Total causal analysis scores ranged from -22 to -13, indicating that there is strong evidence that dissolved chloride is a non-stressor in Roanoke River Project streams. Median dissolved chloride levels were in the low probability range for stressor effects, and maximum concentrations were well below the water quality standard of 230 mg/L. In addition, Biological Condition Gradient analysis identified chloride as one of the lowest ranked stressors. For these reasons and others explained in Table 34, dissolved chloride was categorized as a non-stressor in Roanoke River Project streams.  

[bookmark: _Ref50646774][bookmark: _Toc162948301]Table 34. Causal analysis results for dissolved chloride.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	-3
	1
	1
	1
	Tinker Creek and Roanoke River had statistically higher chloride levels than the applicable reference, but medians were in the low probability range for stressor effects. Wolf Creek was lower in chloride than the stream reference. 

	Temporal Co-occurrence
	-2
	-2
	-2
	1
	At or around the time of benthic sampling, dissolved chloride levels were in the low probability range for stressor effects in Wolf Creek, Tinker Creek, and Roanoke River (202.20). Chloride levels were in the medium probability range on three occasions in the Roanoke River (198.08). 

	Stressor-Response Relationships from the Field
	-2
	-2
	-2
	-2
	Dissolved chloride was not significantly correlated with benthic health across sites.

	Laboratory Tests of Site Media
	0
	0
	-2
	-2
	No toxicity (in IC25 endpoints) was observed in C. dubia and P. promelas laboratory toxicity testing of Roanoke River samples.

	Temporal Sequence
	-1
	-1
	-2
	-2
	Spring SCI scores were lower than fall scores in each impaired stream, but chloride was typically highest in the fall (Roanoke River) or no discernible seasonal pattern was observed (Wolf Creek and Tinker Creek). 

	Symptoms
	-3
	-3
	-3
	-3
	Biological Condition Gradient attribute analysis did not identify any predominant taxa that increase in abundance in the presence of high chloride (score of 5), and chloride was one of the lowest ranked stressors based on average BCG attribute score.

	Stressor-Response Relationships from Other Field Studies
	-1
	-1
	-1
	-1
	Median chloride levels were in the low probability range for stressor effects in each of the impaired streams. 

	Stressor-Response Relationships from Laboratory Studies
	-3
	-3
	-3
	-3
	Chloride levels were all well below the Virginia water quality standard for chloride.

	Mechanistically Plausible Cause
	-2
	-2
	-2
	-2
	Since chloride levels are well below toxic levels, benthic impacts due to chloride are unlikely. 

	Analogous Stressors
	-3
	1
	-1
	1
	For the analogous stressor of conductivity, median conductivity values were in the no probability range for stressor effects in Wolf Creek, medium range in Tinker Creek, low range in Roanoke River (202.20), and medium range in Roanoke River (198.08). 

	Consistency of Evidence
	-2
	-1
	-2
	-1
	Evidence consistently refutes chloride as a stressor in Wolf Creek and Roanoke River (202.20) and mostly refutes chloride as a stressor in Tinker Creek and Roanoke River (198.08). 

	Sum
	-22
	-13
	-19
	-13
	



[bookmark: _Toc162948195]Dissolved Sulfate
Table 35 shows the causal analysis results for dissolved sulfate. Total causal analysis scores ranged from -18 to -2, indicating that there is some evidence to strong evidence that dissolved sulfate is a non-stressor in Roanoke River Project streams. Median dissolved sulfate values were in the no to low probability range for stressor effects in Wolf Creek and Roanoke River, but the medium range in Tinker Creek. Even at the higher levels observed in Tinker Creek, maximum concentrations were well below toxic thresholds reported by Mount et al. (2016). Dissolved sulfate was also not significantly correlated with benthic health across sites. For these reasons and others explained in Table 35, dissolved sulfate was categorized as a non-stressor in Roanoke River Project streams. 



[bookmark: _Ref50646937][bookmark: _Toc162948302]Table 35. Causal analysis results for dissolved sulfate.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	-3
	2
	1
	1
	Tinker Creek and Roanoke River had statistically higher sulfate levels than the applicable reference, but medians were in the low probability range for stressor effects in Roanoke River. Wolf Creek was lower in sulfate than the stream reference. 

	Temporal Co-occurrence
	-2
	1
	0
	1
	At or around the time of benthic sampling, dissolved sulfate levels were in the low probability range for stressor effects in Wolf Creek. Sulfate levels were in the medium probability range on five occasions in Tinker Creek, one occasion at Roanoke River (202.20), and three occasions at Roanoke River (198.08). 

	Stressor-Response Relationships from the Field
	-2
	-2
	-2
	-2
	Dissolved sulfate was not significantly correlated with benthic health across sites.

	Laboratory Tests of Site Media
	0
	0
	-2
	-2
	No toxicity (in IC25 endpoints) was observed in C. dubia and P. promelas laboratory toxicity testing of Roanoke River samples.

	Temporal Sequence
	-1
	-1
	-2
	-2
	Spring SCI scores were lower than fall scores in each impaired stream, but sulfate was typically highest in the fall (Roanoke River) or no discernible seasonal pattern was observed (Wolf Creek and Tinker Creek). 

	Symptoms
	3
	1
	-1
	1
	Biological Condition Gradient attribute analysis identified one of the top predominant taxa in Wolf Creek as increasing in abundance in the presence of high sulfate (score of 5). Sulfate was also the highest ranked stressor in Wolf Creek. In Tinker Creek, Roanoke River (202.20), and Roanoke River (198.08), sulfate was ranked third, fifth, and second based on average BCG attribute scores, respectively.

	Stressor-Response Relationships from Other Field Studies
	-3
	1
	-1
	-1
	Median sulfate levels were in the no, medium, and low probability ranges for stressor effects in Wolf Creek, Tinker Creek, and Roanoke River, respectively.

	Stressor-Response Relationships from Laboratory Studies
	-3
	-3
	-3
	-3
	In an analysis of toxicity to major ions (Mount et al., 2016), all LC50s for Ceriodaphnia exposed to sulfate salts were well above the sulfate levels in Roanoke River project streams.

	Mechanistically Plausible Cause
	-2
	-2
	-2
	-2
	Since sulfate levels are well below toxic levels, benthic impacts due to sulfate are unlikely. 

	Analogous Stressors
	-3
	1
	-1
	1
	For the analogous stressor of conductivity, median conductivity values were in the no probability range for stressor effects in Wolf Creek, medium range in Tinker Creek, low range in Roanoke River (202.20), and medium range in Roanoke River (198.08). 

	Consistency of Evidence
	-2
	0
	-1
	-1
	Evidence consistently refutes sulfate as a stressor in Wolf Creek, mostly refutes sulfate as a stressor in Roanoke River, and is inconsistent in Tinker Creek. 

