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Purpose and Scope
The purpose of this document is to outline a study design and implementation plan for a study to evaluate downstream fish passage (entrainment) of non-native fish at Glen Canyon Dam (GCD) on the Colorado River, Arizona, that will likely commence in 2025. The U.S. Bureau of Reclamation (Reclamation) provided funding to the U.S. Geological Survey (USGS) in 2023 to develop the study design/implementation plan to evaluate entrainment at GCD in light of decreasing reservoir elevations resulting from long-term drought in the region. The study design includes 2 basic elements: (1) the deployment and operation of a hydroacoustic array that would monitor all penstock entrances at the upstream side of the dam to monitor for passage entrainment; and (2) fish collection efforts downstream of the penstock entrances to assess species composition and fish condition of entrained fish. The hydroacoustic array has been conceptualized, a potential vendor has been identified, and Reclamation will likely proceed with purchasing and deploying the system in 2024. Hydroacoustic methods are effective in for evaluating entrainment at dams (e.g., Lewis et al. 2022). While hydroacoustic technology is a proven monitoring technique, this approach does not provide the ability to describe species composition and fish condition. Therefore, the study design also includes the development of fish sampling strategies downstream of penstock entrances to provide this complimentary information. 

Background
Recent captures of non-native fishes in the Colorado River downstream of GCD indicate a potential threat to imperiled native fish in the Grand Canyon. Within the last two years, biological survey teams have observed increasing captures of non-native fish species including smallmouth bass, green sunfish, and bluegill throughout the Lees Ferry Reach (approximately 15 river miles from GCD to the Lees Ferry Boat Launch; Svoboda 2022). Observations of these warmwater species downstream of GCD were uncommon in previous years but decreasing reservoir elevations in Lake Powell (the reservoir created by GCD) are hypothesized to increase the susceptibility of entrainment through the dam. It is unclear if the entrainment of non-native fish through GCD is a new normal occurrence or if the increasing numbers of non-native fish in the Lees Ferry Reach are the result of limited previous introductions, either by fish that passed through the dam or by other means. The establishment of functional reproducing populations of non-native fish downstream of GCD will likely result in adverse effects on native fish populations within the Grand Canyon section of the Colorado River through direct predation or competition for resources.
[bookmark: _Hlk168566474]Because of the threat that non-native fish pose to native species downstream of GCD, there is an urgent need to evaluate entrainment at the dam to estimate passage numbers and determine if factors such as season, diel period, dam operations, and reservoir elevation are significant predictors of entrainment probability. Fish sampling within the entrainment route paired with hydroacoustic monitoring is an effective way to provide information about abundance of fish passing dams, species composition, validate fish size estimates, and identify injury and mortality rates for entrained fish (Thorne and Johnson, 1993; Ransom et al., 1996; Ploskey and Carlson, 1999; Lewis et al. 2022). A combined monitoring plan could achieve the outlined goals, consisting of the deployment of a hydroacoustic array to evaluate entrainment and fish sampling in or near the penstocks to describe species composition, fish size, and assess for injury and mortality resulting from entrainment. Figure 1 outlines the basic components of a proposed monitoring plan. Hydroacoustic transducers could be deployed at the upstream edge of penstock entrances providing the ability to quantify entrainment rates and estimate individual fish size of entrained fish. To provide information on speciation of fish passing through Glen Canyon Dam, tailrace netting methods could be used. The goal of this document is to describe efforts to test and validate available technologies for capturing fish in the dam tailrace.  Specifically, we set out to determine 1) what type of net would remain open and in a fishing position within the tail race and near the dam surface 2) what the logistical challenges were to fishing each type of net, and 3) what tradeoffs there would be between fishing challenges and sampling coverage both spatially and in frequency.  


