
 

 

 

 

 

 

 

 

 

 

LIGHT LEVELS, LONG BOX CULVERTS, AND THE MOVEMENTS  

OF PRAIRIE STREAM FISHES, INCLUDING THE ENDANGERED  

TOPEKA SHINER 

 

 

 

 

A THESIS  

SUBMITTED TO THE FACULTY OF THE  

UNIVERSITY OF MINNESOTA  

BY 

 

 

 

 

Britney Jo Mosey 

 

 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS  

FOR THE DEGREE OF MASTER OF SCIENCE 

 

 

 

 

Advisor: Jay Hatch 

 

 

 

 

May 2017  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Britney Jo Mosey 2017



i 

ACKNOWLEDGEMENTS 

 

This thesis is the culmination of two years of planning, field research, field 

analysis, planning again, lab research, lab analysis, and writing. This project would not be 

possible without the many people who labored numerous hours. I would like to sincerely 

thank each and every one of them.  

First, I would like to thank my advisor, Jay Hatch. His knowledge for Minnesota 

fishes is like no other, and I am entirely grateful that he was willing to pass his 

knowledge on to me. He gave me the skills necessary to develop a methodology for this 

particular project and was always eager to assist in any manner. I cannot express my 

gratitude for having a passionate advisor. 

Second, I would like to  thank my research lead Jess Kozarek. This project was 

developed by her. Her commitment and dedication to research kept me focused during 

this project, and she assisted me in all manners with analysis, writing, and presenting.  

I thank my statistician assistant and committee member, Sandy Weisberg. Sandy 

was immediately interested in evaluating the project after our first encounter. He gave me 

invaluable assistance in analyzing both my field and lab research.  

Thanks to all of the field and lab assistants (Greenwood Champ, Jenny Chapman, 

Ben Erickson, Sam Finnerty, Kyle Fleming, Matt Hernick, Mark Hove, Sean Johnston, 

Chris Jorgensen, Marcy Mead, Konrad Schmidt, and Chakong Thao) for helping with 

collecting fish and building apparatuses. I also thank my other committee member Bruce 

Vondracek. This project was made possible by the funding Minnesota Department of 

Transportation and a US Fish and Wildlife Service Cooperative Agreement.  

Lastly, I thank all of my family and friends for the unconditional support and 

understanding. This project took many days in the field and long hours in the lab. Thank 

you for constantly reminding me that it would all be worth it in the end. I could not have 

accomplished any of it without their consistent encouragement. Thank you! 

  



  ii 

Abstract 

 

Many culverts physically impede fish movement by altering flow, depth, turbulence, and 

sediment. Longer culverts may act as behavioral barriers by reducing ambient light 

levels. Movement within a stream is necessary to complete important life stages, maintain 

genetic diversity, and ultimately prevent extirpation. I evaluated light levels and fish 

movement in three long box culverts and corresponding control stream reaches in 

Southwestern Minnesota. The area has been denoted as critical habitat for the federally 

endangered Topeka Shiner Notropis topeka. I marked 18,963 fish, including 456 Topeka 

Shiner, and recaptured 1,874, including 46 Topeka Shiner during multiple mark and 

recapture events. Many fishes, including Topeka Shiner passed through each culvert; 

however, the probability of fish movement decreased as the culvert length increased and 

ambient light levels decreased. The probability was significantly less than corresponding 

control areas for the two longest and darkest culverts. The probability of movement was 

reduced in Cyprinidae (most abundant family), as well as the four most abundant species. 

Subsequent laboratory studies using captive-raised Topeka Shiner and wild-caught 

Fathead Minnow in a flume were conducted to evaluate light levels while controlling for 

other variables: velocity, water depth, and length of passage. Light alone did not account 

for significant differences in the number of fish to select a shaded or an unshaded 

passageway or the speed at which they approached and moved through the passageways 

under the laboratory settings. Mitigation of light levels may not be necessary when 

designing and implementing culverts, but synergistic relationships with other possible 

barriers (velocity, water depth, habitat within culvert, and length and dimensions of 

culvert) are unknown and need to be explored.
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CHAPTER 1 
 

Overview 

 

Stream connectivity is necessary for fish to access food, spawning areas, 

overwintering habitat, and to avoid predators (Briggs and Galarowicz 2013), and allows 

for dispersal, recolonization, and gene flow (Warren and Pardew 1998). If stream 

connectivity is interrupted, habitat fragmentation can occur, and consequently, the risk of 

extinction can increase or recovery following disturbances can be delayed (Detenbeck et 

al. 1992; Park et al. 2008). Barriers, such as culverts, within the stream can cause habitat 

fragmentation and may not allow fish to disperse longitudinally in order to access key 

habitats (Bouska and Paukert 2010; Nislow et al. 2011; Maitland et al. 2016). One 

species for which access to key habitats may be particularly crucial is the federally 

endangered Topeka Shiner (Notropis topeka). Access to and from off-channel habitat to 

complete its life cycle is important (Dahle 2001).  