	Sum
	-18
	-2
	-14
	-9
	



[bookmark: _Ref51923396][bookmark: _Toc162948196]Suspended Solids and Deposited Sediment
Table 36 shows the causal analysis results for suspended solids and deposited sediment. The total causal analysis score in Roanoke River (198.08) was -12, indicating that there is strong evidence that sediment is not a stressor at this location. At Roanoke River (202.20) and the other project streams, total causal analysis scores ranged from +6 to +13, indicating that there is moderate to strong evidence that sediment is a stressor at these locations. 
At Roanoke River (198.08), total habitat scores were higher than the reference and embeddedness scores were equivalent to the reference. Median habitat scores were in the no probability range for stressor effects. In addition, relative bed stability analysis exhibited positive LRBS scores, indicating that this location is starved for sediment rather than enriched with sediment. These lines of evidence support sediment as a non-stressor at Roanoke River (198.08). 
In Wolf Creek, Tinker Creek, and Roanoke River (202.20), several lines of evidence support sediment as a probable stressor. These lines of evidence include:  
· Total habitat scores were slightly lower than the reference in Wolf Creek and statistically significantly lower than the reference in Tinker Creek and Roanoke River (202.20). 
· Median total habitat scores were in the medium probability range for stressor effects in Wolf Creek and high probability range in Tinker Creek.
· Individual habitat metrics for embeddedness were significantly lower in each of these streams than in the reference.
· Seasonal trends of lower spring benthic scores correspond to higher spring flows and sediment loads.
· Biological Condition Gradient (BCG) attribute analysis identified sediment-associated taxa in Wolf Creek and Tinker Creek. Average BCG attribute scores ranked as the second highest stressor in Roanoke River (202.20).  
· Functional feeding group analysis indicated a shift to collectors that thrive in sediment-rich habitats. 
For these reasons and others explained in Table 36, suspended solids and deposited sediment were categorized as non-stressors in Roanoke River (198.08) and probable stressors in Wolf Creek, Tinker Creek, and Roanoke River (202.20).

[bookmark: _Ref50647137][bookmark: _Toc162948303]Table 36. Causal analysis results for suspended solids and deposited sediment.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	-1
	2
	2
	-3
	SCI scores were impaired in each of the streams, and habitat scores were statistically lower in Tinker Creek and Roanoke River (202.02) than in the applicable reference. Habitat scores were not statistically different from the reference in Wolf Creek and were higher than the reference at Roanoke River (198.08).

	Temporal Co-occurrence
	1
	2
	1
	-1
	At the time of benthic sampling, habitat scores were in the medium probability range for stressor effects in Wolf Creek. In Tinker Creek, habitat scores were in the high probability range on four occasions. In Roanoke River (202.20), habitat scores were in the low to medium probability range for stressor effects. In Roanoke River (198.08), habitat scores were in the no to low probability range.

	Causal Pathway
	2
	2
	2
	2
	Land cover analysis revealed that these watersheds progressively increase in imperviousness and decrease in benthic health moving downstream. This means that the pathway from imperviousness to increased runoff to erosion and in-stream sediment transport is intact.

	Stressor-Response Relationships from the Field
	-2
	-2
	-2
	-2
	Neither TSS nor habitat were significantly correlated with benthic health across sites.

	Temporal Sequence
	1
	1
	2
	-1
	Seasonal trends of lower spring benthic scores observed in each of the impaired streams may indicate sediment enrichment, as higher spring flows bring increased sediment loads. Spring flow was inversely correlated with SCI scores at Roanoke River station 202.20 (indicating a flow-dependent stressor like sediment), but not at station 198.08 (indicating a flow-independent stressor).

	Symptoms
	1
	1
	1
	-1
	Biological Condition Gradient attribute analysis identified predominant taxa in Wolf Creek and Tinker Creek that increase in abundance in the presence of poor habitat or high %Imperviousness (score of 5). Based on average BCG attribute scores, sediment associated stressors (habitat, RBS, and % impervious) were ranked as high as 2 for Roanoke River (202.20) and 4 for the other impaired streams. 

	Symptoms (2)
	2
	3
	1
	1
	Functional feeding group analysis in each of the streams indicated a shift to collectors that thrive in sediment-rich habitats. This increase was largest in Tinker Creek (19%), followed by Wolf Creek (13%), followed by Roanoke River (198.08) (5%), followed by Roanoke River (202.20) (3%).  

	Symptoms (3)
	2
	2
	2
	-2
	The habitat metric for embeddedness was statistically lower than the reference in each of the impaired streams except for Roanoke River (198.08).

	Stressor-Response Relationships from Other Field Studies
	2
	3
	-1
	-2
	Median total habitat scores were in the medium probability range for stressor effects in Wolf Creek, high probability range in Tinker Creek, low probability range in Roanoke River (202.20), and no probability range in Roanoke River (198.08). 

	Analogous Stressors
	1
	-2
	-2
	-3
	Relative Bed Stability analysis showed values in the medium probability range for stressor effects in Wolf Creek. RBS values were in the no probability range in Tinker Creek and Roanoke River (202.20). At Roanoke River (198.08), RBS values were in the medium probability range, but the value was positive, indicating sediment starved conditions.

	Consistency of Evidence
	1
	1
	0
	0
	Most evidence supported sediment as a stressor in Wolf Creek and Tinker Creek, but evidence was inconsistent in Roanoke River.

	Sum
	10
	13
	6
	-12
	



[bookmark: _Toc162948197]Organic Matter
Table 37 shows the causal analysis results for organic matter. Total causal analysis scores ranged from -9 to -12, indicating that there is moderate to strong evidence that organic matter is a non-stressor in Roanoke River Project streams. Indicators of organic matter enrichment, such as total volatile solids, total organic carbon, and dissolved organic carbon in impaired streams were not statistically different from the reference. Total volatile solids were also not correlated with benthic health across sites. In addition, dissolved oxygen levels were relatively high in each of the impaired streams, meaning that the pathway from organic matter to decomposition to low dissolved oxygen was not intact. For these reasons and others explained in Table 37, organic matter was categorized as a non-stressor in Roanoke River Project streams.  

[bookmark: _Ref50647348][bookmark: _Toc162948304]Table 37. Causal analysis results for organic matter.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	-2
	-2
	-2
	-2
	Total volatile solids, total organic carbon, and dissolved organic carbon were not statistically higher in any of the impaired streams than relevant references.

	Temporal Co-occurrence
	-1
	0
	-1
	0
	At or around the time of benthic sampling, total volatile solids were below the detection limit in Wolf Creek and Roanoke River (202.20) in limited datasets. 

	Causal Pathway
	-2
	-2
	-2
	-2
	Dissolved oxygen levels were relatively high in each of the impaired streams indicating that the causal pathway from organic matter enrichment to heterotrophic respiration to low DO is not intact.

	Stressor-Response Relationships from the Field
	-2
	-2
	-2
	-2
	Total volatile solids were not significantly correlated with benthic health across sites.

	Temporal Sequence
	-1
	-1
	-1
	-1
	Seasonal trends of lower spring benthic scores observed in each of the impaired streams are inconsistent with organic matter enrichment, since organic matter from primary productivity would increase in the summer and fall. 

	Symptoms
	2
	-1
	-1
	-1
	Functional feeding group analysis in Wolf Creek indicated an increase in filterers that thrive in organic-rich habitats, while filterers decreased in Tinker Creek and Roanoke River.

	Stressor-Response Relationships from Other Field Studies
	-2
	-2
	-2
	-2
	Total volatile solids, total organic carbon, and dissolved organic carbon were not statistically higher in any of the impaired streams than relevant references.