Approach
[bookmark: _Hlk168566886]At GCD we initially proposed to test the efficacy of using frame sieve nets deployed in stoplog slots immediately downstream of turbines based on the previous success of these structures for fish sampling at Shasta Dam (based on personal communication, Mike Horn, Reclamation). The frame sieve nets would provide several advantages including: (1) the capability of sampling the entire passage route (i.e., 100% capture probability) at the stoplog slot location; (2) providing fish sampling at a location where fish could only be present via entrainment; and (3) collecting fish downstream of turbines where injury and mortality rates could be assessed. This last factor could be important at GCD because high injury/mortality rates would decrease the likelihood of downstream population establishment by entrained fish. Although frame sieve nets are the preferred sampling approach, we discovered during a site visit in June 2023 that deploying them at GCD would be logistically challenging. Factors include low overhead cables preventing crane access on the tailrace road deck, no storage space for stoplogs on the tailrace deck, the limitation of removing only one stoplog at a time, the absence of a secondary crane for deploying or lifting a frame sieve net from a stoplog slot, and the lack of testing to assess the impact of deployed nets on outflow discharge. Therefore, we developed several secondary conceptual approaches for on-site efficacy testing in 2024. These approaches, described in detail below, were chosen to sample as close as possible to the downstream terminus of the penstock exit. We acknowledge that these approaches could result in collection of fish that were present in the GCD tailrace from means other than entrainment through the dam. However, the proximity of the sampling location relative to the penstock exit minimized risk of capturing resident fish below the dam. 
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Figure 1. Schematic showing a side view section of a penstock and power plant at Glen Canyon Dam. Also included are locations where hydroacoustic transducers (yellow) would be deployed and preferred (red) and secondary (green) fish sampling locations.


Tailrace Sampling Pilot Study
Study goals: 
The objective of the 2024 pilot study was to assess gear and deployment methods aimed at capturing fish as close as possible to the turbine outlets. To reduce the possibility that captured fish were tailrace residents rather than fish entrained through the dam, we actively sought out gear capable of being deployed as close as possible to the immediate turbine outlet. 
[bookmark: _Hlk168571772]Methods
[bookmark: _Hlk166068210]To gather essential data for determining the most suitable gear and deployment methods, we incorporated information in a review paper by Lewis et al. (2022) as well as additional literature that discussed gear types employed in analogous scenarios. Tucker trawl and ring nets were identified as potential viable options for fish collection within the GCD tailrace (Figure 2). A Tucker trawl is a large rectangular-framed trawl designed for mid-water sampling of ichthyoplankton (Dewey and Moen, 1983). While the trawl is traditionally towed behind a vessel, the flow present below the outfalls of operating turbine units is sufficient to fish the net. Therefore, we tested the novel deployment of this gear in the dam tail race. A net of 1x1.3 m opening, 5 m in length, and 4.8 mm mesh size was recommended by the manufacturer we consulted and was purchased for this study. This gear provides less cross-sectional sampling coverage than the frame sieve nets, but greater coverage than ring nets.    
[bookmark: _Int_LNnhvLXi]Ring nets are functionally similar to a Tucker trawl but have a circular or D-shaped opening and a conical net (Figure 2). We fished three different sizes of ring nets (Table 1). These nets were similar used to assess larval and juvenile fish passage by fishing in the tail race of the Nove’ Reservoir hydropower facility in the Danube River Basin, Czech Republic (Janac et al., 2013). Nets were mounted using either a single or triple bridle mounting option. All net types were constructed of knotless nylon mesh to reduce physical injury to fish, and used a detachable cod end where sieved items would collect. Steel and lead weights were used to vary the depth that a net would fish in the water column, depending on net size, mesh size, and the visually observed amount of turbine discharge.
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Figure 2.―Example Tucker trawl and ring net.

Table 1.—Specifications of nets used for turbine outflow sampling.  
	Net Type
	Opening (m-sq)
	Length (m)
	Mesh (mm)