The Topeka Shiner is Minnesota’s first and only fish species to be classified as 

federally endangered (Hatch 2001, 2015). It is a small minnow species, ranging in size 

from five to seven cm, and is restricted to the Mississippi-Missouri River drainage in 

South Dakota, Minnesota, Iowa, Kansas, Nebraska, and Missouri (Hatch and Besaw 

2001). The Topeka Shiner’s range has decreased by 80% over the past century, and 

habitat loss is one of the many causes of their decline (Tabor 1998). Other causes 

affecting the species’ population are erosion with increasing siltation, stream 

channelization, and the introduction of exotic predators (Dahle 2001). Throughout their 

range, Topeka Shiner typically inhabit the slower water of deep runs and pools in low-
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order prairie streams (Tabor 1998). In Minnesota, South Dakota, and Iowa, Topeka 

Shiner are especially abundant in off-channel oxbows and excavated pools, which may be 

crucial habitats for the long-term survival of the species (Dahle 2001; Hatch 2001; 

Bakevich et al. 2013). In parts of their range that lack off-channel habitats, such as in 

Kansas, Topeka Shiner are generally found at sites with longer natural stream reaches 

(free of anthropogenic changes), and population numbers decline with higher 

proportional impoundment and urban land areas (Gerken and Paukert 2013). Off-channel 

habitats are hypothesized to contribute positively to population growth and stability in the 

northern range of the species. Therefore, access to off-channel habitats is important for 

the maintenance of the Topeka Shiner in South Dakota, Minnesota, and Iowa. Other 

anthropogenic alterations (e.g., impoundments, habitat fragmentation, agricultural run-

off, urban development, and introduction of non-native species) may expedite the decline 

of the Topeka Shiner and encourage the establishment of non-native and generalist 

species (Dodd et al. 2004; Jelks et al. 2008).  

Habitat fragmentation resulting from physical in-stream barriers is an area of 

concern for many fish species but has received little research in prairie stream systems. A 

physical barrier blocks the waterway and impedes a fish’s ability to pass upstream or 

downstream. Some fish crossing types are semipermeable (e.g., fast riffles) or seasonal 

barriers (e.g., intermittent stream flow), whereas others may prevent all movement by 

fishes (e.g., dams) (Warren and Pardew 1998). Barriers can be natural features within the 

landscape, such as sandbars, landslides, waterfalls and riffles, steep grades, log jams, and 

boulder cascades. Humans have also created fish barriers through the construction of 

dams, culverts, weirs, and water diversions (Flosi et al. 2002). 
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Culverts can be physical barriers to fish and other aquatic organisms, but are 

implemented because they are a cost-effective and efficient way to move water 

underneath a roadway (Venner 2004). Culverts are documented to pose barriers to large 

migratory fish such as salmon or trout (Belford and Gould 1989; Bates et al. 2003; Bates 

and Kirn 2007). However, research is increasingly showing that culverts may also act as 

barriers for smaller, less vagile species. Warren and Pardew (1998) found that, at the 

family level, sunfishes, minnows, and topminnows showed significantly lower passage 

rates through culverts as compared to natural stream reaches. As with salmon and trout, 

culverts can impede small stream fish species through insufficient water depth (Warren 

and Pardew 1998), increased stream velocity, lack of substrate (Toepfer et al. 1999;), 

turbulence within the culvert (Bunt et al. 2012), and blockages from sediment or debris 

(Blank et al. 2011). Culverts can also be perched (i.e., outlet elevated above the 

downstream water surface) or become so during low flows, making it nearly impossible 

for small fishes to surmount (Norman et al. 2009). The federally endangered Topeka 

Shiner (Notropis topeka) has been directly impacted by the installation of culverts within 

their habitat. Blank et al. (2011) found that culverts of various sorts reduced the 

probability of movement by small stream species, including Topeka Shiner, when 

compared to natural stream reaches. The study indicated that large concrete box culverts 

minimized fish passage impedance, hence providing the easiest movement. 

Although less documented, culverts can also become behavioral barriers to fish. 

Culverts can have no structural barriers, but still have a behavioral component, or the 

culvert can have a combination of structural and behavioral blocks.  A behavioral barrier 

is a non-structural barrier that does not compromise the waterway, but prevents a fish 
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from passing (Noatch and Suski 2012). Most fish respond to an environmental stimulus 

with a behavior, either a preference for it or an avoidance reaction to it (Hocutt 1980). 

Behavioral stimuli, such as electrical screens, air bubble curtains, strobe lights, acoustics, 

chemical toxicants, pheromones, magnetic fields, and changes in flow direction and 

velocity have been widely used as behavioral deterrents to fish movement (Sager et al. 

1987; Welton et al. 2002; Bullen and Carlson 2003; Schreier et al. 2008; Noatch and 

Suski 2012). Behavioral deterrents have been used within many bodies of water and more 

specifically near manmade structures, such as power plant intakes and hydropower dams. 

Thus, knowing what may act as a behavioral deterrent or barrier for a particular species, 

such as the Topeka Shiner, is important. Such deterrents can affect a species’ persistence 

by influencing breeding, dispersal and settlement, foraging, translocation success, and 

guided behavior that is maladaptive (Reed 2002).   

Culvert lengths and lack of substrate within can influence fish behavior (Kemp 

and Williams 2008; Woltz et al. 2008; Briggs and Galarowicz 2013). Briggs and 

Galarowicz (2013) found that culvert length influenced the passage of Creek Chub. The 

authors speculated that long culverts without cover for refuge may be viewed as too far of 

a distance for Creek Chubs to traverse. They also postulated that Creek Chub may not be 

aware of habitat beyond the culvert because their perceptual range may be limited.  