	Consistency of Evidence
	-1
	-1
	-1
	-1
	Most evidence refuted organic matter as a stressor.

	Sum
	-9
	-11
	-12
	-11
	



[bookmark: _Ref51932485][bookmark: _Toc162948198]Total Phosphorus
Table 38 shows the causal analysis results for total phosphorus. Total causal analysis scores were -5 for Wolf Creek and Tinker Creek and +5 for the Roanoke River. In Wolf Creek and Tinker Creek, there was moderate evidence that phosphorus is not a stressor, and in the Roanoke River, there was moderate evidence that phosphorus is a probable stressor. 
In Wolf Creek and Tinker Creek, phosphorus levels were not statistically greater than in the reference. Median phosphorus levels were in the no to low probability range for stressor effects, and dissolved oxygen conditions did not indicate nutrient enrichment. In functional feeding group analysis, scrapers decreased in Wolf Creek and Tinker Creek compared to a reference. For these reasons and others explained in Table 38, phosphorus was categorized as a non-stressor in Wolf Creek and Tinker Creek.
In the Roanoke River, several lines of evidence supported phosphorus as a probable stressor. These lines of evidence include:
· Total phosphorus values were correlated with benthic health in the Roanoke River.
· Biological Condition Gradient attribute analysis identified nutrients as the highest ranked stressor.
· Functional feeding group analysis showed an increase in scrapers compared to the reference, indicating increased periphyton growth.
· Algae sampling indicated increased algae growth at impaired Roanoke River stations.
· QUAL2K modeling showed excess bottom algae and phosphorus limitation in the Roanoke River (Bell, 2023).
· Total phosphorus levels were well above the EPA recommended criterion for the ecoregion.  
For these reasons and others explained in Table 38, phosphorus was categorized as a probable stressor in the Roanoke River.

[bookmark: _Ref50647604][bookmark: _Toc162948305]Table 38. Causal analysis results for total phosphorus.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	-3
	-3
	-2
	-2
	SCI scores were impaired in each of the streams, but phosphorus levels at benthic stations were not statistically higher than a relevant reference. Phosphorus levels were statistically higher than the reference at station 4AROA199.20, which is between the two impaired benthic stations.

	Temporal Co-occurrence
	-2
	-2
	-2
	-2
	At or near the time of benthic sample collection, total phosphorus levels were in the no to low probability range for stressor effects in each of the impaired streams. 

	Causal Pathway
	0
	-2
	-2
	-2
	Diurnal DO measurements in Tinker Creek and Roanoke River did not show strong fluctuations from daytime to nighttime indicating that the causal pathway from nutrient enrichment to low DO is weak or not intact. No diurnal DO data was collected in Wolf Creek. 

	Stressor-Response Relationships from the Field
	-2
	-2
	2
	2
	Phosphorus was not significantly correlated with benthic health across sites, but was significantly correlated with benthic health longitudinally in the Roanoke River.

	Temporal Sequence
	1
	1
	1
	1
	Seasonal trends of lower spring benthic scores observed in each of the impaired streams may indicate nutrient enrichment, as higher spring flows bring increased nutrient loads and increasing spring temperatures and sunlight spur algal growth.

	Symptoms
	2
	3
	2
	2
	Biological Condition Gradient attribute analysis identified top predominant taxa in Wolf Creek and Tinker Creek that increase in abundance in the presence of nutrients (score of 5). Based on average BCG attribute scores, nutrients ranked as the highest ranked stressor in Tinker Creek and Roanoke River and the second highest in Wolf Creek.  

	Symptoms (2)
	-1
	-1
	1
	2
	In functional feeding group analysis, scrapers, which are indicative of nutrient enrichment, increased by 2% at Roanoke River (202.20) and 5% at Roanoke River (198.08). Scrapers decreased in Wolf Creek and Tinker Creek.

	Symptoms (3)
	0
	0
	2
	2
	Algae sampling in the Roanoke River in 2023 showed a consistent pattern of increased algae downstream where nutrient levels were higher. Patterns in 2021 and 2022 were less conclusive, but confounding issues with sampling location were encountered.

	Stressor-Response Relationships from Other Field Studies
	-3
	-2
	-2
	-3
	Median phosphorus levels were in the low probability range for stressor effects in Wolf Creek and no probability range in Tinker Creek and Roanoke River. Tinker Creek and Roanoke River (202.20) had several excursions into the high probability range. 

	Stressor-Response Relationships from Laboratory Studies
	1
	1
	1
	1
	Total phosphorus levels averaged 0.026 to 0.036 mg/L at impaired stations, which is above the EPA-recommended criterion for the respective Ridge and Valley ecoregion.

	Stressor-Response Relationships from Simulation Models
	0
	0
	2
	2
	Evidence from QUAL2K modeling shows excess bottom algae and phosphorus limitation in the Roanoke River (Bell, 2023)

	Mechanistically Plausible Cause
	2
	2
	2
	2
	Nitrogen to phosphorus ratios indicate that phosphorus is the limiting nutrient in these streams.

	Consistency of Evidence
	0
	0
	0
	0
	Evidence was inconsistent in supporting or refuting phosphorus as a stressor.

	Sum
	-5
	-5
	5
	5
	



[bookmark: _Ref154211517][bookmark: _Toc162948199]Total Nitrogen
Table 39 shows the causal analysis results for total nitrogen. Total causal analysis scores were -3 in Wolf Creek and Roanoke River (202.20). While some evidence supported nitrogen as a stressor at these locations, more evidence refuted it. Nitrogen levels in Wolf Creek were lower than in the reference, and levels at Roanoke River (202.20) were not statistically different from the reference. Median nitrogen levels at Roanoke River (202.20) were in the low probability range for stressor effects. Scrapers, indicative of nutrient enrichment, decreased in Wolf Creek compared to the reference. Dissolved oxygen levels were relatively high and not indicative of nutrient enrichment, and phosphorus appeared to be the limiting nutrient. For these reasons and others explained in Table 39, nitrogen was categorized as a non-stressor in Wolf Creek and Roanoke River (202.20). 
In Tinker Creek, the total causal analysis score was +3, indicating that there was more evidence supporting nitrogen as a stressor at this location. Nitrogen levels in Tinker Creek were statistically higher than in the reference, and the median nitrogen level was in the medium probability range for stressor effects. In addition, Biological Condition Gradient attribute analysis identified nutrients as the highest ranked stressor. For these reasons and others explained in Table 39, nitrogen was categorized as a possible stressor in Tinker Creek.  
In Roanoke River (198.08), the total causal analysis score was +14, indicating that there is strong evidence that nitrogen is a stressor at this location. The following lines of evidence supported nitrogen as a probable stressor in Roanoke River (198.08):
· Nitrogen levels were statistically higher than in the reference.
· Nitrogen levels were correlated with benthic health in the Roanoke River.
· Biological Condition Gradient attribute analysis identified nutrients as the highest ranked stressor.
· Functional feeding group analysis showed an increase in scrapers compared to the reference, indicating increased periphyton growth.
· Algae sampling indicated increased algae growth at impaired Roanoke River stations.
· Nitrogen levels were in the high probability range for stressor effects.
· Nitrogen levels were well above the EPA recommended criterion for the ecoregion. 
For these reasons and others explained in Table 39, nitrogen was categorized as a probable stressor in Roanoke River (198.08). 