	Tucker Trawl
	1.30
	500
	4.8

	Ring Net
	0.79
	300
	3.2

	Ring Net
	0.44
	225
	4.8

	Ring Net
	0.20
	200
	4.8




Net deployment and sample collection
We attempted to fish gears across multiple turbine outflow units (Figure 3) to identify logistical challenges that could affect future sampling efforts. Equipment deployment and sample collection occurred during January 30-February 1, 2024 (Appendix A). Twenty net sets were completed during the three dates. We varied fishing duration to determine if debris accumulation would cause net inefficiencies due to prolonged deployment duration. Fishing duration varied between 17 and 207 minutes per set. Other than sampling unit 2 during the first day, all sampling occurred in units 5-8 due to reduced operation of units on the west half of the dam after January 30.  
A boom truck equipped with an air tugger (winch) was required to lift the Tucker trawl over the retaining wall where it was lowered into the tailrace near the turbine outflow (Figure 4). Overhead high-voltage transmission lines prevented the positioning of the boom truck at units 1-7. Therefore, we were only able to deploy the Tucker trawl at unit 8. The Tucker trawl was fished in unit 8 at the east side of the dam for a total of 4 deployments.  
Ring nets were deployed from multiple locations and fished at multiple depths within the water column in the immediate tailrace of GCD (Figure 3). Nets were lowered by hand lines from the retaining wall from the downstream side of the powerhouse, immediately below the stoplog slots within the turbine outflow, and secured to the retraining wall (Figure 5). The ring nets were fished in units 2, 5, 6, and 7 for a total of 16 deployments. It was generally found that heavier weights allowed the nets to fish at greater depths, closer to the dam, and within the turbine outflows. Nets with 4.8 mm mesh size were capable of capturing small debris and remaining fully opened and fishing as expected. The smaller, 3.2 mm mesh net was difficult to keep near the outflow, and often fished near the surface in the backroll above the turbine outflow. Visually, the 0.44 m-sq (0.75 m dia.) net fished consistently better than both the larger and smaller ring nets. Additionally, ring nets rigged using a triple bridle consistently fished better than when rigged with a single bridle.  
During the entire 1778 minutes of fishing, the cumulative catch comprised 32 quagga mussels and a solitary Gammarus amphipod, with no fish captured (Appendix A). Debris accumulation was minimal, consisting mainly of a small quantity of algae and 3-4 pieces of metal shavings. Nets deployed near the water surface yielded lower catches compared to those deployed within the turbine outflows or in proximity to the bottom, particularly when additional weight facilitated fishing at greater depths in the water column.


[image: ]Figure 3.―Glen Canyon Dam turbine outflow monitoring locations (units 1-8). 
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Figure 4.―Tucker trawl deployment using boom truck at turbine unit 8 at Glen Canyon Dam February 1, 2024.
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Figure 5.―Example tailrace deployment of ring net.
Discussion and Conclusions
Increased cross-stream fishing coverage comes with increasing logistical challenges. The cross-sectional fishing coverage is greatest with a frame sieve net fished in the bulkhead, intermediate with a Tucker trawl, and least with ring nets. Both the Tucker trawl and the ring nets are deployable options for sampling the trail race of GCD. Deploying and retrieving frame sieve nets into and out of the bulkhead slots requires the turbines to be turned off and on. Large equipment is required to lift these nets, and it wasn’t clear to us how the nets could be lifted without coming into dangerously close contact with the transformers on the dam. There is limited space for storage of these large frame sieve nets. The process of deploying frame sieve nets is time consuming and would limit the number and duration of samples that could be obtained. While we were only able to fish the Tucker Trawl in unit 8 with the truck we used, a vehicle equipped with a winch and a-frame and davit could be used to fish units 1-7 as to avoid overhead obstacles. The height specifications of this vehicle would require discussion with GCD operations personnel to ensure sufficient clearance with overhead high-voltage transmission lines. Up to eight Tucker trawls could be deployed simultaneously and more samples of longer duration could be fished than with the frame sieve. Logistics involved with deployment of ring nets were relatively simple. Given that a two-person crew could fish these by hand, all turbines could be fished simultaneously, for as long durations, and frequent sampling. 
For all net types, lead weights in excess of those we had available during our testing should be used to fish nets closer to the dam and within the turbine outflow. Cannonball weights of about 60 lbs could be used with the 0.44 m-sq ring nets, and a minimum of 250 lbs of additional ballast for the Tucker trawl could be used to keep the nets nearer to the dam while within the turbine outflow. However, the amount of weight may vary depending on turbine discharge. Given that discharge didn’t vary during our sampling, we are unable to assess the effect of discharge on the weight needed.  
[bookmark: _Hlk168577129]Several considerations could improve the fishing of nets within the tailrace. The 4.8 mm mesh that we tested should provide a good tradeoff between catching small fish while still allowing sufficient water to filter through the net without causing excessive drag. Due to turbulent and fluctuating tailrace conditions, nets should only be deployed at the center of a unit to prevent entanglement with adjacent trawls. Installing nets deep enough to be in the main outflow and below the role over flow near the top of the water column could ensure they stay open and fish properly. 
Potential Future Directions
Following are examples of equipment that could assist with deployment and retrieval of ring nets to potentially reduce the number of personnel involved (Figure 6). This is not an exhaustive search, rather it provides examples of equipment that is available off-the-shelf that could be used in discussions with facility staff to determine viable options for deployment. In brief, adequate steel tie-offs are located on the inside retaining wall above each outfall. These could be used for mounting an electric winch to reduce hauling time and labor needs. Additionally, 110-volt power supply is located along the entirety of the retaining wall, which could be used to power a winch. Cable/line rollers are also commercially available or could be custom built and are required to reduce friction for lines crossing over the top of the retaining wall.  If mounting a winch to the steel tie-offs located along the retaining wall is not possible, a winch could be attached with clamps to the railroad track that is installed atop the roadway deck and runs parallel to the retaining wall.