Additionally, culverts create an environment that is permanently darker than the 

ambient surroundings during daylight hours. Organisms have to pass through this 

environment if they wish to access other habitats (Louca et al. 2014). Reduced light 

levels can influence behaviors such as feeding, refuge-seeking, aggregating, and 

aggression (Benfield and Minello 1996; Valdimarsson and Metcalfe 2001). Atlantic 
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salmon (Salmo salar) showed little aggression under conditions similar to starlight (0.01 

lux), but aggression rate and distance between fish increased with higher light levels. 

Predation rates by juvenile weakfish (Cynoscion regalis) were unaffected when light was 

available and decreased significantly in darkness (Grecay 1990). In a series of controlled 

experiments, Cerri (1983) demonstrated that juvenile Blacknose Dace (Rhinichthys 

atratulus), a prey species, formed schools under lighted conditions whether predators 

were present or not. Additionally, Cerri (1983) observed Creek Chub (Semotilus 

atratulus), a predator species, tended to seek refuge in daylight conditions, but became 

more dispersed at twilight levels. Light can also influence a fish’s swimming orientation 

(Frankel and Gunn 1961). Fish typically orient their dorsal surface toward the light, 

which is usually from above. Research demonstrated that wrasse (Crenilabrus rostratus) 

oriented at right angles to light and tilted if the light tilted, but only to a limited extent 

due to feedback from the inner ear. If the inner ear was removed on both sides, fish 

would swim upside-down if the light came from below.  

Furthermore, light alters schooling behavior (Hunter 1968). As light levels 

decrease, fish schools break into smaller units and eventually dissipate completely 

(Helfman 1979). Helfman (1981) observed eight species, including Banded Killifish 

(Fundulus diaphanus) and Yellow Perch (Perca flavescens) that formed diurnal foraging 

aggregations, but dispersed at dusk in Cazenovia Lake, New York. Typically, schools 

break up at dusk once the illumination has dropped below a visual threshold of 0.1 lux, 

and reform at dawn (Bone and Moore 2008). Similar observations were made with 

Atlantic Mackerel (Scomber scrombus). Under experimental conditions, Glass et al. 

(1986) manipulated light levels and found the light intensity threshold for the species to 
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be about 1.0 x 10-6 ft-c. Below this level, the nearest neighbor distance and swimming 

angles between individuals increased. Thus, if light levels within culverts drop below a 

visual threshold, schooling activities as well as other behaviors may be influenced.   

Currently, there is very limited research on light and passage through culverts, but 

concerns over light levels in long (>45 m) culverts appear in multiple fish passage 

guidelines (Fairfull and Witheridge 2003; National Marine Fisheries Service 2011). One 

study specifically involving light levels and fish movement through experimental flume 

passages found three-quarters of Chinook Salmon (Oncorhynchus tshawytscha) smolts 

avoided a covered passage and chose an uncovered passage when provided with a choice 

(Kemp et al. 2005).  

Two other studies specifically involving light levels and passage through culverts 

have been conducted, but consisted of aquatic organisms other than fish. Woltz et al. 

(2008) studied turtle and frog species and found that behavior may be affected by a 

variety of culvert attributes, including light permeability. This study investigated aperture 

size, pipe length, substrate within the culvert, and light permeability in perforated pipes. 

Results were species specific—painted and snapping turtles preferred moderate aperture 

size (0.5-0.6 m), green frogs preferred soil and gravel-lined culverts, painted turtles 

tended to avoid the longest pipes, and green and leopard frogs preferred the pipe with the 

greatest light permeability. In contrast, Louca et al. (2014) found that movement rates in 

white-clawed crayfish did not differ between an unlit 363-m long culvert and an open 

stream channel. In large box culverts, the gradient from ambient light to dark conditions 

is gradual, whereas in smaller diameter culverts, the light gradient would be more drastic 
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and produce darker conditions. More research is necessary to determine how small 

species of fish respond to light conditions. 

Some research has included fish species’ reaction to light levels in other 

anthropogenic structures, such as weirs, floating docks, and piers. Shade cast by piers in 

Puget Sound, Washington reduced the presence and feeding of three species of juvenile 

of Pacific salmon (Munsch et al. 2014). Kemp et al. (2006) conducted studies on the 

passage of smolts of three species of Pacific salmonid through two experimental weirs 

under light and dark conditions. The authors found that passage was influenced by light 

and the size of the fish. The larger specimens passed downstream under illuminated 

conditions, whereas smaller fish passed under dark, potentially to avoid larger predatory 

fish.  

