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ABSTRACT 

Longitudinal connectivity is essential for the persistence of migratory freshwater fish 

species. However, barriers to fish passage, such as dams and culverts, disrupt river connectivity, 

leading to declines in species populations by obstructing access to vital spawning habitats. Fish 

passage structures play a critical role in mitigating these barriers by facilitating conditions 

conducive to the passage of target species. This study evaluates the effectiveness of an existing 

step-pool nature-like fishway structure for the passage of Yellowstone Cutthroat Trout by 

comparing hydraulic models using the design plans with those that use current GPS survey data.  

This comparison can be thought of as an assessment over time - the design plans are an estimate 

of the historic conditions, and the surveyed conditions represent the current case approximately 

twelve years later.  Utilizing 2D HEC-RAS version 6.3.1 for hydraulic modeling, the models 

indicate that both surfaces were likely effective fish passage structures, providing suitable depths 

and velocities for the target species across various flow rates. However, analysis revealed 

degradation in the step-pool weir structures over time, likely due to factors such as hydrologic 

events, sedimentation, and potential ice effects. These findings have significant implications for 

future design considerations and provide valuable insights for the assessment of newly designed 

fishway structures in field applications.
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CHAPTER ONE 

INTRODUCTION 

This study aims to evaluate the extent to which a step-pool nature-like fishway (NLF) 

installed in Rock Creek, a tributary of the Yellowstone River with headwaters located in the 

eastern slopes of the Gallatin Mountain range has changed over time. The step-pool NLF is 

situated near the confluence of Rock Creek and the Yellowstone River, and its inlet is positioned 

beneath a bridge above Old Yellowstone Trail Road, approximately 17 miles north of Gardiner, 

Montana as shown in Figure 1. Until October 1979 a railroad line crossed Rock Creek (Martin, 

1999). A culvert that remained after decommissioning the railroad served as the conduit 

transporting water underneath the old railroad line. It was determined that the culvert inhibited 

upstream fish migration, particularly of Yellowstone Cutthroat Trout (Oncorhynchus clarkia 

bouvieri). In 2010, a step-pool NLF was designed by Oasis Environmental (M. Blank & 

Coleman, 2010) and subsequently constructed in 2011. An experiment conducted in 2012 and 

2013, utilizing passive integrated transponders (PIT), demonstrated the successful passage of 

Yellowstone Cutthroat Trout (YCT) through the fishway (C. Endicott, personal communication, 

December 1, 2022). The PIT data summary table is provided in Table 1 of Appendix 2.  Over the 

12 years post-construction and 10 years since the last biological evaluation, the fishway has 

endured extreme hydraulic events, sediment loading, and potential ice effects. In this project, we 

employ hydraulic models using Oasis Environmental's design plans (an approximation to as-built 

conditions) and compare the results to that from models that used current GPS and LiDAR 

survey data to assess the changes in effectiveness of the structure for the upstream passage of 

YCT. 
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Figure 1. Site map showcasing Rock Creekôs watershed and the location of the NLF. 

Native to the Yellowstone River and Snake River drainage, YCT represent the most 

spatially distributed species of trout (Meyer et al., 2006). They have faced a decline in population 

and distribution within their historical range that is linked to human disturbance. Anthropogenic 

activities contributing to this decline include habitat degradation, water diversion, and lack of 

access to areas supporting their life history (R. Gresswell, 1995). Dams, weirs, and roadways 

create impassable barriers for fish (Larinier, 2000). The removal of obstructions is likely the best 
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remediation technique for restoring connectivity (Roni et al., 2008). However, our reliance on 

hydraulic structures prevents the complete removal of all hydraulic obstacles (Di Baldassarre et 

al., 2021). Historically, YCT occupied 17,800 miles of stream and river habitat (Endicott et al., 

2016). As of 2011, 31% (2155 km) of their historical range was occupied (R. E. Gresswell, 

2011). Existing populations of YCT in headwater streams have prevented their classification as 

an endangered species (R. E. Gresswell, 2011). Restoration projects between 1995 and 2011 

related to these trout mainly focused on improving habitat and promoting connectivity in lotic 

bodies (Endicott et al., 2016). 

While there is substantial research concerning the design and hydraulic parameters of 

step pool fishways, most of it is conducted in a laboratory setting using either computation fluid 

dynamic (CFD) software and generated surfaces or flumes with geometries constructed with 

rocks and known slopes. These studies often directly explore the relationship between geometry 

and slope correlated with hydraulic outputs. Some studies even evaluate the resulting hydraulic 

outputs in relation to the performance of a target species. However, there is scant literature that 

explores hydraulic conditions of step-pool fishways in the field as related to target species 

biologic performance and fishway longevity.  

Laboratory studies have been conducted on rock ramp structures. Kalathil & Chandra, 

(2023) used CFD software and flume in laboratory study to investigate the ideal rock ramp 

structure for Western Ghats. Baki et al., (2017a, 2017c, 2020); Baki & Azimi, (2021) used CFD 

software to evaluate how the geometry of rock ramps impacted flow profiles for generic target 

species. Kupferschmidt & Zhu, (2017) created step-pool rock ramps in a flume to physically map 

out flow characteristics. Ufelle, (2023) produced a hydraulic model of a physical rock ramp 
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fishway model using CFD software. Tupen, (2020) used GPS based survey equipment to map the 

bathymetry of a rock ramp fishway and employed HEC-RAS 2D to create hydraulic models to 

evaluate the efficacy of the fishway for a range of species. The gap in knowledge is the 

uncertainty towards how step-pool NLFôs change over time.  

In this study we constructed one terrain model from the design plans for the fishway in 

Rock Creek to represent the historic condition. We collected GPS survey data in the summer of 

2023 to construct a terrain model representing current conditions. Hydraulic models were 

developed with both terrains to provide insight concerning changes in the condition of this 

fishway over time. We examined the hydraulic model results and bathymetric data to estimate the 

original and current efficacy of the NLF as a fish passage structure.  
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CHAPTER TWO 

 

 

LITERATURE REVEIW 

Modeling Rock Ramp Nature-like Fishways 

 Dams and weirs have been constructed on rivers and streams for purposes such as 

irrigation, flood control, hydroelectric power, and drought mitigation (Di Baldassarre et al., 

2021). As these technologies emerged, these waterway impediments were initially designed 

without provisions for fish passage. Efforts to develop fishways for migratory fish began in the 

1900s in Europe and expanded to North America in the 1940s. Most early research on fishways 

was directed towards salmonid species(Katopodis & Williams, 2012). Designs for fish passage 

structures included collection and transportation facilities, fish lifts or locks, Denil fish passes, 

pool-type fish passes, and eventually nature-like bypasses. Initial designs heavily relied on 

conventional material such as concrete or wood, as designs were fabricated external to the 

riverine environment (Katopodis et al., 2001). Early fishway bypass technology primarily 

targeted larger impeding structures. However, it was discovered that manipulating rocks and 

boulders in impaired streams effectively promoted the passage of migratory fish with less 

intrusive designs (Katopodis & Williams, 2012).  

Step-pool NLFs consist of large rocks arranged in alternating patterns that act as weirs. 

These weirs, combined with areas of low slope, create pools between steps. Appropriate 

geometric design directs flow through notches that provide locations with sufficient depth and 

appropriate velocity for swimming. Larger rocks surrounding notches back water up into pools 

where water is deep, and velocity is low (Mooney et al., 2007). The following section reviews 
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literature on the hydraulic composition of step-pool NLFs, as well as the biologic performance of 

the fish they were designed for.  

Tupen (2020) evaluated the effectiveness of a NLF bypass on the Yellowstone River 

using HEC-RAS, a two-dimensional hydraulic modeling software. Calculated hydraulic 

conditions were compared to swimming capabilities of 4 target species. These species included 

Sauger (Sander canadensis), Burbot (Lota lota), Channel Catfish (Ictalurus punctatus), and 

Smallmouth Bass (Micropterus dolomieu). Temperature, pressure, and depth were measured 

using Onset HOBO U20-L data loggers that were placed in four locations and housed in stilling 

wells. Each stilling well also included a staff gauge that was used to observe stage measurements 

for discharge calculations. Survey points were also chosen to determine seasonal variations in 

water surface elevation. Flow rates through the bypass were calculated using the USGS 

midsection method during periods of low flow, the float-area method during periods of high 

flow, and the slope-area method when water depths and velocity made the channel unsafe to 

access. Channel roughness was characterized using the Wolman Pebble Count technique. 

Topographic surveying was used to create DEM surface files for hydraulic modelling. Using fish 

swimming metrics from experimental fish trials and modelled hydraulic results, Tupen evaluated 

the efficacy of the fishway over the range of the hydrograph. Sauger exhibited passage 

capabilities over a range of all flow rates whereas Burbot, Channel Catfish, and Smallmouth 

Bass were only able to pass in low flow rates.  