A
B
C
D


Figure 6.―Examples of commercially available equipment that could be used to aid in the deployment and retrieval of ring nets.  A) Powered capstan, B) Powered capstan, C) Manhole cable roller, D) Beam clamp.
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Appendix A.—Set and catch data for turbine outflow sampling.  

		Set
	Date
	Start time
	End time
	Duration (min)
	Turbine unit
	Net type
	Net Mouth Size (m2)
	Mesh size (mm)
	Bridle #
	Weight (lbs)
	Depth (m)
	Catch

	1
	1/30/2024
	11:54
	13:10
	76
	2
	ring
	0.79
	3.2
	3
	30
	0
	Quagga (1)

	2
	1/30/2024
	12:15
	13:11
	56
	2
	ring
	0.44
	4.8
	1
	5
	2
	Quagga (2)

	3
	1/30/2024
	13:25
	13:42
	17
	6
	ring
	0.20
	4.8
	3
	5
	3
	.

	4
	1/30/2024
	13:52
	14:59
	67
	6
	ring
	0.44
	4.8
	1
	30
	4
	.

	5
	1/30/2024
	14:02
	14:53
	51
	6
	ring
	0.20
	4.8
	3
	23
	4
	Quagga (1)

	6
	1/31/2024
	8:16
	10:14
	118
	5
	ring
	0.79
	3.2
	3
	40
	0
	Quagga (3)

	7
	1/31/2024
	8:39
	10:22
	103
	7
	ring
	0.20
	4.8
	1
	23
	3
	Quagga (1)

	8
	1/31/2024
	8:43
	9:57
	74
	6
	ring
	0.44
	4.8
	1
	40
	4
	Quagga (2)

	9
	1/31/2024
	8:59
	9:20
	21
	8
	tucker
	1.3
	4.8
	1
	0
	0
	.

	10
	1/31/2024
	9:45
	11:22
	97
	8
	tucker
	1.3
	4.8
	1
	75
	2
	Quagga (2)

	11
	1/31/2024
	10:09
	12:13
	124
	6
	ring
	0.44
	4.8
	1
	40
	5
	Quagga (3)

	12
	1/31/2024
	10:19
	13:46
	207
	5
	ring
	0.79
	3.2
	3
	40
	0
	.

	13
	1/31/2024
	10:27
	11:48
	81
	7
	ring
	0.20
	4.8
	1
	23
	3
	.

	14
	1/31/2024
	12:10
	13:59
	109
	7
	ring
	0.20
	4.8
	3
	23
	3
	.

	15
	1/31/2024
	12:22
	13:53
	91
	6
	ring
	0.44
	4.8
	3
	40
	4
	Quagga (1)

	16
	1/31/2024
	12:33
	14:14
	101
	8
	tucker
	1.3
	4.8
	1
	75
	2
	.

	17
	2/1/2024
	8:02
	9:47
	105
	5
	ring
	0.79
	3.2
	3
	40
	0
	.

	18
	2/1/2024
	8:09
	9:36
	87
	6
	ring
	0.44
	4.8
	3
	40
	6
	Quagga (14), Amphipod (1)

	19
	2/1/2024
	8:12
	9:40
	88
	7
	ring
	0.2
	4.8
	3
	23
	3
	.

	20
	2/1/2024
	8:21
	10:06
	105
	8
	tucker
	1.3
	4.8
	1
	75
	2
	Quagga (2)
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