This study was motivated by concerns over the replacement of a culvert along 

Poplar Creek in Pipestone County, Minnesota, which is part of designated critical habitat 

for the Topeka Shiner (USFWS). The culvert was replaced in 2013 as part of a 

rehabilitation project that included extension of the embankment to increase the shoulder 

of the road and the addition of riprap to stabilize the upstream pool. As a result, a new 

and longer culvert was built, and the topic of low light levels within the structure was 

broached. My overall objective of the field research was to determine if light level 

reductions in three long box culverts in Southwestern Minnesota acted as a behavioral 

barrier to fish passage rates of Topeka Shiner and common fish associates. In general, 

most small-stream fish passage studies focus on the upstream movement of species 

through potential barriers (Warren and Pardew 1998; Bouska and Paukert 2010; Blank et 

al. 2011).  
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My goal was to study movement of fishes through culverts and through nearby 

control stream reaches in both directions. I studied bi-directional movement (upstream 

and downstream) by displacing fish from their origins, while also monitoring movement 

without displacement. The field research was supplemented with a laboratory study. It is 

easier to regulate lighting treatments in a laboratory setting in order to observe a fish’s 

behavior under controlled conditions (Boeuf and Le Bail 1999). Controlled laboratory 

studies allow for the manipulation of one variable, light level, while controlling 

confounding factors, giving an opportunity to explore the causality of certain fish 

behaviors (Kemp et al., 2006). The objective of the laboratory experiments was to 

investigate the behavioral responses of two small, warm-water stream fish species 

(captive-raised Topeka Shiner and wild-caught Fathead Minnow) to different light levels 

within culverts. By controlling water depth, velocity, and length of culvert, I attempted to 

determine if light alone could negatively influence fish movement. The outcomes of this 

study will influence the design of other long replacement culverts in critical Topeka 

Shiner habitat and help determine whether light mitigation factors are necessary. 

This thesis was written in the format of two separate manuscripts for publication. 

The following two chapters each contain their own introduction, methods, results, and 

discussion. Chapter Two, “The effects of low light levels within long box culverts on 

passage of Topeka Shiner (Notropis topeka) and other prairie stream fishes,” describes 

the field research conducted in 2015 and will be submitted to Transactions of the 

American Fisheries Society. Chapter Three, “Impacts of varying light levels in a 

controlled setting on the movements of Topeka Shiner (Notropis topeka) and Fathead 

Minnow (Pimephales promelas)” presents the laboratory experiment conducted in 2016 at 
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St. Anthony Falls Laboratory. The journal to which the manuscript will be submitted has 

not yet been determined. 
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CHAPTER 2 

The Effects of Low Light Levels within Long Box Culverts on Passage of Topeka 

Shiner (Notropis topeka) and Other Prairie Stream Fishes 

 

Introduction 

 

Stream connectivity is important for fish to capture prey, avoid predators, access 

spawning areas and overwintering habitats, and maintain genetic diversity. Habitat 

fragmentation can interrupt stream connectivity and consequently, increase extinction or 

delay recovery following disturbances (Detenbeck et al. 1992; Park et al. 2008). Barriers, 

such as culverts, can cause fragmentation within a stream and may not allow species to 

disperse to key habitats and refugia (Bouska and Paukert 2010; Nislow et al. 2011; 

Maitland et al. 2016). The Topeka Shiner (Notropis topeka) is a federally endangered 

species of minnow, and certain individuals within the species use off-channel habitats to 

complete their life cycle (Hatch 2001). To do so, fish need to be able to swim 

longitudinally within the stream network. In most of the Topeka Shiner’s range there is 

no off-channel habitat (Missouri River drainage), but in their northern range (Minnesota, 

South Dakota, and Iowa), Topeka Shiner are more abundant in off-channel habitat than in 

stream channel habitats (Dahle 2001; Hatch 2001; Bakevich et al. 2013). These habitats 

are hypothesized to contribute positively to population growth and stability in the 

northern range of the species (Hatch 2001).  

Habitat fragmentation resulting from physical in-stream barriers is an area of 

concern for fish, but has received modest research in prairie stream systems. A physical 
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barrier acts as a structural roadblock within the stream and may impede or prevent a fish 

from passing, and can be semipermeable or can inhibit all movement (Warren and 

Pardew 1998). Culverts can become physical barriers to fish and other aquatic organism 

movement, yet are implemented because they are a cost-effective and an efficient way to 

move water underneath a roadway (Blank et al. 2011). Culverts can pose barriers to large 

migratory fish, such as salmon or trout (Belford and Gould 1989; Bates et al. 2003; Bates 

and Kirn 2007). However, research has increasingly found that culverts may also act as 

barriers for smaller, less vagile species. Warren and Pardew (1998) found that, at the 

family level, sunfishes, minnows, and topminnows showed significantly lower passage 

rates through culverts as compared to control stream reaches. As with salmon and trout, 

culverts can impede small stream fish species through insufficient water depth (Warren 

and Pardew 1998), increased stream velocity, lack of substrate (Toepfer et al. 1999), 

turbulence within the culvert (Bunt et al. 2012), and blockages from sediment or debris 

(Blank et al. 2011). Culverts can also be perched (i.e., outlet elevated above the 

downstream water surface) or become so during low flows, making it nearly impossible 

for small fishes to surmount (Norman et al. 2009). 

Although less documented, culverts can also become behavioral barriers to fish 

movement. Culverts can have no structural barriers, but may pose a behavioral barrier, or 

the culvert can have a combination of structural and behavioral blocks.  A behavioral 

barrier is a non-structural barrier that does not compromise the waterway, but prevents a 

fish from passing due to an avoidance reaction (Noatch and Suski 2012). Fish simply 

choose not to pass such barriers. Most fish respond to an environmental stimulus with 

either a preference for it or an avoidance behavior (Hocutt 1980). Behavioral stimuli, 
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such as electrical screens, air bubble curtains, strobe lights, acoustics, chemical toxicants, 

pheromones, magnetic fields, and changes in flow direction and velocity (Sager et al. 