(Ufelle, 2023) used Flow 3D, a computational fluid dynamic (CFD) software, to model a 

rock ramp fishway with varying slope and flow rates to estimate passability for three target 

species. The target species included Flathead Chub (Platygobio gracilis), Arkansas Darter 
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(Etheostoma crigini), and Stonecat (Noturus flavus). Ufelleôs CFD models were based on a full-

scale laboratory fishway that was physically constructed and analyzed by Swarr, (2018). The 

CFD model estimated profiles of depth, velocity, and TKE within the fishway, which were 

validated using measurements taken from the physical model of the rock ramp. Ufelle conducted 

a mesh dependency study to evaluate their modelsô sensitivity to mesh sizing by comparing 

model water surface elevation to empirical data while further considering computational cost 

associated with smaller mesh sizes. Model sensitivity was further evaluated by examining the 

effect roughness height had on water surface elevation. Model results showed how variation in 

slope from 2% to 10% in the fishway resulted in differences in velocities and depths as follows; 

0.051 m to 0.068 m for depth and 0.272 m/s to 1.003 m/s for velocity. Similarly, TKE varied 

from 0.003 J/kg on the shallowest slope to 0.014 J/kg on the steepest slope. Ufelle concluded that 

as velocities in the fishway increased due to slope, the fishway was less likely to promote 

passage success.  This study highlights the importance of integrating hydraulic modeling with 

empirical validation to inform the design and optimization of fish passage structures for effective 

fishway design. 

Kalathil & Chandra (2023) investigated the optimal design of step-pool (NLFs) using 

Flow-3D Hydro. The variety of target species of the study were freshwater fauna found in the 

Western Ghats region of India which consisted of 15 total species. These fish were observed 

while swimming in a rectangular flume that was 11 m in length, 1m in width, and 1 m in height. 

Three flowrates were used, 0.02, 0.03, and 0.04 m3/s. The bed slope was chosen as 5%. The 

gravel bed structure was composed of stones ranging in diameter from 20 to 40mm, and the 

weirs were created using stones ranging from 170 to 250 mm. Weir heights were arbitrarily set to 
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0.14 m and the crest from the downstream bed was 0.18 m. Weir opening widths were 0.25 m 

and 0.14 m. Metrics used for assessment included velocity magnitude, turbulent kinetic energy 

(TKE), and an energy dissipation factor of the pools. Velocity magnitude was taken as a 

magnitude of cartesian coordinates in three dimensions. This study found showed how 

manipulating the ratio between weir opening to the weir width produce flow depths and 

velocities suitable for target species although it was noted that an optimal ratio is difficult to 

achieve in field design due to site restrictions. Researchers noted creating rating curves for 

different geometries could be a useful tool in the design process. It was further derived that a 

reduction in weir width to channel width did not have a significant impact on TKE, and produced 

ideal depths while restricting the maximum velocity through the study weir to a value of 2 m/s. 

This study shed light on the importance of step-pool geometry and the significance of rating 

curves for hydraulic parameters when considering appropriate geometries for field design 

(Kalathil & Chandra, 2023).  

Hydraulic regimes in step-pool NLFs were explored by Baki et al., (2017a) looking at the 

influence that the channel configuration had on step-pool (referred to as ñrock-weirò in paper) 

passage structure hydraulics. The objective of this study was to analyze how channel geometry 

influences relationships between depth-discharge and velocity. Hydraulics were explored for 

three different weir layouts. These layouts included V-weir facing upstream, V-weir facing 

downstream, and a crossbar rock ramp. The crossbar rock ramp had rock weirs positioned 

orthogonal to the direction of flow. The study used ANSYS CFX (2015), a CFD modeling 

software, using a finite-volume of fluid (VOF) based estimation of Navier Stokesô equations. 

Using the three weir configurations, slope, flow rate, and weir orientation were varied. This 
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methodology allowed Baki et al., (2017a), to identify plunging, transitional, and streaming flow 

regimes in the study. Further, maximum velocity predictions were calculated for configurations 

while simultaneously illustrating the importance of slope, spacing, and weir height. The results 

of this study provided insight towards integration of fish passage requirements and hydraulic 

performance.   

Baki et al., (2017b) expanded on Baki et al., (2017a) to further explore the effects of 

channel geometry on step-pool hydraulics to determine appropriate fishway hydraulics in the 

context of fish passage needs to develop design guidance based on performance. This study used 

CFD modeling to simulate different step-pool geometries with varied slopes, flow rates, and weir 

heights. ANSYS CFX (2015) and VOF were used for the numerical solution.  Geometries in this 

study had the same properties as the study mentioned above (Baki et al., 2017a). The data 

analysis looked at water depth, velocity, flow distribution, and energy dissipation as comparable 

metrics. Swimming metrics for generalized target species identified in this was maximum 

swimming velocity or Umax. It was determined that bed slopes Ò 5.5%, pool spacing of 0.5-2.5 

times width, and weir heights Ó to 0.125 m produced appropriate hydraulic properties for fish 

migrating and resting in structures. It was noted that pool spacing greater than 2.5 times weir 

width reduced the availability of low velocity resting zones as flow regimes approached normal 

depths.  Slopes over 5.5% resulted in velocities that limit passage. Further, V-weirs facing 

upstream produced the most favorable conditions, in particular, weir arms with angles greater 

than 60Á performed the best. However, arm angles had minimal impact when compared to other 

parameters. Following the guidelines derived in the study above promotes conditions in step-

pool fishways that provide suitable hydraulic conditions for fish passage and migration.  
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Baki et al., (2020) further explored the hydraulic impact of weir notches in step-pool 

fishways to develop relationships between weir configuration, depth-discharge, and water 

velocity in uniform flow. This study used ANSY-CFX for calculation of numerical solutions. The 

turbulence model used for the simulations was k ï ắ coupled with VOF, where k is the turbulent 

kinetic energy and ắ is the turbulence dissipation rate. The channel had a roughness height of 

0.0008 m. Mesh sizes of 2.5, 2, and 1.5 cm were used during the mesh dependent study and 

results were found to be nearly identical for the three. Geometry of the weirs were akin to studies 

by Baki et al., (2017a), and Baki et al., (2017b), with V-weirs facing upstream and notch 

locations not on the centerline. Variation in notch width, orientation, and discharge were used to 

analyze velocities, depths, and turbulence dissipation in pools. The flow regimes produced by 

this study were strictly weir and transitional, with lower flow rates producing weir (0.03 to 0.09 

m3s-1) and higher transitional (0.11 to 0.15 m3s-1). Maximum velocity was located at weir inlets 

for all configurations and flow rates. Further, increases in notch size resulted in increased 

velocities and decreased flow depths. This study also experienced under-predicted weir flow and 

over-predicted transitional flow when using discharge coefficients to approximate flow rates 

through weir notches. Baki et al., (2020) thus proposed a relationship that could estimate 

overtopping flow for step-pool structures.  

In a similar study further investigated by Baki & Azimi, (2021), configurations, flow 

regimes, and hydraulics were explored for two new geometries. These geometers were U-weir 

facing upstream, and a W-weir. No numerical models were developed for these geometries, 

however the study ventured to include them in a figure. The purpose of this article was to 

consolidate relationships and conclusions derived from (Baki et al., 2017a, 2017b, 2020). 



11 

 

A study conducted by Kupferschmidt & Zhu, (2017) created physical models of step-pool 

geometries that have similar configurations to (Baki et al., 2017a). This research used an acoustic 

Doppler velocimeter to measure velocities to determine the impact of weir geometry on 

discharge, Reynolds stress, and corresponding hydraulics. A flume with 8.89 m length, 0.92 m 

width, and 0.6 m height was used during experimentation. The flume had eight constructed rock 

weirs that had equal spacing of 0.9 m. Weirs did not have notches included in the design. The 

arm angle for the designs was 20Á for the upstream facing weir, -20Á for the downstream facing 

weir, and 0Á for the horizontal. The material of the weirs was concrete, and they were fabricated 

into semi spherical shapes with an installation radius height that extended 0.125 m above the 

channel bed. Forty-four experiments were conducted with bed slope varying from 1.5 to 5% and 

discharge from 30 to 150 l/s. The ADV was used to collect data 0.1 m increments longitudinally 

and 0.07 m transversely with time of collection at each sample site equal to 3 minutes. A 1.5% 

slope coupled with all flow rates greater than or equal to 30 l/s produced transitional flow 

regimes for all geometries. Mean and maximum water depths were comparable for the upstream 

and downstream weir geometries and lower values were recorded for the horizontal 

configuration. The minimum recorded value was sampled from the upstream V which was 

caused by a hydraulic jump. It was further noted that increases in bed slope resulted in decreased 

depths and which accordingly with flow rate. Stage discharge relationships were analyzed for the 

weirs. Regarding flow paths, streamlines for the upstream facing v-weir converged at the center, 

and diverged away from the center in the downstream facing v whereas the horizontal 

configuration remained uniform and transverse. Hydraulic jumps located downstream of weirs 

created pockets of elevated TKE. The upstream and downstream facing vee configurations had 
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high TKE close to the flume wall, and low towards the channel center. The horizontal weir 

produced the lowest values of TKE. Kupferschmidt & Zhu, (2017) infer that elevated TKE at the 

wall with low velocity zones following directly afterwards may serve as refugia for migrating 

fish species.  