[bookmark: _Ref50647735][bookmark: _Toc162948306]Table 39. Causal analysis results for total nitrogen.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	-3
	2
	-2
	3
	Tinker Creek and Roanoke River (198.08) had statistically higher nitrogen levels than the applicable reference. Wolf Creek was lower in nitrogen than the stream reference, and Roanoke River (202.20) was not statistically different from the reference. 

	Temporal Co-occurrence
	-1
	1
	-2
	3
	At or near the time of benthic sample collection, total nitrogen levels were in the high probability range for stressor effects on six occasions in the Roanoke River (198.08). Values at the time of benthic sampling were in the medium probability range in Tinker Creek, low to medium probability range in Wolf Creek, and low range in Roanoke River (202.20). 

	Causal Pathway
	0
	-2
	-2
	-2
	Diurnal DO measurements in Tinker Creek and Roanoke River did not show strong fluctuations from daytime to nighttime indicating that the causal pathway from nutrient enrichment to low DO is weak or not intact. No diurnal DO data was collected in Wolf Creek. 

	Stressor-Response Relationships from the Field
	-2
	-2
	2
	2
	Nitrogen was not significantly correlated with benthic health across sites, but was significantly correlated with benthic health longitudinally in the Roanoke River.

	Temporal Sequence
	1
	1
	1
	1
	Seasonal trends of lower spring benthic scores observed in each of the impaired streams may indicate nutrient enrichment, as higher spring flows bring increased nutrient loads and increasing spring temperatures and sunlight spur algal growth.

	Symptoms
	2
	3
	2
	2
	Biological Condition Gradient attribute analysis identified top predominant taxa in Wolf Creek and Tinker Creek that increase in abundance in the presence of nutrients (score of 5). Based on average BCG attribute scores, nutrients ranked as the highest ranked stressor in Tinker Creek and Roanoke River and the second highest in Wolf Creek.  

	Symptoms (2)
	-1
	-1
	1
	2
	In functional feeding group analysis, scrapers, which are indicative of nutrient enrichment, increased by 2% at Roanoke River (202.20) and 5% at Roanoke River (198.08). Scrapers decreased in Wolf Creek and Tinker Creek.

	Symptoms (3)
	0
	0
	2
	2
	Algae sampling in the Roanoke River in 2023 showed a consistent pattern of increased algae downstream where nutrient levels were higher. Patterns in 2021 and 2022 were less conclusive, but confounding issues with sampling location were encountered.

	Stressor-Response Relationships from Other Field Studies
	2
	2
	-2
	3
	Median nitrogen levels were in the medium probability range for stressor effects in Wolf Creek and Tinker Creek, low probability range in Roanoke River (202.20), and high probability range in Roanoke River. 

	Stressor-Response Relationships from Laboratory Studies
	1
	1
	1
	1
	Total nitrogen levels averaged 0.709 to 2.30 mg/L at impaired stations, which is above the EPA-recommended criterion for the respective Ridge and Valley ecoregion.

	Stressor-Response Relationships from Simulation Models
	0
	0
	-2
	-2
	Evidence from QUAL2K modeling shows excess bottom algae and phosphorus limitation, but not nitrogen limitation in the Roanoke River (Bell, 2023)

	Mechanistically Plausible Cause
	-2
	-2
	-2
	-2
	The nitrogen to phosphorus ratios in Roanoke River Project streams ranged from 27 to 86, indicating that phosphorus, and not nitrogen, is the limiting nutrient controlling algae growth. 

	Consistency of Evidence
	0
	0
	0
	1
	Most evidence supported nitrogen as a stressor in Roanoke River (198.08). In the other streams and locations, evidence was inconsistent in supporting or refuting nitrogen as a stressor.

	Sum
	-3
	3
	-3
	14
	



[bookmark: _Toc162948200]Ammonia
Table 40 shows the causal analysis results for ammonia. Total causal analysis scores ranged from -16 to -13, indicating that there is strong evidence that ammonia is a non-stressor in Roanoke River Project streams. All samples were well below the water quality standard for ammonia, and ammonia was not correlated with benthic health across sites. Ammonia levels were also generally higher in the late summer, but benthic scores were lower in the spring. For these reasons and others explained in Table 40, ammonia was categorized as a non-stressor in Roanoke River Project streams. 

[bookmark: _Ref50647913][bookmark: _Toc162948307]Table 40. Causal analysis results for ammonia.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	-3
	-3
	-3
	-3
	In all streams, SCI scores were impaired, but ammonia values were below water quality standards.

	Temporal Co-occurrence
	-1
	-1
	-1
	-1
	At or near the time of benthic sample collection, ammonia levels were below water quality standards in each of the impaired streams. 

	Stressor-Response Relationships from the Field
	-2
	-2
	-2
	-2
	Ammonia was not significantly correlated with benthic health across sites.

	Laboratory Tests of Site Media
	0
	0
	-2
	-2
	No toxicity (in IC25 endpoints) was observed in C. dubia and P. promelas laboratory toxicity testing of Roanoke River samples.

	Temporal Sequence
	-2
	-2
	-2
	-2
	Ammonia levels are generally highest in the late summer when water temperatures are highest, however, fall benthic scores were higher than spring scores in each of the impaired streams.

	Stressor-Response Relationships from Laboratory Studies
	-3
	-2
	-3
	-2
	All ammonia values in all streams were below water quality standards. Ammonia levels in Tinker Creek and Roanoke River (198.08) approached water quality standards. 

	Consistency of Evidence
	-3
	-3
	-3
	-3
	Evidence consistently refuted ammonia as a stressor.

	Sum
	-14
	-13
	-16
	-15
	



[bookmark: _Toc162948201]Dissolved Metals
Table 41 shows the causal analysis results for dissolved metals. Total causal analysis scores ranged from -15 to -12, indicating that there is strong evidence that dissolved metals are a non-stressor in Roanoke River Project streams. All metals were below water quality standards and reference toxicity values, and the CCU for combined effects was in the no probability range for stressor effects. For these reasons and others explained in Table 41, dissolved metals were categorized as non-stressors in Roanoke River Project streams. 

[bookmark: _Ref50728591][bookmark: _Toc162948308]Table 41. Causal analysis results for dissolved metals.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	-3
	-3
	-3
	-3
	In all streams, SCI scores were impaired but dissolved metal CCU values were in the no probability range for stressor effects. 

	Temporal Co-occurrence
	-1
	0
	-1
	-1
	At or near the time of benthic sample collection, metals cumulative criteria units were well below one in Wolf Creek and Roanoke River.

	Laboratory Tests of Site Media
	0
	0
	-2
	-2
	No toxicity (in IC25 endpoints) was observed in C. dubia and P. promelas laboratory toxicity testing of Roanoke River samples.

	Stressor-Response Relationships from Other Field Studies
	-3
	-3
	-3
	-3
	Cumulative criteria units for dissolved metals were in the no probability range for stressor effects in all streams. 