1987; Welton et al. 2002; Bullen and Carlson 2003; Schreier et al. 2008; Noatch and 

Suski 2012) have been widely used as behavioral deterrents to fish movement within 

bodies of water and more specifically fish movement near large river infrastructures such 

as power plant intakes and hydropower dams.  

 The length and lack of substrate within a culvert can also influence fish behavior 

(Kemp and Williams 2008; Woltz et al. 2008; Briggs and Galarowicz 2013). Briggs and 

Galarowicz (2013) found that culvert length influenced the passage of Creek Chub. The 

authors speculated that long culverts without cover for refuge may be viewed as too far of 

a distance for Creek Chub to traverse. They also postulated that Creek Chub may not be 

aware of habitat beyond the culvert because their perceptual range may be limited.  

Additionally, culverts create an environment that is permanently darker than the 

ambient surroundings. Organisms have to pass through this environment if they wish to 

access other habitats (Louca et al. 2014). Reduced light levels also can influence certain 

behaviors such as feeding, refuge-seeking, aggregating, aggression, swimming patterns, 

and schooling (Frankel and Gunn 1961; Benfield and Minello 1996; Valdimarsson and 

Metcalfe 2001; Hunter 1968). Currently, there is limited research on light and passage 

through culverts, but concerns over light levels in long (>45 m) culverts appear in 

multiple fish passage guidelines (Fairfull and Witheridge 2003; National Marine 

Fisheries Service 2011). One study specifically involving light levels and fish movement 

through experimental flume passages found three-quarters of Chinook Salmon 

(Oncorhynchus tshawytscha) smolts avoided a covered passage and chose an uncovered 
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passage when provided with a choice (Kemp et al. 2005). More research is necessary to 

determine how small species of fish respond to light conditions.  

The overall objective of this field study was to determine if light level reductions 

in long box culverts in Southwestern Minnesota acted as a behavioral barrier to fish 

passage rates of Topeka Shiner and other common fish associates. In general, most fish 

passage studies in small-streams focus on the upstream movement of species through 

potential barriers (Warren and Pardew 1998; Bouska and Paukert 2010; Blank et al. 

2011). My goal was to study movement of fish through culverts and through nearby 

control stream reaches in both directions. I studied bi-directional movement (upstream 

and downstream) and homing tendency by displacing fish above and below a culvert, 

while also monitoring fish movement without displacement (four different groups).  

 

Methods 

 

Study Sites 

I documented fish movement by mark-recapture from May through August 2015 

through three box culverts and corresponding control reaches (Table 2.1). Criteria for 

culvert selection included: barrel length (length of the culvert box) greater than 30 

meters, no physical swimming barriers at typical flows (i.e., sufficient water depth, 

velocity within swimming ability of Topeka Shiner—40-75 cm/s [Adams et al. 2000], 

and no perched outlet), and location on streams designated as critical Topeka shiner 

habitat (USFWS 2005). In addition, culverts were selected to span a range of light levels 

within the culvert barrels. One culvert was selected with an elbow at the midpoint, to 
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include the darkest possible culvert. All sites were located on streams in the Missouri 

River drainage in southwestern Minnesota (Elk Creek, Poplar Creek, and Split Rock 

Tributary). Each culvert was constructed of multiple concrete boxes with two or three 

barrels. Control reaches were relatively straight stretches of stream of the same length as 

the shaded portion of the culvert located approximately 0.6 km away from the culvert site 

with at least one meander between (Blank et al. 2011). The Poplar Creek control was 

located downstream of the Poplar Creek culvert, whereas the controls at Elk Creek and 

Split Rock Tributary were located upstream of the respective culverts. All sites were 

located in an agricultural setting surrounded by grass pasture and row crops, and cattle 

had direct access to the stream except at the Elk Creek culvert. Water temperatures within 

the streams were cooler during the earlier collection dates (May/June) and warmer during 

the later collection dates (July) (Poplar Creek: 9.2-27.0°C; Elk Creek: 9.5-33.2°C; Split 

Rock Tributary: 15.9-28.8°C). Water transparency measured with a transparency tube at 

each site was lower in May, but increased as the summer progressed (Poplar Creek: 12.2-

69.3 cm; Elk Creek: 4.6-20.1 cm; Split Rock Tributary: 4.3-35.8 cm). Light levels, stream 

velocity, and water depth were collected at each culvert and control site on each 

collection date. 

 

Fish Mark and Recapture 

Fish were collected five times from May through August at each site. Collecting 

always occurred first at the culvert site (day 1), followed by the corresponding control 

(day 2). Drop nets were installed upstream and downstream of culverts and controls to 

prevent fish passage during the collection period. Each site was sampled for about 12-13 
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hours with half of the day spent upstream of the culvert or control and the other half spent 

downstream. Sampling was conducted 10 meters upstream (wide, deep pool) and 30 

meters downstream at Poplar Creek culvert and 10 meters upstream and downstream at 

the control. Samples were collected 30 meters upstream and 40 meters downstream at Elk 

Creek culvert and 50 meters upstream and downstream at the control. Lastly, samples 

were collected 50 meters upstream (the first 5 meters were not sampled due to deep 

waters and riprap) and 30 meters downstream at Split Rock Tributary culvert and 20 

meters upstream and downstream at the control. A bag seine was used to sample all 

habitats starting at the drop net and working outwards, except at the Poplar Creek culvert. 