In conclusion, the literature provides an overview of the development and optimization of 

step-pool NLFs as a solution to barriers that prevent the passage of migratory fish in rivers. 

Historically, fishway research was focused on addressing barriers such as dams and weirs. 

However, research and innovation in this field have led to the development of step-pools, which 

offer a more ecologically friendly and effective way to enable fish migration. Key studies have 

emphasized the importance of geometric parameter like weir width, slope, and orientation in 

achieving optimal hydraulic conditions for fish passage (Baki et al., 2017a, 2017b, 2020; 

Kalathil & Chandra, 2023). They have also highlighted the significance of flow rating curves for 

different geometries. Research suggests that step-pool NLFs, when designed appropriately, 

promote effective fish passage while maintaining ecological balance in rivers and streams. 

Further, ecological implications of step-pool streams, as explored by Wang et al., (2009), offer 

benefits external to fish passage. Naturally occurring step-pool streams support 

macroinvertebrate populations and exhibit bed stability. Overall, research on step-pool NLFs 

demonstrates their potential to provide effective fish passage while maintaining ecological 

balance in rivers and streams while emphasizing the importance of design considerations.  

Efficacy of Fishways 

Potamodromous (fish that strictly migrate in freshwater) species migrate and reproduce 

during periods of flow variance, however average timing of migration varies between species. 
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Yellowstone Cutthroat Trout have been observed migrating mid-June through early July in a 

study using radio telemetry (DeRito et al., 2010). This study further showed that during the 

periods of measurement, Yellowstone Cutthroat Trout migrated to their reproductive zones at a 

mean of 20 days after the annual peak discharge of the Yellowstone River calculated in 

Livingston Montana. It is essential that fishway design incorporates appropriate flow rates which 

are elevated above base flow. A lack of biologic information including fish swimming 

capabilities and flow rates that trigger migration makes identifying target flow rates difficult. In 

turn, fish passage structures are commonly designed to provide suitable hydraulic profiles over a 

range of flow rates. (Jackson & Marmulla, 2001)  

The efficacy of fishways is a conglomerate of metrics, and the opinion of the best 

parameter varies between researchers, designers, and situations. Castro-Santos et. al, (2009) 

identified the ideal dichotomy for fishway designs, where the cost of construction approached 

zero while successful passage of aquatic organisms approached 100%. Within this framework, 

any native species can reach the structure without delay and pass without any energy expenditure 

and separate from risks of predation and disease. In relating this framework to the worst-case 

scenario, a cost benefit analysis can be established to create efficacy metrics that are appropriate 

for specific projects. Some research compiles success of passage into three different components. 

These components include the ability for fish to approach, enter, and pass a fishway or 

combinations of parameters (Castro-Santos & Cotel, 2009). Often, PIT tags are the tools used by 

researchers to measure quantities of fish in these locations as well as their passage through 

different stages in fishways (Bunt et al., 2012). The use of PIT tags creates meaningful metrics 
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for situations where both species of fish and hydraulic conditions are known (Bunt et al., 2012). 

The following section provides research on the efficacy of various fish passage structures. 

 Hodge et al., (2017) investigated the effectiveness of a vertical slot fishway for Colorado 

River Cutthroat Trout (Oncorhynchus clarkia pleuriticus), using PIT tags to determine approach 

efficiency, attraction efficiency, and passage efficiency. The study site was Poose Creek, a 

headwater tributary to the Yampa River. A culvert in the stream was the barrier that instigated the 

installation of the vertical slot fishway. The fishway is 46.4 m long, 1.2 m wide, and has a 

difference in elevation of 2.7 m. The fishway also contains 16 pools and 17 pairs of baffles that 

have slots that are 0.15 m wide. Fish were captured and tagged in the study from the stream via 

electrofishing between 2012-2015. Four antennas and data loggers were constructed for the study 

to monitor the movement of fish through the passage structure. The first antenna was installed 

downstream of the fishway, the second was inside the downstream end, the third was at the 

upstream end of the fishway, and the fourth was located upstream external to the structure. The 

study assumed that if the fish was registered by an antenna, then it had successfully passed that 

antenna. Hodge et al., (2017) determined that adult Colorado River Cutthroat Trout passed 

through the fishway at various flows. Fish passage through the structure peaked during June and 

early July under higher flow regimes for the seasonal hydrograph. For all tagged fish, 4% 

approached the fishway in 2015-2016. Probability of approaching, entering, and ascending the 

fishway was calculated at 0.04 Ñ 0.008. Passage efficiency was calculated at 0.011 Ñ 0.018, and 

probability of approaching the fishway and ascending the bypass structure was 0.0004 Ñ 0.002. 

Hodge et al., (2017) concluded that the fishway was effective because it enabled upstream 

passage of the target species, and efficient as approach efficiency more than doubled for 2015 as 
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compared to 2014. This study concluded that emigration, mortality, and external factors were a 

factor in the results.  

 Bunt et al., (2012) conducted a meta-analysis on fishways located at barriers in rivers and 

streams. This study reviewed data from 19 monitoring sites and studies that focused on the 

attraction and passage efficiency of pool-weir, vertical-slot, and nature-like fishways for a total 

of 26 fish species across 6 countries. Data analysis included principial component analysis and 

logistic regression to evaluate biologic and structural components influencing attraction and 

passage success. This study found that attraction efficiency varied significantly across fishway 

types with nature-like fishways holding an attraction efficiency of 48% whereas pool-weir 

fishways had an attraction efficiency of 77%. Alternatively, nature-like fishways had the highest 

efficiency at 70%, and pool-weir fishways had the lowest efficiency at 40%. The author 

suggested that variation in attraction efficiency was likely driven by biological components, and 

fishway success was more influenced by fishway type and slope. Bunt concluded that the data 

used in their analysis was insufficient to recommend specific fishway designs, and standardized 

monitoring techniques would produce higher quality results.  

 Hershey, (2021) conducted a meta-analysis of fish passage success to evaluate the 

efficacy of different fishway designs to identify factors that influenced passage success. This 

study evaluated efficiency studies that used telemetry or tracked individual progress through 

passage structures. The efficiency metrics used in these studies included attraction efficiency and 

passage efficiency correlated with the type of design, species, and other correlated environmental 

factors. Hershey used a linear mixed effects model on 60 prior studies to conduct their data 

analysis. Contrary to previous meta-analyses such as (Bunt et al., 2012), it was determined that 
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passage efficiency between fishway types did not vary significantly. However, this study further 

elaborated on the issues caused by a lack of standardization in evaluation methodology.  

 Bravo-C·rdoba et al., (2021) investigated fish passage in stepped fishways using passage 

success and transit time as metrics in a meta-analysis of 5 technical reports and 15 field 

experiments. The data included in this study was taken from the last decade for vertical slot and 

submerged notch fishways involving potamodromous fish species. Passage success and transit 

time were integrated with biologic and hydraulic parameters to compare fishway performance. 

Results of the analysis indicate that passage success and transit time are indeed reliable metrics 

for measuring fishway efficacy. For all studies, passage success was greater than 50% in all trials 

with a median value of 72%. Bravo-C·rdoba et al., (2021) indicated that no significant 

differences were found between species or type of fishway. Transit times were less than 45 

min/m in all trials with a median of 11.3 min/m where m is represented as meters of height. For 

this metric, significant differences were found between types of fishways with vertical slots 

which had lower transit times than submerged notch and weir. It was further noted that analysis 

of these factors is significantly easier in standardized settings relative to field settings.   

 Bestgen et al., (2010) investigated fishway passage capabilities of Rio Grande silvery 

minnow (Hybognathus amarus) using an experimental approach that integrated fish swimming 

metrics calculated in a laboratory setting correlated with passage efficiency in a laboratory 

setting. Critical swimming speed, endurance, and long-distance swimming abilities were 

calculated for the fish using a swim chamber. Critical swimming speed for the species was 

calculated between 0.36 to 0.69 m/s. Endurance was found to sharply decline at water velocities 

greater than 0.60 mm/s, and endurance between 0.35 to 0.50 m/s resulted in fish swimming 
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longer than 125 km. Two fishways, dual slot and rock channel, were constructed for passage 

performance. 52% of the fish passed the dual slot fishway at water velocities of 0.78 m/s and 8% 

at 0.87 m/s. In the rock channel fishway, velocity trials of 0.58 m/s and 0.83 m/s trials passed 

75% of the fish. In conclusion, this study measured the swimming capability of a target species 

followed by trials in passage structure to identify relationships between biologic performance 

and fishway construction.  

  In summary, research on fish passage structures and their efficacy is important for 

ensuring the successful movement of migratory fish species. Fishway design must accommodate 

variable flow conditions, and understanding swimming capabilities and migration triggers of 

specific species is essential. Use of metrics like PIT tags to calculate passage success correlated 

with transit time enables researchers to assess the efficacy of passage structures and contribute to 

restoration of aquatic ecosystems.  