	Stressor-Response Relationships from Laboratory Studies
	-3
	-3
	-3
	-3
	All dissolved metals values were below water quality standards and published effect thresholds. 

	Consistency of Evidence
	-3
	-3
	-3
	-3
	Evidence consistently refuted dissolved metals as a stressor in all streams.

	Sum
	-13
	-12
	-15
	-15
	



[bookmark: _Toc162948202]PFAS
Table 42 shows the causal analysis results for per- and polyfluoroalkyl substances (PFAS). Total causal analysis scores ranged from -10 to 0, indicating that there is moderate evidence that PFAS are a non-stressor in the Roanoke River and Tinker Creek. No PFAS data were available for Wolf Creek. While PFAS compounds were present in the Roanoke River and Tinker Creek, the highest concentrations were observed at upstream, unimpaired stations. Levels in these streams were also well below EPA-recommended water quality criteria for aquatic life. For these reasons and others explained in Table 42, PFAS were categorized as non-stressors in Roanoke River Project streams. 


[bookmark: _Ref158020214][bookmark: _Toc162948309]Table 42. Causal analysis results for PFAS.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	0
	-3
	-3
	-3
	PFAS compounds were identified in Tinker Creek and Roanoke River stations, but the highest concentrations were observed at upstream unimpaired stations. No PFAS data was collected in Wolf Creek

	Temporal Co-occurrence
	0
	0
	-1
	-1
	PFAS discharges were first identified in the Roanoke River system in 2020. While the discharge may have started sooner, impairment in the Roanoke River dates back at least two decades.

	Laboratory Tests of Site Media
	0
	0
	-2
	-2
	No toxicity (in IC25 endpoints) was observed in C. dubia and P. promelas laboratory toxicity testing of Roanoke River samples.

	Stressor-Response Relationships from Laboratory Studies
	0
	-2
	-2
	-2
	PFAS levels observed were well below EPA-recommended water quality criteria for PFOA and PFOS.

	Consistency of Evidence
	0
	-2
	-2
	-2
	Evidence consistently refuted PFAS as a stressor in Tinker Creek and the Roanoke River.

	Sum
	0
	-7
	-10
	-10
	




[bookmark: _Toc162948203]Sediment Metals
Table 43 shows the causal analysis results for sediment metals. Total causal analysis scores ranged from -6 to +1. In Wolf Creek and the Roanoke River, there was some evidence that sediment metals are non-stressors. Where monitored, sediment metals were below published probable effect and threshold effect levels. The analogous stressor of dissolved metals was also below water quality standards or published threshold effect levels. In Tinker Creek, however, lead in sediments was above the threshold effect level, indicating that it could be a possible stressor. For these reasons, and others explained in Table 43, sediment metals were categorized as a possible stressor in Tinker Creek and non-stressors in Wolf Creek and the Roanoke River. 
 
[bookmark: _Ref51320295][bookmark: _Toc162948310]Table 43. Causal analysis results for sediment metals.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	0
	1
	-2
	0
	SCI scores were impaired, but sediment metals were below probable effect concentrations and threshold effect concentrations in the Roanoke River (202.20). Lead in Tinker Creek was below the probable effect concentration, but above the threshold effect concentration. No sediment metals data were available for the other streams.

	Stressor-Response Relationships from Laboratory Studies
	0
	1
	-2
	0
	Sediment metals were below probable effect concentrations in Tinker Creek and Roanoke River (202.20). All metals except for lead in Tinker Creek were also below threshold effect concentrations. No sediment metals data were available for the other streams. 

	Analogous Stressors
	-1
	-1
	-1
	-1
	In all streams, levels of dissolved metals were below WQS and toxic thresholds.

	Consistency of Evidence
	0
	0
	-1
	0
	Evidence consistently refuted sediment metals as a stressor in the Roanoke River. Limited evidence was available in other streams.

	Sum
	-1
	1
	-6
	-1
	



[bookmark: _Toc162948204]Sediment PAHs
Table 44 shows the causal analysis results for sediment PAHs. Only Roanoke River (202.20) had available sediment PAH data to evaluate, and the total causal analysis score at this location was +2. Sediment PAHs were higher at this location than the reference, and total PAHs and four individual compounds were above threshold effect levels. For these reasons, sediment PAHs were categorized as a possible stressor in Roanoke River (202.20). Other streams and locations could not be evaluated. 




[bookmark: _Ref153944224][bookmark: _Toc162948311]Table 44. Causal analysis results for sediment PAHs.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	0
	0
	1
	0
	Sediment PAHs were significantly higher in the Roanoke River (202.20) than in an unimpaired station (4AXNB000.60). No sediment PAH data were available for the other streams.

	Stressor-Response Relationships from Laboratory Studies
	0
	0
	1
	0
	In Roanoke River (202.20), Sediment PAHs were below probable effect concentrations, but four compounds and total PAHs were above threshold effect concentrations. No sediment PAH data were available for the other streams. 

	Consistency of Evidence
	0
	0
	0
	0
	Limited evidence was available.

	Sum
	0
	0
	2
	0
	



[bookmark: _Toc162948205]Sediment PCBs
Table 45 shows the causal analysis results for sediment PCBs. No data was available for Wolf Creek, but total causal analysis scores ranged from +2 to +4 in the other Roanoke River Project streams. In the Roanoke River, sediment PCBs were higher than in the reference but were below probable effect concentrations. In Tinker Creek, sediment PCBs were also higher than the reference and were above probable effect concentrations. For these reasons, sediment PCBs were categorized as a possible stressor in the Roanoke River and a probable stressor in Tinker Creek.  

[bookmark: _Ref153944606][bookmark: _Toc162948312]Table 45. Causal analysis results for sediment PCBs.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	0
	1
	1
	1
	Sediment PCBs in Tinker Creek and Roanoke River were much higher than in upstream unimpaired locations. 

	Stressor-Response Relationships from Laboratory Studies
	0
	3
	1
	1
	In Roanoke River, sediment PCBs were below probable effect concentrations but above threshold effect concentrations. In Tinker Creek, sediment PCBs were above probable effect concentrations. 

	Consistency of Evidence
	0
	0
	0
	0
	Limited evidence was available.

	Sum
	0
	4
	2
	2
	


[bookmark: _Toc162948206]Sediment Pesticides and Toxic Organics
Table 46 shows the causal analysis results for sediment pesticides and toxic organics. Only Tinker Creek and Roanoke River (202.20) had available sediment data to evaluate, and the total causal analysis scores at these locations were -3. Sediment pesticides and toxic organics were similar to levels in the reference and all but four ubiquitous phthalate compounds were below detection. For this reason, sediment pesticides and toxic organics were categorized as non-stressors in Roanoke River Project streams. 

[bookmark: _Ref153944953][bookmark: _Toc162948313]Table 46. Causal analysis results for sediment pesticides and toxic organics.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	0
	-1
	-1
	0
	Sediment pesticides and toxic organics in Tinker Creek and Roanoke River (202.20) were similar to levels in upstream unimpaired locations. 

	Stressor-Response Relationships from Laboratory Studies
	0
	-2
	-2
	0
	In Tinker Creek and Roanoke River (202.20), all sediment pesticides and toxic organics were below detection limits except for three phthalate compounds which are ubiquitous.  