The latter was sampled with a mini-Missouri trawl (Herzog et al. 2009) pulled in cross 

sections perpendicular to stream flow because of the depth of the pools upstream and 

downstream of the culvert. All collected fishes were held in flow-through holding pens 

within the stream until collecting and marking were completed. An area was deemed 

sufficiently sampled once catch-per-unit-effort declined or day length prevented further 

sampling.  

I marked fishes by injecting a Northwest Marine Technology visible implant 

elastomer (VIE) dye between the skin and musculature with a 29-gauge hypodermic 

needle (Bouska and Paukert 2010). Fishes to be marked were first anaesthetized using 

buffered tricaine methanesulfonate (MS-222) (80 ppm) before handling and tagging. 

Once a fish was ready for marking (loss of equilibrium with gill movement still visible), I 

recorded its total length (TL) to the nearest mm and marked it. Only fishes 30-150 mm 

total length (TL) were marked. If a fish showed negative effects to capture or anesthesia, 

it was revived in a separate aerated cooler and deemed unfit for marking or analysis. 
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The location of a mark on the fish was determined by the date of capture. The 

color of the mark was determined by a combination of the capture date and the release 

location (Figure 2.1). Fish collected at a culvert were marked on the left side of the body, 

and fish collected at a control were marked on the right side of the body. Specimens of 

each species were marked in lots of 10 (one color and one release location) before 

changing to another color corresponding to the opposite release location. For example, 

ten Fathead Minnow caught upstream were tagged blue and released upstream and the 

next set of ten Fathead Minnow caught upstream were tagged orange and released 

downstream. Then the pattern was repeated. A previously marked fish was recorded and 

given a second mark of a color consistent with the recapture and release location. This 

color schemed allowed me to determine if a fish moved across a culvert or control reach 

and in which direction it moved. 

 

Site Characteristics 

Depth and velocity were measured at the inlet and outlet of each culvert and 

control site. I measured light levels at the water surface at the midpoint of each culvert 

barrel length. Culvert and control dimensions were measured once, whereas all other 

measurements were recorded during each sampling date. 

Light levels within a culvert barrel and in unobstructed daylight were assessed 

with a handheld digital photometer (Extech Model EA30) on each collection date. Light 

level readings were taken outside of the culvert and away from shading (denoted 

“unobstructed”) and within the culvert at the midpoint of the culvert length in each barrel. 
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All readings were taken at the water surface in the morning, at noon, and late afternoon. 

Unobstructed light readings were taken at similar times at control sites for comparison. 

I measured stream velocity and water depth at each culvert and corresponding 

control reach with an acoustic 2D Doppler velocimeter (ADV; Sontek Flowtracker). 

Three velocity and depth measurements were taken at the horizontal center-point of each 

culvert barrel at the inlet and outlet due to the uniform depth across the culvert width. 

Velocity was recorded at 60% of the water depth and averaged for the three recordings. 

In control reaches, velocity measurements were taken at the inlet and outlet of the control 

culvert length. Unlike the culvert, multiple measurements at the controls were taken in 

cross-sections from the right bank to the left bank looking downstream due to the 

variability in depth across the stream. Velocity was recorded at 60% of the water depth 

and averaged across all measurements of the cross section. Orange peels, which are 

neutrally buoyant, were used to estimate velocity if water depth was too shallow for the 

ADV (< ~10 cm).  

 

Probability of Movement Analyses 

 I estimated the probability of movement (POM) from the number of recaptured 

fish that had moved for each culvert and control using logistic regression by averaging 

across the other experimental predictors, including stream, study site, tag color, and 

direction of movement. A fish was determined to have moved if the mark color did not 

match the mark colors of fish released in the same area. A fish’s color or colors also 

indicated the direction of its movement (upstream or downstream). 
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 All statistical analyses for fish movement were completed using R Version 3.2.2. 

First, I conducted a chi-square test on all recaptured fish to determine whether the POM 

at a culvert and the POM at a control were different. The difference between the two 

areas was significant (P-value < 0.01), with the probability of movement being less at 

culverts. As a result, a generalized linear model was fitted to test for two- and three-factor 

interactions among the predictors: experiment area (culvert or control), stream (Poplar, 

Elk, Split Rock), and most recent tag color (movement direction) using the Wilkinson-

Rogers notation (Wilkinson and Rogers 1973). The general model for this regression was, 

logit(x) = β0 + Experimental.Area * Stream * Most.Recent.Tag.Color where β0 = 

constant, Experimental.Area = culvert or control, Stream = Elk, Poplar, or Split Rock, 

Most.Recent.Tag.Color = movement-yes or no and upstream or downstream if yes. 

Using a type II analyses of deviance (ANOVA), all predictors were significant 

except the three-factor interaction. A new model was fitted to exclude the three-factor 

interaction using the Wilkinson-Rogers notation (Wilkinson and Rogers 1973) with 

significance based on α = 0.05 or greater (Fox and Weisberg 2011). Thus, the model 

became logit(x) =β0 + Experimental.Area:Stream + Stream:Most.Recent.Tag.Color + 

Experimental.Area:Most.Recent.Tag.Color. All probabilities for fish movement were 

calculated using the R Package Effect Displays (Fox 2003). All P-values throughout this 

thesis were computed using Least-Squares Means in the R Package lsmeans (Lenth 

2016). 