Inland Cutthroat Trout Swimming Capabilities 

Accurate data pertaining to fish swimming capabilities is essential to the success of fish 

passage structures. Hydrodynamic properties of a fishway must be suitable for a species of 

interest. Success relies on the relationship between biologic and hydraulic parameters (Puertas et 

al., 2012). Frequently, lack of knowledge regarding fish swimming capabilities causes bypass 

design to be grossly approximated, which produces variable success based on location (Larinier, 

2000). Research that has been conducted on trout species used the following metrics to 

determine swimming capabilities. Ground speed, the velocity of a fish as seen from an observer 

on shore, and swim speed, equal to the ground speed relative to oncoming water velocity, can be 

used to determine rates in which fish move through a predetermined grid at known flow regimes. 
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(M. D. Blank et al., 2020). Maximum swimming performance parameters for a species is often 

quantified as short-duration constant acceleration (Usprint), and longer duration constant 

acceleration critical swimming speeds (Ucrit) (Farrell, 2008; Keen & Farrell, 1994; Tudorache et 

al., 2008). Generalized swimming metrics are often referred to by researchers as sustained, 

prolonged, and burst swimming speeds (Wilson & Egginton, 1994). Velocity barriers are 

locations or scenarios in which the biologic performance of a fish is exceeded by hydraulic 

parameters (Castro-Santos et al., 2013). Swimming performance of fish and successful barrier 

passage is a comparison of biologic performance to hydraulic parameters and hindrance. 

Hydraulic parameters impacting performance include velocity, depth, turbulence, and 

time of passage (Baki et al., 2017b, 2020; Haro et al., n.d.; Mooney et al., 2007). Velocity and 

time of passage are interrelated metrics. Fish are capable of swimming at prolonged speeds for 

greater than 200 minutes, sustained speeds between 20 seconds to 200 minutes, and burst speeds 

for less than 20 seconds (Brett, 1964). Water velocity barriers are thus a metric of sustained 

distance correlated with the time of passage for which fish must take to pass (Castro-Santos, 

2006). Flow depths must be comparable to fish body proportions. It has been shown that 

Yellowstone Cutthroat Trout in headwater habitats experience lower survival rates as body size 

increases (Uthe et al., 2016). Increased flow depths in scenarios with similar velocities have been 

shown to have increased rates of fish passage through controlled hydraulic structures (M. Blank 

et al., 2023). Turbulence becomes influential in waterways that have channel beds dominated by 

boulders rather than cobbled bottoms. Turbulence creates lateral momentum while 

simultaneously redirecting flow paths and has quantifiable metrics pertaining to fish passage 

(Baki et al., 2015).  
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Studies have shown that parameters such as water temperature, biologic characteristics, 

and motivation impact swimming performance of fish. (Farrell, 2008; Kemp et al., 2011; 

Macnutt et al., 2004). Water temperature correlates with dissolved oxygen levels. As water 

temperature increases, less dissolved oxygen is available for fish. Although it was noted that 

metabolic cost was altered, researchers found that a temperature variance of approximately 10  

had no significant impact on the swimming speed of rainbow trout (Jones, 1971). In a study 

conducted on cutthroat trout with temperature differences of 8 , Ucrit did not vary significantly 

(Macnutt et al., 2004). Haro et al, (2004) noted that discrepancies in the above study data may 

have arisen due to variability in fish behavior. The following researchers have conducted studies 

on swimming capabilities of trout that pertain to metrics and variables mentioned above.  

M. D. Blank et al., (2020) used an open channel flume to determine the swimming 

capabilities of Rainbow and Westslope Cutthroat Trout (WCT) (Oncorhynchus clarkia lewisi). 

The flume used for the study was 0.91 high, 0.46 m wide, and had a length of 17.1 m. A grid 

pattern was overlain on the channel bed prior to experimentation to aid in calculating swimming 

metrics and as a visual aid for cameras located overtop the flume. Water sources were mixed 

which enabled the researchers to control water temperature and flow rate. The flow rate remained 

approximately 0.05 m3s-1 for all trials in the study. Rainbow and WCT were collected via 

electrofishing for the experiment. The collected Rainbow and WCT had fork-lengths that varied 

from 15 to 30.5 cm, and 15 to 29 cm respectively. The fish were implanted with passive 

integrated transponder tags that were not used during the study. Fish entered the flume at the 

tailwater and were swum volitionally throughout all trials and 89 successful observations were 

made throughout the study. Data analysis yielded no evidence of significant differences in 
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average swim speeds between the two species. Rainbow Trout had an estimated average swim 

speed of 0.84 m/s with a standard error of 0.02, and WCT had the same average swim speed with 

a standard error of 0.03. The maximum observed swim speeds over a distance of 0.6 m was 2.73 

m/s for Rainbow Trout and 3.55 m/s for WCT.   

 Seiler & Keeley, (2007) conducted research on swimming capabilities of Yellowstone 

Cutthroat Trout, Rainbow Trout, and their hybridized offspring to evaluate how body shape 

differences influence swimming ability. The purpose of this study was to determine how 

swimming capabilities influence invasive Rainbow Troutôs incursion into Yellowstone Cutthroat 

Trout habitat. Yellowstone Cutthroat Trout eggs and sperm were collected in Henryôs Lake, and 

Rainbow Trout eggs and sperm were collected from the Hayspur Hatchery. Eggs were inoculated 

to produce Cutthroat, Rainbow, and hybrid Trout spawn. Twenty-five fish from 4 genotypes were 

used. These genotypes included Yellowstone Cutthroat Trout, Rainbow Trout, maternal Cutthroat 

hybrid, and maternal Rainbow hybrid. Sizes of fish used in the experiment varied from 89-98 

mm for the four populations. Swimming performance used a chamber made of 30cm long x 9 cm 

diameter acrylic pipe held inside a larger tube. An impeller moved water through the tube in the 

center, and screens forced fish to remain inside the study area. Fish were motivated to swim 

using electricity run through the downstream screen. To account for differences in body length, 

units of water velocity were changed from m/s to BL/s. A tranquil flow regime was desired and 

produced for the study. Fish were chosen at random for trials and were placed in the tube for 5 

minutes with zero velocity followed by 30 minutes at 0.4 BL/s. Afterwards, velocity increased by 

0.5 BL/s every 10 minutes until fish became exhausted and pinned against the downstream 

screen signaling the end of the trial and a time record to be taken relative to the last increase in 
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velocity. Ucrit was then recorded using the formula (Ὗ ὠ ὠ ) where V is the maximum 

velocity the fish swam at, Vi is the velocity increment, Tf is the time relative to the final velocity 

increase and fatigue, and Ti is the time between velocity increases. The results of the swimming 

trials with a standard error of Ñ1 yielded Ucrit (BL/s) values for all populations as follows. 

Yellowstone Cutthroat Trout being 8.16, maternal Cutthroat hybrids equaling 9.84, 10.40 for 

maternal Rainbow hybrids, and 11.08 for Rainbow Trout. Seiler & Keeley, (2007) further 

indicated that swimming performance during these tests was directly correlated to body 

morphology.  

 In conclusion, understanding fish swimming capabilities and their relationship with 

hydraulic parameters is crucial for successful design and implementation of fish passage 

structures. The interaction between biologic and hydraulic factors dictates the capability of fish 

to navigate through velocity barriers. Research on various fish species provides insight into 

factors that impact swimming performance. The literature highlights the importance of body 

morphology, motivation, and testing methodology on resulting swimming performance. Overall, 

knowledge of swimming capabilities is essential to fishway design so passage structures can 

accommodate the swimming capabilities of target species to contribute to the conservation of 

fish populations. However, there is a blatant lack in knowledge pertaining to potamodromous 

cutthroat trout swimming metrics.  
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CHAPTER THREE  

 

 

METHODS AND MATERIALS 

This chapter provides an overview of field methodologies used to produce bathymetric 

surfaces, and modelling procedures used to estimate hydraulic conditions in Rock Creek. Field 

activities were conducted September 2023 through October 2023. Numerical modelling occurred 

between September 2023 through May 2024 in the Civil Engineering department at Montana 

State University.  

Data Collection in the Field 

 Data Collection in the field was conducted between August through October 2023. Field 

data collection included flow rate measurements and GPS survey data collection to define the 

bathymetry of the fishway. 

Flow Rate Measurement 

Flow rates were estimates using the USGS midsection method.  Position in the cross 

section was measured using a survey tape, and individual velocity measurements were made with 

a HACH velocimeter and wading rod. The selected cross section was tranquil and appeared to be 

near uniform throughout. Water depths were measured in the vertical cross-section measured 

longitudinally with the survey tape, and vertically with the wading rod. Facing downstream, 25 

stations were established at 0.852-foot intervals from left to right banks. Water depths were 

recorded at the midpoint of each station using a wading rod. Water velocities were measured at 

the same locations as depth measurements, at 40% of the total depth from the channel bed. 
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Velocities were time-averaged over 30 seconds and recorded in one dimension. Before velocity 

measurements, the velocimeter was calibrated by allowing it to rest in a bucket of still water for 

2 minutes. The total flow rate was based on the standard USGS approach, where qi is the 

incremental flowrate, Qtotal is the total flow rate, Ўὼ is the longitudinal distance between stations, 

and Vi is the incremental velocity. 