	Consistency of Evidence
	0
	0
	0
	0
	Limited evidence was available.

	Sum
	0
	-3
	-3
	0
	



[bookmark: _Toc162948207]Niagara Dam
Table 47 shows the causal analysis results for the Niagara Dam. The total causal analysis score for the Roanoke River (198.08) was +5, indicating that there is moderate evidence that the dam is a stressor. With the Roanoke River 198.08 station only a mile downstream from the dam, the scientific literature suggests that this distance is not enough for recovery of the benthic community. The physical presence of the dam alters the ecology of the stream by changing flow regimes, temperature regimes, and nutrient and organic matter dynamics. It alters feeding regimes and reduces benthic macroinvertebrate colonization from upstream. These changes have a direct impact on the benthic community and they can exacerbate other stressors, like nutrient enrichment, by increasing nutrient retention and nutrient cycling. For these reasons, and others explained in Table 47, the Niagara Dam was categorized as a probable stressor in the Roanoke River (198.08). 

[bookmark: _Ref153959749][bookmark: _Toc162948314]Table 47. Causal analysis results for the Niagara Dam.
	Evidence
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)
	Explanation

	Spatial Co-occurrence
	0
	0
	0
	1
	Benthic impairment is present upstream of the dam, but the benthic impairment increases in magnitude below the dam (from VSCI average of 55.3 to 49.3).

	Causal Pathway
	
	
	
	2
	The causal pathway from nutrient loads to greater nutrient retention as a result of the dam to increased algae growth and modified feeding niches is intact.  

	Temporal Sequence
	
	
	
	-2
	Physical dam impacts should be consistent over time, however, fall benthic scores are often above 60 and non-impaired.

	Stressor-Response Relationships from Other Field Studies
	
	
	
	2
	Mellado-Díaz et al. (2019) found that most measures of benthic health took more than 6.8 miles downstream to recover from dam impacts. Roanoke River station 198.08 is only approximately one mile downstream from the Niagara Dam.

	Stressor-Response Relationships from Simulation Models
	
	
	
	1
	Using the Soil and Water Assessment Tool (SWAT) modeling approach, Bosch (2008) demonstrated that river impoundments greatly reduced the nitrogen export from riverine systems. This means greater nutrient retention, utilization, and cycling. 

	Consistency of Evidence
	0
	0
	0
	1
	Most evidence consistently supported the dam as a stressor.

	Sum
	0
	0
	0
	5
	



[bookmark: _Ref51941508][bookmark: _Toc162948208]Causal Analysis Summary
The total causal analysis scores for each candidate stressor are shown in Table 48. Twelve of the twenty candidate stressors had causal analysis scores ≤0 and were classified as non-stressors in each of the Roanoke River Project streams. Five candidate stressors had causal analysis scores of 1-3 in one or more stream and were classified as possible stressors. These included conductivity/TDS in Tinker Creek and the Roanoke River (198.08), total nitrogen in Tinker Creek, sediment metals in Tinker Creek, sediment PAHs in the Roanoke River (202.20), and sediment PCBs in the Roanoke River (202.20 and 198.08). Five candidate stressors had causal analysis scores >3 and were classified as probable stressors in one or more streams. Results showed that sediment is a probable stressor in Wolf Creek, Tinker Creek, and the Roanoke River (202.20); total phosphorus is a probable stressor in the Roanoke River (202.20 and 198.08); total nitrogen is a probable stressor in the Roanoke River (198.08); sediment PCBs are a probable stressor in Tinker Creek; and the Niagara dam is a probable stressor in the Roanoke River (198.08). 
Table 49 summarizes the possible and probable stressors identified for each of the Roanoke River Project streams. To address the probable stressors, sediment TMDLs will be developed for Wolf Creek and Tinker Creek, and total phosphorus and total nitrogen TMDLs will be developed for the Roanoke River (198.08). The sediment stressor in the Roanoke River (202.20) will be addressed through the existing sediment TMDL for the Roanoke River (Louis Berger Group, 2006), and the sediment PCB stressor in Tinker Creek will be addressed through the existing PCB TMDL for the Roanoke River (Tetra Tech, 2009). While still a stressor, the Niagara Dam is not a pollutant and cannot be addressed through TMDL development. 
[bookmark: _Ref51921850][bookmark: _Toc162948315]Table 48. Total causal analysis scores by stream and by candidate stressor. Green indicates non-stressors, orange indicates possible stressors, and red indicates probable stressors.
	
	Wolf Creek
	Tinker Creek
	Roanoke River (202.20)
	Roanoke River (198.08)

	Temperature
	-14
	-12
	-6
	-6

	pH
	-17
	-17
	-19
	-21

	DO
	-21
	-19
	-18
	-18

	Conductivity/TDS
	-16
	2
	-8
	1

	Dissolved Sodium
	-15
	-6
	-17
	-5

	Dissolved Potassium
	-11
	-5
	-7
	-5

	Dissolved Chloride
	-22
	-13
	-19
	-13

	Dissolved Sulfate
	-18
	-2
	-14
	-9

	Sediment
	10
	13
	6
	-12

	Organic Matter
	-9
	-11
	-12
	-11

	Total Phosphorus
	-5
	-5
	5
	5

	Total Nitrogen
	-3
	3
	-3
	14

	Ammonia
	-14
	-13
	-16
	-15

	Dissolved Metals
	-13
	-12
	-15
	-15

	PFAS
	0
	-7
	-10
	-10

	Sediment Metals
	-1
	1
	-6
	-1

	Sediment PAHs
	0
	0
	2
	0

	Sediment PCBs
	0
	4
	2
	2

	Sediment Organics
	0
	-3
	-3
	0

	Niagara Dam
	0
	0
	0
	5




[bookmark: _Ref51922000][bookmark: _Toc162948316]Table 49. Possible stressors, probable stressors, and TMDL targets in Roanoke River Project streams.
	Stream
	Possible Stressors
	Probable Stressors
	TMDL Target

	Wolf Creek
	
	-Sediment
	-Sediment

	Tinker Creek
	-Conductivity/TDS
-Total Nitrogen
-Sediment Metals
	-Sediment
-Sediment PCBs
	-Sediment

	Roanoke River (202.20)
	-Sediment PAHs
-Sediment PCBs
	-Sediment
-Total Phosphorus
	-Total Phosphorus

	Roanoke River (198.08)
	-Conductivity/TDS
-Sediment PCBs
	-Total Phosphorus
-Total Nitrogen
-Niagara Dam
	-Total Phosphorus
-Total Nitrogen