Similar type II analyses of deviance (ANOVA) were conducted to determine 

POM differed between culverts and controls when using data from a single family and 

from four different species with large sample sizes.  
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Results 

 

Fish Mark-Recapture 

I marked 18,963 fish (456 Topeka Shiner) in all three study streams from May 

through August 2015 (Appendix A). Across all three streams, three species contributed 

66.4% of the total fish marked: Fathead Minnow (36.9%), Sand Shiner (19.6%), and 

Bluntnose Minnow (9.9%) (Figure 2.2). Topeka Shiner accounted for 2.4% of the total 

fish marked. 

I recaptured 1,874 fish (9.9%). Recapture rates were highest at the Split Rock 

Tributary control (18.2%) and culvert (13.1%), followed by Elk Creek control (11.8%), 

Elk Creek culvert (8.9%), Poplar Creek control (6.7%), and Poplar Creek culvert (3.6%). 

Four species contributed 79.5% of the total recaptured fishes: Fathead Minnow (27.9%), 

Sand Shiner (23%), Johnny Darter (16.1%), and Bigmouth Shiner (12.5%). Forty-six 

(2.5%) Topeka Shiner were recaptured. 

 

Overall Fish Movement 

 Recaptured fish moved through all culvert and control reaches in both directions; 

therefore, no reach, culvert or control, was a complete barrier to fish movement (Figure 

2.3). The type II analyses of deviance (ANOVA) showed that all factors (Experiment 

Area, Stream, Most Recent Tag Color, and the two-way interactions) were significant for 

the probability of movement for the general community of fish. This allowed me to 

compare the POMs using the Effects program in R (Fox 2003) and generate the P-values 



20
 

using the lsmeans program in R (Lenth 2016) to determine which variables at the 

different sites were different from one another. The POMs at culverts decreased from 

40.6% to 18.6%, as the culvert length and darkness increased. Comparisons of POMs 

between culverts and controls were not different at Poplar Creek (P-value = 0.34), but 

were significant at Elk Creek (P-value < 0.01) and at Split Rock Tributary (P-value < 

0.01). The POMs of all recaptured fish at each of the three control stream reaches were 

similar and not significantly different from one another—Poplar Creek 44.8%, Split Rock 

Tributary 48.0%, and Elk Creek 48.9% (P-value Poplar Creek-Elk Creek = 0.76, P-value 

Poplar Creek-Split Rock Tributary = 0.69, P-value Elk Creek-Split Rock Tributary = 

0.99).  

 

Direction of Movement 

Colors of marks and location of recapture determined the net direction of 

movement by all recaptured fish. The same type II analyses of deviance (ANOVA) was 

used to evaluate the direction of fish movement. Fish moved both upstream and 

downstream through both culverts and controls, but certain directions at the controls were 

significantly higher than the culverts (P-value caught upstream/released upstream < 0.01, 

P-value caught downstream/released downstream = 0.01, P-value caught 

downstream/released upstream < 0.01). Overall, fish were more likely to move when 

released in the area opposite from which they were captured (Figure 2.4), and fish were 

most likely to move when they were captured upstream and released downstream (thus, 

movement was in the upstream direction) (POM 60.8% for culverts, 65.9% for controls; 



21
 

not significant-P-value = 0.78). Regardless of the release area, across all streams and 

reaches, more fish moved upstream (451) than downstream (322).  

 

Movement by Family and Species 

At least one Topeka Shiner moved through each culvert, Poplar Creek control, 

and Split Rock Tributary control. Because of the low capture and recapture rates of 

Topeka Shiner, movement influenced by culverts is uncertain; so Topeka Shiner analysis 

was combined under the family Cyprinidae. The family Cyprinidae comprised 85.2% 

(nineteen species including Topeka Shiner) of the overall marked fish and 80.0% (nine 

species including Topeka Shiner) of the overall recaptured fishes (Percidae-16.2%, 

Centrarchidae-3.8%, and Fundulidae- < 0.1%) and was the only family analyzed. 

Although Percidae accounted for a large proportion of the catch, analyzed analysis was 

only conducted at the species level because all but two of the individuals recaptured were 

Johnny Darter.  

 

Cyprinid Fish Movement 

The POM by Cyprinidae followed a similar pattern to the entire fish community 

(Figure 2.5). A similar type II analyses of deviance (ANOVA) showed that most factors 

(Experiment Area, Most Recent Tag Color, and the two-way interactions) were 

significant for the probability of movement for the general community of fish (α < 0.05). 

Treating the significant factors as before, the POMs at Poplar Creek culvert and at its 

respective control reaches was not significantly different (Poplar P-value = 0.77) 

However, the POMs by Cyprinidae were significantly different between the culverts at 
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Elk Creek and Split Rock Tributary and their control reaches (Elk P-value = 0.01; Split 

Rock Tributary P-value < 0.01). Movement was lowest (23.0%) at the Split Rock 

Tributary culvert. The control POMs at Split Rock Tributary (48.0%) and Elk Creek 

(48.9%) were identical to the POMs for the general fish community. The POM at Poplar 

Creek control was only slightly lower than the general fish community at 43.1%, and was 

comparable to the other two sites. Hence, none of the controls were significantly different 

from one another (P-value Poplar Creek-Elk Creek = 0.61, P-value Poplar Creek-Split 

Rock Tributary = 0.48, P-value Elk Creek-Split Rock Tributary = 0.98). 