ή ὠ Ўzὼz Ὠ  

ὗ ή 

The observed flow rate was 9.314 ft3s-1. The flow rate calculated using the USGS midsection 

method was used as a boundary condition for model calibration in the modelling stage.  

 

 
Figure 2. Picture showcasing the location of flow rate measurement in Rock Creek. 



24 

 

 
Figure 3. Field data collection where a HACH velocimeter collected velocity measurements, a 

wading rod was used to collect depth measurements, and a survey tape used for longitudinal 

measurements. 

Bathymetric Surface Development 

The following methods produced 3-dimensional bathymetric surfaces (terrain model) 

with elevation data for hydraulic modelling.  

Design Plan Surface 

The design plan is based on the original design drawings created by Oasis Environmental, 

an engineering consulting firm in Livingston, Montana that no longer exists. As-built drawings 

for the project were not prepared after construction. The design drawings were uploaded into 

Autodesk Civil 3D Imperial. Contour lines were manually traced in the software, and elevation 

data was assigned to each contour using scaling information from the design plan. Once contours 
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were traced and elevation data assigned, a two-dimensional surface was generated. To address 

the presence of a bridge passing over the creek upstream of the fishway a flat inlet surface was 

interpolated within contours. Finally, the surface was geolocated in Civil 3D using the 

Geolocation tab and the NAD 83 Montana State Plane projected coordinate system. 

 

 
Figure 4. Design drawing prepared by Oasis Environmental for the NLF in Rock Creek. 
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Figure 5. Contours produced in CAD replicating the design plans created by Oasis 

Environmental. 

  
Figure 6. Design plan tiff surface used in HEC-RAS with 1 ft2 resolution. 
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LiDAR Surface 

The LiDAR surface was generated using publicly accessible data sourced from the 

Montana State LiDAR Inventory, which is a subset of the Montana Spatial Data Infrastructure 

database managed by the Montana State Library. Specifically, data for the Miner Quad, 45110b8 

in Park County, was obtained, holding a vertical accuracy of 0.61 meters and utilizing the NAD 

83 projected coordinate system. After downloading, the DEM data was imported into QGIS to 

eliminate extraneous data and enhance computational efficiency. Subsequently, the point cloud 

was imported into CIVIL 3D to construct a two-dimensional surface.  

 

 
Figure 7. Contours of publicly available LiDAR data taken from the Montana State Library. 
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Figure 8. DEM model produced from the publicly available LiDAR data with 1 m2 resolution. 

After examining the LiDAR-based DEM model, it was concluded that the LiDAR was 

not of sufficient fidelity to include it as a modeling exercise.  The fishway in the study used rocks 

and boulders that are much smaller than the spatial clarity of the LiDAR. Furthermore, the 

LiDAR data used hydro-flattened surfaces wherever water was present, over-simplifying the 

bathymetric surface of the creek. Therefore, only the surveyed surface and design plan surface 

were used in the modeling phase of the analysis. 

Survey Surface 

GPS-based point data was gathered at Rock Creek with a Trimble TSC3 rover, data 

collector, and rover programmed as a base station. The projected coordinate system was NAD 83 

State Plane 2500 in US feet, with Geoidal model 12B, fitting for the Northern continental United 

States. Prior to data collection, a stake point was established as a base location for potential 

further data collection needs. Following this alignment, 1863 data points were acquired in the 

channel bed and banks. Civil 3D, an Autodesk software, was utilized to generate a vector surface 
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from the survey points. The software triangulated and interpolated points to construct the surface, 

thus survey points were strategically taken to tie all rock vertices to the channel bed as well as 

the top of each rock in the creek, ensuring the most accurate surface representation achievable 

with the available technology. 

 

 
Figure 9. Trimble TSC3 base station that was used to collect survey point data in Rock Creek. 
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Figure 10. DEM surface generated using GPS surveying with 1 ft2 resolution.  

Hydraulic Modelling 

The following section describes the numerical modelling methodologies and decisions as 

well as processes used during hydraulic modelling.  

Numerical Modelling and Equations 

This research exclusively employed 2D HEC-RAS Version 6.3.1, a software developed 

by the Army Corps of Engineers, to model hydraulics in Rock Creekôs fishway. HEC-RAS uses 

the Navier-Stokes equations to calculate fluid movement, traditionally done in three dimensions. 

However, 2D HEC-RAS simplifies these equations into two dimensions using a simplified set of 

equations known as the Shallow Water equations. Assumptions for these equations include 

incompressible fluids and hydrostatic pressure distribution. Turbulence modeling in this software 

used a Reynolds-averaged Navier-Stokes (RANS) approach. Additionally, the Shallow Water 

equations assume the vertical scale is negligible compared to the transverse scale, resulting in 

time and depth-averaged models. 2D HEC-RAS discretizes reaches into grids and conducts 
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calculations in a Eulerian reference frame, simultaneously solving continuity and momentum in 

conjunction with constitutive equations in two dimensions for the SWE.  

Model Development 

To ensure consistency across models during hydraulic analysis, all surfaces were created 

using a standardized approach. Geometry data was saved, and terrains imported into the HEC-

RAS Ras Mapper function under a NAD 83 2500 Montana State Plane projection. Subsequently, 

a perimeter was delineated around the fishway, with break lines added along the left and right 

channel banks to force orthogonal cells around banks and confine water within the channel. 

Hexagonal cells were then chosen for the center of the creek to capture transverse fluid motion. 

Initially, all cells were sized at 0.75 x 0.75 ftĮ with a single Manningôs n value assigned. 

Inflow and outflow boundary conditions were next established. The inflow boundary 

condition was set as a constant flow hydrograph at 9.314 ft3s-1(measured in the field), with an 

energy grade slope of 0.001 ft/ft. The outflow boundary condition was defined as normal depth 

with an energy grade slope of 0.065. The energy grade slope used in the normal depth calculation 

involved a model run using the bed slope of the terrain. Water surface elevations were then taken 

from a profile line along the thalweg to calculate the friction slope that was used thereafter. The 

flow rate used for calibration was calculated using the USGS midsection method, with the 

location of the normal depth outflow boundary corresponding to the flow measurement location. 

The models were initially executed for a 12-hour period at a computation interval of 1 minute 

using the 2D unsteady Diffusion Wave Equation Set. 

Once the initial modelôs ran, the time step was adjusted according to the Courant 

condition. The maximum Courant value was set to 1, with a minimum of 0.45. Additionally, the 
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following parameters for the Courant condition were established: 5 steps below the minimum 

before doubling, a maximum of 4 doubling base time steps, and a maximum of 2 halving base 

time steps. Subsequently, the equation set was switched to the Shallow Water Equations, 

Eulerian-Lagrangian Method (SWE-ELM), and the conservative turbulence model was used. 

Longitudinal and transverse mixing coefficients of 3 and 1, respectively, were also included. 

Finally, the computation interval was set to 0.1 seconds, with intervals adjusted based on the 

Courant condition. These final computational options and tolerances were next used for a mesh 

dependency study, model calibration, and to produce results. 

Mesh Dependency Study  

A mesh dependency study was conducted using the surveyed and design surface models 

to assess sensitivity to mesh sizing. This involved varying mesh sizes in increments of 0.25x0.25 

ftĮ, ranging from 0.75x0.75 to 2.00x2.00 ftĮ. The resulting data was analyzed in two ways. First, 

four profile lines were drawn in HEC-RAS to extract data from cross sections. These cross 

sections were drawn on both models in the same fashion. One was drawn above and one over a 

weir, and two were drawn in the pool following the weir. This data was exported into Excel in a 

tabular format to create graphs of water depth and velocity for each cross section (see Figures 11, 

12, 13, and 14). Second, raster data for water surface elevation was exported from HEC-RAS 

into ArcGIS Pro. The Raster Calculator image analyst tool was then used to calculate differences 

between mesh sizes on a pixel basis. Negative values were retained to indicate where differences 

in mesh sizing resulted in negative differences, while positive values indicated positive 

differences (see Figures 15 and 16). 
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Figure 11. Velocity for the mesh dependency study at four locations in the survey surface model. 

The numerical valus in the legend represent mesh sizes in units of ft2. 
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Figure 12. Velocity for the mesh dependency study at four locations in the design surface model. 

Numerical valus in the legend represent mesh sizes in units of ft2. 
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Figure 13. Depths for the mesh dependency study at four locations in the surveyed surface 

model. Numerical valus in the legend represent mesh sizes in units of ft2. 
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Figure 14. Depths for the mesh dependency study at four locations in the design surface model. 