[bookmark: _Toc162948209]Probable Stressors
[bookmark: _Toc162948210] Sediment
Sediment was identified as a probable stressor in Wolf Creek, Tinker Creek, and Roanoke River station 4AROA202.20. Multiple lines of evidence supported this determination including habitat metrics, seasonal trends, biological condition gradient attribute analysis, and functional feeding group analysis (Section 3.9). Based on the observed data and causal analysis, a conceptual model was developed to describe the causal relationships between the sources of sediment in the watershed, increased suspended sediment loads, and the observed loss of benthic macroinvertebrates (Figure 47).  In this conceptual model, sources of sediment are derived from point sources, the erosion of watershed soils, the washoff of accumulated sediment on impervious surfaces, the erosion of streambanks, and the resuspension of channel sediments. These sources and other contributing factors lead to an increased particulate load (i.e., suspended sediment) in the stream. The increased particulate load then acts to biologically impair the stream through two pathways: a change in feeding niches to favor filter feeders and deposit feeders, and the filling of interstitial spaces that reduces available habitat.  Benthic taxa data provide evidence of these pathways with an observed increase in deposit feeders and a decrease in taxa richness. Habitat assessments also provide evidence of interstitial filling.  The combined weight of evidence documented in the causal analysis supports this conceptual model of sediment as a stressor in Wolf Creek, Tinker Creek, and Roanoke River station 4AROA202.20. A TMDL developed to reduce sediment loads in these watersheds will address the benthic impairments in these streams through the pathways described in Figure 47. In addition, efforts to address several contributing factors that exacerbate the impact of the sediment stressor will also be effective at reducing the impairment.
[bookmark: _Toc162948211]Contributing Factors  
Several factors contribute to the impact of sediment in Wolf Creek, Tinker Creek, and the Roanoke River (202.20), including imperviousness in the watershed, channel alterations, and poor riparian and bank condition. Each of these is related to the increased urban and suburban development of the watersheds. As watersheds develop and the percentage of impervious surfaces increases, runoff during precipitation events increases. As the amount of runoff increases, peak flows in local streams increase causing streambank erosion and streambed scouring. This scenario causes unstable habitat conditions for benthic macroinvertebrates and increased sediment loads. Brabec et al. (2002), found that fish and macroinvertebrate diversity decreased when watersheds exceeded 3.6 to 15% imperviousness. Impervious land cover accounted for 16% of the Wolf Creek watershed, 15% of the Tinker Creek watershed, and 7% of the Roanoke River (202.20) watershed. At these levels, imperviousness is likely a significant contributing factor to the benthic impairment. While the TMDL does not directly address the percentage of imperviousness in watersheds, efforts to reduce imperviousness and increase infiltration can support the TMDL and assist in reducing the impact of sediment. Practices such as rain gardens, green roofs, rain barrels, and pervious pavers can all reduce runoff. Regional planning, zoning practices, and building codes can also be implemented to discourage imperviousness and reduce runoff.  
Channel alteration and poor riparian and bank condition are also contributing factors linked to urban and suburban development. In urban areas, stream channels are often highly modified to accommodate construction, reduce flooding, and reduce localized erosion. This often means hardened stream channels and reduced riparian vegetation. While these practices may reduce localized erosion, at the watershed scale they increase flow velocities, which increases bank erosion and instream scour. The increased erosion and scour mean greater sediment loads and sediment deposition within other reaches of the stream, decreasing available benthic habitat. Natural stream channels with riparian vegetation reduce bank erosion, which can often be a primary contributor to in-stream sediment loads. Practices such as riparian plantings, greenways, conservation easements, and regional planning and zoning practices that protect stream corridors can be effective mechanisms for reducing sediment loads from streambank erosion.
[bookmark: _Toc162948212]Ameliorating Factors  
Multiple lines of evidence indicated that suspended and deposited sediment were probable stressors in the Roanoke River at station 4AROA202.20, however, at station 4AROA198.08, evidence refuted sediment as a stressor. While it is unusual for sediment conditions to improve moving downstream in a watershed, the Niagara Dam operates as an ameliorating factor influencing the sediment dynamics of the Roanoke River. During normal flow conditions, the dam slows water velocities, increases sediment deposition upstream of the dam, and decreases sediment transport downstream. This ameliorates the sediment impairment downstream at station 4AROA198.08. Because of the age of the dam and relatively high flow to impoundment volume ratio, sediment transport in the river has likely reached dynamic equilibrium. This means that over relatively long timescales (years to decades), the dam is not significantly accumulating sediment. Over shorter timescales (seasons to years), however, sediment is likely being accumulated during lower flow periods and flushed during higher flow periods. So, while long-term sediment loads may be similar at station 4AROA202.20 and station 4AROA198.08, habitat conditions downstream of the dam are protected from sediment deposition during low to normal flow regimes. During high flow events, large sediment loads are likely transported through the 4AROA198.08 reach, but higher velocities during those times minimize sediment deposition within the reach. 
[bookmark: _Toc162948213]Sediment PCBs
Polychlorinated biphenyls (PCBs) in the sediment were identified as a probable stressor in Tinker Creek. While PCB monitoring data is somewhat limited, sediment PCB concentrations in lower Tinker Creek ranged as high as 940.76 μg/kg, which exceeds the probable effect concentration (PEC) of 676 μg/kg reported by MacDonald et al. (2000). Above probable effect concentrations, toxic effects on benthic macroinvertebrates are likely. This indicates that PCBs from legacy sources, active sources, atmospheric deposition, and pervious and impervious surfaces are accumulating in sediments and impacting the benthic community by eliminating more sensitive species through toxic effects (Figure 48). 
The upper Roanoke River was included in a 2009 TMDL to address PCB contamination in the watershed (Tetra Tech, 2009). The Roanoke River, Tinker Creek, and Wolf Creek (along with other tributaries) were assigned load and wasteload allocations for PCBs requiring 75 to 97% reductions. Since a TMDL controlling PCBs is already in place for the Tinker Creek watershed, the current benthic TMDL development effort will not include PCBs except to document in the stressor analysis that sediment PCBs are a probable stressor. 
[bookmark: _Toc162948214]Niagara Dam
The physical presence of the Niagara Dam was identified as a probable stressor at Roanoke River station 4AROA198.08. It is well documented that the artificial impounding of naturally flowing river systems by dams greatly impacts aquatic ecosystems (World Commission on Dams, 2000; Nilsson et al., 2005). In general, the dam transforms a natural lotic (riverine) ecosystem into an artificial lentic (lake/reservoir) ecosystem. This creates a series of physical, chemical, and ecological changes in the river system that impact benthic macroinvertebrates, among other biotic components of the ecosystem. Stanford and Ward (1983) proposed the serial discontinuity concept as an ecological framework to discuss and explain longitudinal changes in a river system subjected to impoundment. While individual impoundment effects depend upon the scale and placement of the dam within the river system, general classes of effects can be expected. These include changes to the hydrologic flow regime, alterations in sediment transport and deposition, adjusting channel morphology, changing chemical conditions, altered thermal regimes, and altered structural and functional attributes of biotic communities (Ward and Stanford, 1987). 