Numerical valus in the legend represent mesh sizes in units of ft2. 
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Figure 15. Differences in water surface elevation in units of feet between 6 mesh sizes in the 

surveyed surface. Differences in water surface elevation were calculated by subtracting raster 

data from one mesh size to another on a pixel-by-pixel basis. Mesh sizes that were subtracted 

differed in size by 0.25 feet in the x and y axes. 
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Figure 16. Differences in water surface elevation in units of feet between 6 mesh sizes in the 

design plan surface. Differences in water surface elevation were calculated by subtracting raster 

data from one mesh size to another on a pixel-by-pixel basis. Mesh sizes that were subtracted 

differed in size by 0.25 feet in the x and y axes. 

Convergence of water surface values, velocity, and depths was observed between mesh 

sizes of 0.75x0.75 ftĮ and 1.00x1.00 ftĮ and 1.25x1.25 ft2 (see Figures 15 and 16). Given that 

computation cost and time were not significant concerns in this study, a final mesh size of 

0.75x0.75 ftĮ was selected for evaluating the effectiveness of the fishway for the target species 

under higher flow conditions. However, it was determined that running the models using this 

mesh size under spawning flow (a higher flow rate than that in the observed data set) caused 
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model instability, therefore a final mesh size of 1x1 ft2 was used for analysis. This mesh size was 

chosen for both the surveyed and design plan terrain to ensure model consistency. Further, there 

was no calibration data for the design plan model so model consistency was important. 

Model Calibration 

Model calibration involved adjusting the channel bed roughness to reduce root mean 

squared error (RMSE) between surveyed water surface elevation (WSE) and model WSE. 

During fieldwork, water surface elevations were recorded and stored in a CSV file. Sampling 

points were positioned along the left and right channel banks at the water-shore interface, 

resulting in a total of 16 WSE points. These points were cross-referenced with flow rates through 

iterative rounds of surveying and flow rate calculations to correlate surveyed WSE with flow 

rates used in models. The collected data points were imported into QGIS and saved as vector 

shapefiles. Following this, the vector shapefile underwent projection and geolocation to match 

the format of the model surface and raster data in HEC-RAS. Afterwards, the vector shapefile 

was imported into ArcGIS Pro, an ESRI software, which was the program used for model 

calibration. Three of the 16 initial survey points were excluded from model calibration as they 

were located external to the area of interest.  
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Figure 17. Raster and vector data used for model calibration. Red circles are locations of 

observed water surface elevations, and the blue regions are WSE raster data from HEC-RAS.  

Model calibration involved adjusting Manningôs n values. Initially, a uniform value of 

0.06 was assigned to all cells. Models were then computed using final conditions for 

computation intervals, turbulence, and boundary conditions as stated during model development. 

After running the models, raster data of water surface elevations was obtained for iterative values 

of n. Water surface elevation data was then saved in an Excel spreadsheet. Various statistical 

metrics such as the sum of squared error, mean squared error, RMSE, and cumulative error were 

calculated for each value of n. Data was calculated for a range of n-values spanning from 0.055 

to 0.14. Through this process, a uniform value of Manningôs n of 0.098 produced a minimum 

RMSE value of 0.100 feet. Figure 18 below provides a graphical representation of the variation 

of RMSE as it relates to uniform Manningôs n.  
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Figure 18. RMSE for uniform Manningôs n in the surveyed surface. 

Calibrating the model with variable Manningôs n values began with delineating three 

distinct land cover zones within the fishway: pools, weirs, and channel banks. Polygonal zones 

representing these areas were drawn and geolocated using ArcGIS Pro and can be seen below in 

Figure 19. Subsequently, a feature class was added to the model geodatabase to define and store 

geometric and land cover data. Each polygonal shape was assigned a unique ID, enabling manual 

adjustment of Manningôs n values in HEC-RAS. 
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Figure 19. Landcover locations designated for variable Manningôs n regions used in model 

calibration. Land cover polygons were created in ArcGIS Pro.  

These different zones were then designated as map layers in HEC-RAS, allowing the 

software to change bed roughness as a geometric property. Manningôs n values for pool and weir 

locations were varied based on best-fit results from the previous calibration stage while 

considering direct error values between observed water surface elevations and uniform 

roughness. Throughout the calibration process, channel banks retained a constant value of 0.06. 

Manningôs n values for the channel banks remained unchanged, as water did not inundate these 

areas at calibration flows. Observed water surface elevations were recorded during base flow, 

and insufficient data was available for calibrating the channel banks apart from ocular estimation 

during field work.  

The variable Manningôs n calibration process resulted in a minimum RMSE value of 

0.0647 feet, achieved with Manningôs n values of 0.13 for pools and 0.06 for weirs. A surface 
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plot was created to display RMSE variation with Manningôs n during model calibration (see 

Figure 20). Although the calibrated were higher than expected, they appropriately decreased 

model error due to variability associated with surveying, and assumptions made in hydraulic 

modelling. 

 

 
Figure 20. Surface plot that has Manningôs n for pools as the y-axis, Manningôs n for weirs as the 

x-axis, and root mean squared error as the vertical axis.  

The lowest RMSE value for uniform Manningôs n calibration was 0.100 feet whereas 

variable Manningôs n calibration had a RMSE of 0.065 (see Figure 20). Models run at spawning 

flows to produce used calibrated variable Manningôs n values (n-pool = 0.13, n-weir = 0.06, and 

n-channel banks = 0.098). 

 

 



44 

 

Determining Spawning Flow Rates 

StreamStats, a hydrologic software developed by the USGS, was used to delineate Rock 

Creekôs watershed and estimate flow rates. This software employs regression equations based on 

climatic and physical properties of watersheds to generate flow rates and exceedance 

probabilities for flood events, as well as average monthly flow rates. In this study, average 

monthly flow rates were used to approximate an annual hydrograph for Rock Creek. 

According to DeRito et al., (2010), Yellowstone Cutthroat Trout migrate to spawning 

grounds approximately 20 days after the annual peak in the hydrograph. The hydrograph 

generated by StreamStats is illustrated below in Figure 21. The software revealed that the annual 

peak occurs in June, with an average flow rate of 127 ft3s-1. Due to uncertainty and seasonal 

variance that accompany hydrologic regression equations, a factor of safety of 1.5 was applied to 

the range of spawning flow rates. Therefore, the spawning flow rates used in this study had a 

minimum of 63.5 ft3s-1, maximum of 190.5 ft3s-1, and mean of 127 ft3s-1.  
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Figure 21.  Mean monthly flow rates in Rock Creek as generated by StreamStats, a USGS 

application.  

Validation of Spawning Flow Rates 

Spawning flow rates were validated by cross referencing flow rates for the Yellowstone 

River and Rock Creek generated by StreamStats. This was to compare values generated by 

regression equations used for the spawning flow rates in the study, to flow rates measured in an 

established gauge station. Rock Creek confluences with the Yellowstone River directly after the 

fishway structure. The Yellowstone River has a USGS gauging station located at Corwin Springs, 

approximately 20 miles upstream of the confluence.  

Initially, StreamStats was used to generate average monthly flow rates for the 

Yellowstone River at Corwin Springs. The flow rate during the month of June was calculated as 

7820 ft3s-1. Next, flow rates were taken from the USGS gauging station 20 days after the peak of 

the annual hydrograph at Corwin Springs: referencing the average annual migratory period of 

YCT. (DeRito et al., 2010) All available data, between 1995-2023, was taken into consideration. 

This data was then averaged and compared to the flow rate generated by StreamStats. The ratio 
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of the average monthly StreamStats to average flow rate from the USGS gauging station was 

1.352. This value falls below the factor of safety used to generate the range of spawning flows in 

Rock Creek.  

Hydraulic Modelling Using Spawning Flows 

After determining spawning flow rates, hydraulic models were run using the surveyed 

and design plan surfaces and the calibrated model inputs for the three spawning flow rates of 

interest. Data collected from models included velocity and depth. Raster data for depth and 

velocity were exported as .tiff files into ArcGIS Pro. The time step for used files was at the end 

of the 2-hour simulation run time for all files besides the survey model run at 127 ft3s-1. This 

model did not show convergence after a 2-hour run time, therefore the simulation run time was 

increased to 4 hours.  

The raster data sets imported into ArcGIS Pro were selected to show swimming pathways 

in the fishway related to YCT swimming capabilities.  Swim speeds for YCT are the topic of an 

ongoing study, so unpublished anecdotal values from a project were used (S. Steele, personal 

communication, February 12th, 2024). Maximum swimming velocities reported by Steele were 

15 ft/s with an average of 10 ft/s. These recommendations informed the choice of velocities used 

in the Rock Creek analysis, with values less than or equal to 4 ft/s to represent juvenile or 

unhealthy fish, between 4 and 8 ft/s for mature fish, and values greater than 8 ft/s representing 

undesirably large velocities. A minimum acceptable depth of 0.5 ft was established based on the 

body height of an abnormally large YCT to encompass a wide variety of suitable depths and 

further acknowledge and account for error in hydraulic modelling and terrain development. The 

swimming metrics used in this study were not exact and their purpose was to establish 
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differences in possible flow paths between the designed and surveyed surfaces based on 

approximate swimming capabilities of the target species. Raster symbology in ArcGIS Pro was 

used to both classify and illustrate these differences.  

Pit Tag Data 

After the construction of the fishway was completed, the Montana Fish, Wildlife and Parks 

Department conducted an efficacy study using Pit Tags. Yellowstone Cutthroat, Rainbow, and 

their Hybrid offspring were implanted with Pit Tags. Two antennae were set up over the reach. 

Data was collected for these fish over the course of two years (2012-2013). The study indicated 

favorable passage conditions in the fishway. In 2012 there was a 78 percent rate of success for all 

detected fish and in 2013 there was a 96 percent rate of success. [Appendix 2] 
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CHAPTER FOUR 

 

 

RESULTS 

The following section provides the results from the hydraulic modelling and further 

investigates how velocity and depth in the models relate to the swimming capabilities of YCT. 

This section further illustrates the hydraulic differences between the two modelled surfaces. 

The design and surveyed surfaces had flow rates of 63.5, 127, and 190.5 ft3s-1, 

representing high, medium and low flows that might occur during spawning. Velocity and depth 

data was taken from HEC-RAS at the end of model run time and imported into ArcGIS Pro 

where symbology was used to define the flow regimes corresponding to the biologic swimming 

for YCT. Locations in the creek symbolized as green indicate suitable swimming conditions for 

all fish, blue for healthy mature fish, and red as locations where velocities or depths exceeded the 

set tolerances. Tolerances were approximated and intended to encompass a generalized range for 

the YCT species. By integrating hydraulic modeling with spatial analysis in ArcGIS Pro, flow 

regimes suitable to YCT swimming were delineated while simultaneously highlighting 

differences between the design and surveyed surface (see Figures 22 through 33).  
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Figure 22. Depth swimming paths in the design plan surface at 63.5 ft3s-1. 

 
Figure 23. Velocity pathways in the design plan surface at 63.5 ft3s-1. 
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Figure 24. Depth swimming paths in the surveyed surface at 63.5 ft3s-1. 

 
Figure 25. Velocity swimming paths in the surveyed surface at 63.5 ft3s-1. 
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Figure 26. Depth swimming paths in the design plan surface at 127 ft3s-1. 

 

 

 
Figure 27. Velocity swimming paths in the design plan surface at 127 ft3s-1. 
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Figure 28. Depth swimming paths in the surveyed surface at 127 ft3s-1. 

 
Figure 29. Velocity swimming paths in the surveyed surface at 127 ft3s-1. 



53 

 

 
Figure 30. Depth swimming paths in the design plan surface at 190.5 ft3s-1. 

 
Figure 31. Velocity pathways in the design plan surface at 190.5 ft3s-1. 
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Figure 32. Depth pathways in the surveyed surface at 190.5 ft3s-1. 

 
Figure 33. Velocity pathways in the surveyed surface at 190.5 ft3s-1. 
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Velocities for both design and surveyed plans were greater over weirs and reduced in 

locations of pools. Velocity and depth distribution was more uniform in the design plan. The 

design plan showed high velocities at the end of the fishway at the exit of the design plan. 

Depths exceeded 0.5 feet in the center of both surfaces and low depths were present at the banks. 

However, low depths were present in the surveyed surface where rocks protruded from the water 

surface. At a flow rate of 127 ft3s-1, velocities began to exceed the 8 ft/s threshold at weir 

structures for both survey and design surfaces (see Figures 27 and 29). Flow paths persist for 

adult fish whereas flow paths for juvenile/unhealth fish were not continuous for either surface. At 

a flow rate of 190.5 ft3s-1, continuous swimming paths were no longer present in the surveyed 

surface (see Figure 33). A notable high velocity zone can be seen coinciding with irregular weir 

geometry seen below in Figure 39. At the highest simulated flow rate, the design plan held 

possible swimming paths for mature fish when neglecting the high velocity zone at the 

downstream end of the structure (see Figure 31). 

To analyze differences in flow regimes, profile lines were drawn down the thalweg for 

both surfaces to highlight differences in velocity and depth shown below in Figures (34 and 35).  

 

 
Figure 34. Velocity and depth at three flow rates in the design plan surface about the thalweg of 

the channel.   
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Figure 35. Velocity and depth at three flow rates in the surveyed surface about the thalweg of the 

channel.  

 The design surface showed smooth fluctuations in depth and velocity throughout the 

structures thalweg at all three flow rates (see Figure 34). Increased depths were inversely related 

to decreases in velocity throughout the reach. The surveyed surfaces had rapid changes in depth 

and velocity compared to the design plan while retaining the inverse depth-velocity relationship 

(albeit to a lesser extent). The velocity regimes used to classify the models had an 8 ft/s 

maximum tolerance. The surveyed surface was shown to inhibit the passage of YCT at a flowrate 

of 190.5 ft3s-1 (see Figure 33). However, the thalweg profile of the surveyed terrain only notably 

surpasses this tolerance in one the weir structures (see Figure 35). 

One weir segment was chosen from the design plan surface and one from the surveying 

surface models to analyze cross sectional flow profiles in the step pool (see Figures 36 and 37). 

Profile lines were drawn oriented downstream from left to right. Lines traced the curvature of 

weir profiles to trace their geometry. One line was drawn directly upstream of the weirs, one in 

the center of the weirs, and one downstream for both geometries. These profiles were intended to 

provide a cross sectional view of depth and velocities as they relate to weir geometry and 

showcase differences in the two terrains (see Figures 38, 39, 40, 41, 42 and 43). 
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Figure 36. Cross sectional profiles before, over, and after weir structures in the design plan 

surface. 

Figure 37. Cross sectional profiles before, over, and after weir structures in the surveyed surface. 

 
Figure 38. Depth and velocity upstream of a weir structure in the design plan surface. 
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Figure 39. Depth and velocity upstream of a weir structure in the survey surface.  

Depths upstream of weirs for both surfaces were relatively uniform for channel centers 

and decreased dramatically towards the banks. Velocity peaked at the notch inlet for both 

structures. Notch geometry and location influenced the distribution of velocity through the cross-

section (see Figures 38 and 39). 

 

 
Figure 40. Velocity and depth over a weir structure in the design plan surface.  

 
Figure 41. Velocity and depth in the middle of a weir structure in the survey plan surface.  
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Velocity and depth peaked in the notch of the weir for both surfaces (see Figures 40 and 

41). Depth and velocity varied more significantly over the weir profile compared to cross 

sections above weirs. This variation was more notable in the surveyed surface. Velocity 

distribution was less variable at higher flow rates at weir structures. In the surveyed surface, 

velocities and depths hit zero at lower flow rates indicating the weir was not fully inundated. The 

design surface had greater variability in depth than the survey surface indicating multiple notches 

throughout the reach. The velocity profile for both surfaces followed consistent patterns where 

there was a spike over weir notches that gradually decreased towards channel banks. 

 

 
Figure 42. Velocity and depth directly after a weir structure in the design plan surface. 

  
Figure 43. Velocity and depth directly after a weir structure in the surveyed surface. 
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Velocity and depth cross sectional profiles were not as smooth following weir structures. 

The irregular profiles signify mixing and turbulence induced by blockages, showcasing the 

dissipation of energy in the step-pool system caused by weir structures (see Figures 42 and 43).  

Energy dissipation coefficients (EDC) are used in the design of step-pool structures. We 

back-calculated EDCs for the pools that were downstream of the weir structures illustrated in 

Figure 37. Energy dissipation coefficients for these pools can be seen below in Table 1. 

Table 1. Energy dissipation coefficients calculated for the survey and design plan terrain at 63.5, 

127, and 190.5 ft3s-1.  

 

 

 Both terrains exhibited an increase in EDC with increased flow rates. This was a result of 

increased volumes, and variable differences in energy between pools. The surveyed terrain 

produced the largest and smallest back-calculated EDC.  

  

Q A V ӏő EDC A V ӏő EDC
ft3s-1 ft2 ft3 ft lbft-2s-1 ft2 ft3 ft lbft-2s-1

63.5 193.8 600.8 0.45 3.0 211.3 600.0 0.27 1.8
127 197.4 645.4 0.46 5.6 213.9 639.5 0.35 4.3

190.5 199.4 717.1 0.48 8.0 216.8 700.4 0.49 8.3

Design Plan Terrain Surveyed Terrain



61 

 

CHAPTER FIVE 

 

 

DISCUSSION 

This study aimed to compare changes in channel bathymetry over time by analyzing 

hydraulic models of Rock Creek's NLF design plan against surveyed present conditions. We 

assessed how hydraulic conditions in the fishway relate to the swimming performance of the 

target species (YCT).  