Downstream from impoundments, a substantial distance is required for the river to recover and regain its natural lotic characteristics and ecological functions. Mellado-Díaz et al. (2019) investigated the longitudinal recovery of benthic macroinvertebrate communities below dams in Spain. They found that the Shannon diversity index recovered by 2.5 miles downstream, while other measures of benthic health took more than 6.8 miles to recover. While the exact recovery distance in any particular river system is likely determined by many factors, this process typically takes several miles at a minimum. The 4AROA198.08 station is approximately one mile downstream from the Niagara Dam, so impacts from the dam on the benthic macroinvertebrate community are likely a significant contributing factor to the benthic impairment. This includes both directly through the physical, chemical, and ecological impacts discussed here, and indirectly through increasing nutrient retention and exacerbating eutrophication as discussed below.       
[bookmark: _Toc162948215]Nutrients (Phosphorus and Nitrogen)
Nutrients in the form of nitrogen and phosphorus were also identified as probable stressors in the Roanoke River. Multiple lines of evidence supported this determination including elevated nitrogen concentrations, increased algae growth at impaired stations, correlations of nitrogen and phosphorus to benthic health, biological condition gradient attribute analysis, and functional feeding group analysis (Section 3.11 and 3.12). Based on the observed data and causal analysis, a conceptual model was developed to describe the causal relationships between the sources of nitrogen and phosphorus in the watershed, increased nutrient loads, and the observed loss of benthic macroinvertebrates (Figure 49).  In this conceptual model, sources of nutrients include point sources, fertilizer application on pervious surfaces, and runoff from diffuse sources on impervious surfaces. The largest point source is the Western Virginia Water Authority Water Pollution Control Plant, which discharges between stations 4AROA202.20 and 4AROA199.20 and likely accounts for the significantly higher nitrogen levels and slightly higher phosphorus levels at the downstream station. While significant, this point source of nutrients is not the only nutrient source contributing to nutrient enrichment in the Roanoke River. Nutrient enrichment and excess algae growth are observed at station 4AROA202.20 upstream from the Western Virginia Water Authority Water Pollution Control Plant discharge and then continue to increase downstream of the discharge. Nutrient sources from pervious and impervious surfaces throughout the watershed also likely play a significant role. Agricultural land uses within the watershed are minimal (8% pasture and <1% cropland), so nutrient loads are likely from residential and urban/suburban sources such as fertilizer application. 
These sources lead to increased nutrient loads in the stream, which increases algae growth. In the Roanoke River, increased algae growth has not appeared to impact the benthic community by reducing dissolved oxygen. Due to relatively high gradient and sufficient turbulence and mixing, dissolved oxygen levels remain high. Increased algae growth, however, does impact the benthic macroinvertebrate community by altering macroinvertebrate feeding niches and ecological competition. With excess periphyton as a food source, the abundance of more competitive dominant species increases and more sensitive, less competitive species decrease in relative abundance. This decreases overall diversity of the benthic macroinvertebrate community. 
Causal analysis identified both phosphorus and nitrogen as probable stressors in the Roanoke River. This leaves the difficult task of determining which nutrient to control to limit periphyton growth and downstream eutrophication. Total causal analysis scores were much higher for nitrogen (+14) than for phosphorus (+5), however stoichiometric ratios and a preliminary screening model (Bell, 2023) show phosphorus limitation. 
Historically, freshwater nutrient control has focused on phosphorus limitation. This was based on long-term studies in the 1970s on experimental lakes in Canada (Schindler et al., 2008), but was applied to stream and estuarine environments throughout North America. More recently, the ubiquitous assumption of phosphorus limitation has been questioned and a review of available data has demonstrated that nitrogen limitation is as common as phosphorus limitation (Lewis and Wurtsbaugh, 2008). Furthermore, Lewis and Wurtsbaugh (2008) conclude that nitrogen and phosphorus enrichment together provide a stronger growth response in phytoplankton than either nitrogen or phosphorus alone. Lewis et al. (2011) later expanded this conclusion from freshwater lakes to freshwater streams. 
Nutrient dynamics can be influenced by a host of factors including sunlight, predation, competition, nutrient cycling, sediment dynamics, retention times, flow conditions, bioavailable fractions, sediment fluxes, and diffusion through biofilm and periphyton layers. All of these conditions change over space and time in highly dynamic free-flowing river systems, so nutrient availability and nutrient limitation may be variable and not effectively controlled by reducing a single constituent. Consequently, in a review of the available literature, Dodds and Smith (2016) concluded that both nitrogen and phosphorus control are necessary to limit eutrophication in freshwater streams. In a review article in Science, Conley et al. (2009) similarly argued for the need to control both nitrogen and phosphorus in order to protect downstream estuarine environments.
Due to the high causal analysis score for nitrogen, the likely primary limitation by phosphorus, and the scientific literature support for combined phosphorus and nitrogen control, it is recommended that the nutrient TMDL be developed for both phosphorus and nitrogen. 
[bookmark: _Toc162948216]Contributing Factors
An important contributing factor to nutrient enrichment in the Roanoke River at station 4AROA198.08 is the presence of the Niagara Dam. Stanford and Ward (1983) postulated that dam regulation in upper river reaches could increase downstream eutrophication by increasing the retention time of nutrients. In a free-flowing river, much of the nutrient load is quickly transported downstream. This is particularly true for sediment-associated nutrients during large storm events. The presence of impoundments in the river system, however, can settle and retain those nutrients more effectively, shortening nutrient spiraling lengths and increasing nutrient cycling. Bosch (2008) documented increased nutrient retention in impounded river systems using a modeling approach, and Camargo et al. (2005) experimentally demonstrated this finding in Spanish river systems. Camargo et al. (2005) monitored four mountainous streams above and below impoundments and found that nutrient levels increased below the impoundments. Consequently, periphyton levels increased, shredder populations decreased, scrapers increased, diversity decreased, and abundance of dominant taxa increased. This resulting cascade of effects is similar to observations at the downstream Roanoke River station (198.08). Increased nutrient retention from the Niagara Dam is likely exacerbating a nutrient enrichment stressor in the Roanoke River.  
[bookmark: _Toc162948217]TMDL Targets
Following causal analysis and the determination of probable stressors, target pollutants for the TMDL were selected. TMDL target pollutants are the physical or chemical substances that will be controlled and allocated in the TMDL to result in restored aquatic life (measured by benthic macroinvertebrate health). TMDL targets must be pollutants that are controllable through source reductions, such as sediment, phosphorus, nitrogen, or other substances. Physical factors or environmental conditions, such as flow regimes, hydrologic modifications, or physical structures (like dams) cannot be TMDL target pollutants. Even though these conditions influence ecological communities and may be sources of stress, they do not represent substances that originate from point and nonpoint sources, they cannot be quantified, summed, and allocated to respective sources, and they cannot be controlled through source reductions. 
TMDL target pollutants were selected by analyzing the causal pathways of probable stressors and identifying the primary substance responsible for controlling the pathway. Sediment was selected as a TMDL target pollutant in Wolf Creek and Tinker Creek. In the lower Roanoke River (station 4AROA198.08), phosphorus and nitrogen were selected as TMDL target pollutants to address nutrient stressors. 
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[bookmark: _Ref154378021][bookmark: _Toc162948265]Figure 47. Conceptual model for the causal pathway of sediment impacts on benthic macroinvertebrates in Wolf Creek, Tinker Creek, and Roanoke River (202.20).
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[bookmark: _Ref154378069][bookmark: _Toc162948266]Figure 48. Conceptual model for the causal pathway of sediment PCB impacts on benthic macroinvertebrates in Tinker Creek.
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[bookmark: _Ref154378088][bookmark: _Toc162948267]Figure 49. Conceptual model for the causal pathway of nutrient impacts on benthic macroinvertebrates in the Roanoke River (198.08).
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