 Specific metrics for fish swimming capabilities vary significantly and, a lack of 

knowledge towards specific metrics produces designs that are approximate for target species 

(Larinier, 2000). Fishway efficacy is contingent on relationships between hydraulic and biologic 

parameters (Puertas et al., 2012). Steele, (2024) is currently working on publishing a range of 

swimming metrics for YCT. However, even when presented with exact swimming metrics for 

aquatic species, the question of specific metrics to use during evaluation is difficult. Therefore, 

direct evaluation of hydraulic parameter such as depth and velocity influenced as influenced by 

geometry provides insight to efficacy and temporal longevity of a structure (Baki et al., 2017b, 

2020; Franklin et al., 2009; Mooney et al., 2007). Hydraulic evaluation and PIT tag studies offer 

direct measurements that conclusively determine fishway effectiveness, thereby eliminating the 

need for in-depth evaluations of fish swimming metrics. Nonetheless, swimming metrics remains 

essential for designing fish passage structures. This study employed a very approximate range of 

swimming metrics (0.5-foot minimum depth: 8 ft/s velocity maximum) to evaluate differences in 

parameters between modelled surfaces with uncertain target species swimming metrics.  

 Both modelled surfaces highlight relationships between weir width and notch opening 

explored by Baki (2017a, 2017b, 2020). Flow paths in channel centers gravitate towards notch 
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openings, are directed towards channel banks at the edge of weirs (see Figure 45), and velocity 

and flow distribution following structures is irregular due to energy dissipation (see Figures 42 

and 43). Baki et al., (2017b) recommended a bed slope Ò 5.5% whereas our study contained a 

bed of 9.2% in the design plan, and bed slope of 6.5% calculated from the surveyed surface; 

albeit flow paths were comparable. This signifies the importance of geometric design on the 

success of a fishway. However, it is possible that high velocities in the modelled surfaces may 

have resulted in part from steep slopes.  

Flow profiles described in the literature and our study were comparable but had 

noticeable differences. Channel geometry and bathymetry emerged as dominant factors 

influencing hydraulics. Baki et al., (2017a, 2017b) demonstrated how variations in velocity 

resulted in higher velocities over weir structures, leading to lower velocities in pools 

downstream, a trend consistent with the findings depicted in Figure 43. Additionally, the 

inclusion of notches was found to decrease velocities in the surrounding areas while increasing 

velocities within the notch and in the downstream pool (Baki et al., 2020). This condition was 

evident in the surveyed surface model. (see Figures 33 and 39). 

The bathymetry of the design surface exhibited relatively uniform cross-sections between 

sets of weirs, with a steep gradient at the structure's exit (see Figure 6). Flow profiles reflect the 

uniform geometry of the surface. Conversely, the surveyed surface held irregular weir shapes, 

although all sets of weirs displayed the characteristic downstream-facing U pattern consistent 

with step-pool NLFs as per Mooney et al., (2007) (see Figures 6 and 10). As seen in Figures (25, 

29, and 33), velocity distribution between weirs varied for identical flow rates, albeit consistent 

patterns were discernible due to the presence of weirs. Alternatively, velocity profiles between 
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weir sets on the design plan surface remained uniform throughout all flow rates (see Figures 23, 

27, and 31). 

Energy dissipation coefficients (EDC) are used in the design of step pool fishways. Step 

pools reduce the bulk water velocity, preventing erosion and providing resting spots for fish. 

These coefficients show the extent to which pools in fishway structures reduce flow velocity and 

turbulence. Bell & Milo C, (1991) recommended a maximum EDC of approximately 4 lbft-2s-1 to 

be used in step-pool fishways for passage of salmonid species. The Maine Department of 

Transportation recommends an EDC of 5 lbft-2s-1 to be used for step-pool structures under 

roadways to mitigate scour potential and promote passage of aquatic organisms(Maine DOT, 

2008). We back-calculated EDCs to determine energy dissipation in pools under the spawning 

flow rates used in this study. Maximum, minimum, and average values of 8, 3, and 5.6 lbft-2s-1 

were respectively calculated for the design plan structure as shown in Table 1. The maximum, 

minimum, and average EDCs for the surveyed terrain model were 8.3, 1.8, and 4.3 lbft-2s-1. EDC 

calculations relate flow rate to pool volume and differences in energy between pools. The 

average values calculated in this study fall within values recommended by literature. Differences 

between EDCs calculated for the surveyed and design plan terrains show slight changes in 

energy dissipation between structures. However, the proximal magnitudes between both indicate 

that pools capacity to dissipate energy remained relatively consistent over time. 

The irregular weir geometry observed in the surveyed surface was likely a result of 

significant hydrologic events capable of displacing boulders. Rock creek did not have a gauging 

station during the evaluation period of the fishway. However, a USGS gauging station located 

near the fishway on the Yellowstone River at Corwin Springs was examined to inform Rock 
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Creek flows. Since the construction of the fishway in 2011, the Yellowstone River has 

experienced two significant hydrologic events. The first occurred in 2014 where high flow rates 

were experienced over a long period of time. The second occurred in 2022, which had a 

substantial peak in flow (see Figure 44). Although hydrographs of the Yellowstone River do not 

represent flow rates in Rock Creek, the characteristics of these flood events likely convey since 

Rock Creek is a tributary to the Yellowstone River. 

 

 
Figure 44. USGS hydrographs at Corwin Springs on the Yellowstone River. Plotted lines include 

two years when PIT tag data was taken in Rock Creek (2012 and 2013) and two years with 

hydrologic extremes (2014 and 2022). 

These hydraulic events primarily impacted the upstream area as illustrated in Figure 45 

below. It is probable that the high-velocity flow was dissipated and reduced by upper weirs, 

resulting in lower tractive forces on subsequent weirs. Years of continual exposure likely 

contributed to considerable boulder movement in the upstream portion of the fishway. Baki et al., 
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(2015) demonstrated how differences in Reynolds stresses can be attributed to the quantity of 

boulders in stream paths. Consequently, weir structures in the surveyed surface exhibit less 

uniformity than shown in the design plan. It is important to consider that while design plans offer 

general guidance for the construction of fishway structures, real world topography presents 

physical constraints such as channel banks, reach lengths, and property lines when building 

fishways. These constraints accompanied by engineering judgement during construction 

distances similarities between design and as built bathymetry. Further, the dynamic nature of 

river systems means that scouring and other forces continuously act on a reach, leading to 

substrate movement and resettlement. 

 

 
Figure 45. Looking downstream over the fishway. Picture taken August 26th, 2023. Showcasing 

how weirs higher up in the fishway have different geometry compared to downstream weirs. 
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Similarities between the two surfaces included high velocities over weirs and lower 

velocities in pools. Both surfaces feature higher velocities as water approaches notches. Pools on 

both surfaces offer ample space and velocity for fish to rest, with contours following weir 

geometry to create pockets and eddies suitable as velocity refuges where fish could stage 

attempts for upstream passage. (see Figures 22 through 33). However, there are differences 

between the surfaces, notably in the orientation of weirs. While the design plan adheres to Bakiôs 

suggestion of orienting the U-shaped structures downstream in an organized manner, the 

surveyed surface diverges from this approach. Instead of a downstream facing U-profile, the 

weirs on the surveyed surface have 2 profiles that have shifted to the left or the right of the 

channel centerline and do not fully displace flow (see figures 6 and 45).  
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Figure 46. Design and surface plan velocity at 63.5 ft3s-1. 

Neglecting the high velocity zone into the stilling pool at the end of the design plan, both 

designs provided suitable velocity and depth pathways under the set tolerances for mature fish at 

63.5 and 127 ft3s-1 (see Figures 22 through 29). At 190.5 cfs, the design surface provided suitable 

velocities and depths, whereas cross sections in the surveyed surface had velocities that exceeded 

the tolerance value (see Figures 31 and 33). None of the surfaces provided connected pathways 

for juvenile or unhealthy fish. Baki et al., (2020) showed how higher quantities of notches in one 

weir set increased overall velocity. This likely influenced velocity profiles in the surveyed 

structure as boulder movement increased notch quantity in some of the weirs. 
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This study used a terrain of a design plan compared to a surveyed terrain to evaluate 

hydraulic and bathymetric changes over time. The design plan did not accurately represent the 

as-built condition of the design (see Figure 48). While design plans provide a blueprint for 

construction, as-built plans offer a more accurate representation of the completed structure. It is 

evident that boulder movement occurred post construction which was not encompassed by the 

analysis conducted in this study. 

 

 
Figure 47. Side by side comparison of the as-built condition (left) and current condition of the 

fishway (right). Circled in red is the location of a rock that remained stationary over time.  

The limitations of this study stemmed primarily from a lack of data. A more robust 

temporal comparison between the design plan and surveyed surfaces could be achieved with 

access to as-built plans or survey data from the newly constructed fishway. Incorporating post-

construction survey data for NLFs would enhance modeling and comprehension of how 

structures evolve over time. Consistency between the development of historical and current 

surfaces would offer further insight into how step-pool NLFs undergo temporal changes and 

potentially shed light on degradation and deformation factors. Furthermore, the absence of 

precise flow rate data and swimming metrics for Yellowstone Cutthroat Trout (YCT) serves as 




