 

Fish Movement by Most Abundant Species 

 POM was investigated for the four most abundant recaptured species: Bluntnose 

Minnow, Fathead Minnow, Sand Shiner, and Johnny Darter. Logistic regressions were 

only conducted when a species had sample sizes greater than 30 at both the control and 

culvert for two or more streams. Bluntnose Minnow and Sand Shiner were evaluated at 

all sites, whereas Fathead Minnow were not analyzed at Elk Creek and Johnny Darter 

were not analyzed at Poplar Creek. 

 The type II analyses of deviance (ANOVA) showed for Bluntnose Minnow the 

factor Most Recent Tag Color and the interaction between Stream and Most Recent Tag 

Color were significant (α < 0.05). The factors Experiment Area and Most Recent Tag 

Color, the interaction Experiment Area and Stream, and the interaction Experiment Area 

and Most Recent Tag Color were significant (α < 0.05) for Fathead Minnow. The factors 

Experiment Area and Most Recent Tag Color and the interaction Experiment Area and 

Stream were significant (α < 0.05) for Johnny Darter. The factors Experiment Area and 
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Most Recent Tag Color and the interaction Stream and Most Recent Tag Color (α < 0.05) 

for Sand Shiner. 

 Managing the significant factors as before for each species, the POM at the 

control sites were similar when comparing at the species level (excluding Fathead 

Minnow at Elk Creek and Johnny Darter at Poplar Creek because of low sample sizes) 

(Figure 2.6). POMs for Bluntnose Minnow at the control sites were not significantly 

different from one another (P-value Poplar Creek-Elk Creek = 0.97, P-value Poplar 

Creek-Split Rock Tributary = 0.82, P-value Elk Creek-Split Rock Tributary = 0.95). 

POMs for Fathead Minnow at two control sites were not significantly different from one 

another (P-value Poplar Creek-Split Rock Tributary = 0.49). POMs for Johnny Darter at 

two control sites were not significantly different from one another (P-value Elk Creek-

Split Rock Tributary = 0.68). POMs for Sand Shiner at the control sites were not 

significantly different from one another (P-value Poplar Creek-Elk Creek = 0.82, P-value 

Poplar Creek-Split Rock Tributary = 0.84, P-value Elk Creek-Split Rock Tributary = 

0.99). At Split Rock Tributary, three out of four of the species had a significantly lower 

POM at the culvert than at the control (P-value Bluntnose Minnow = 0.28, P-value 

Fathead Minnow < 0.01, P-value Johnny Darter < 0.01, P-value Sand Shiner < 0.01). 

Johnny Darter POMs were also significant at Elk Creek (P-value = 0.02). 

 

Light 

The light at the midpoint within every culvert was always less than full sunlight 

(Figure 2.7 and Appendix B). Unobstructed full sunlight levels across all control and 

culvert sites ranged from 2,100 lux to 115,700 lux. Light readings collected at the Poplar 
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Creek culvert midpoint had an average reduction at midday of 66.7% (log scale), ranging 

from 10 lux to 73 lux. Light readings were similar between barrels. Light level readings 

collected within the Elk Creek culvert had an average reduction at midday of 77.0% (log 

scale), ranging from 2 lux to 24.6 lux. Light level readings were similar among barrels. In 

general, mean light levels at the Elk Creek culvert midpoint were less than the mean 

levels at the Poplar Creek culvert midpoint. Light level readings collected within the Split 

Rock Tributary culvert had an average reduction at midday of 99.2% (log scale), ranging 

from 0.1 lux to 2.1 lux. Light levels at the Split Rock Tributary culvert midpoint were 

always less than those measured at Poplar and Elk Creek culvert’s midpoints. Altogether, 

light levels at the Poplar and Elk Creek culvert midpoints fell between light levels typical 

for twilight and deep twilight conditions, whereas levels at Split Rock Tributary culvert 

fell between deep twilight and full moon conditions (Figure 2.7). 

 

Velocity and Depth  

I collected water depth and velocity measurements at every visit at all culverts 

and controls unless high water levels prevented safe measurements. The depths at the 

Poplar Creek and Split Rock Tributary controls were shallower than their corresponding 

culvert sites, but the control at Elk Creek was deeper than the culvert. Water velocities at 

Poplar Creek and Split Rock Tributary controls were higher than their corresponding 

culvert sites when measured in the same time frame but still within swimming capacities 

of Topeka Shiner and associated fish species. The control at Elk Creek had slower water 

velocity than the culvert (Appendix C and D). The magnitude and variation of stream 

velocity was greatest at Elk Creek, followed by Split Rock Tributary and lowest at Poplar 
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Creek (Figure 2.8). This pattern does not compliment the POM pattern, where the POM 

decreased as culvert length and darkness increased. Water depth was lowest at Elk Creek 

and highest at Poplar Creek. The water depth at Split Rock Tributary was only slightly 

lower than Poplar Creek. This pattern also does not compliment the POM pattern. Light 

levels within the culverts were highest at Poplar Creek, substantially lower at Elk Creek, 

and substantially lower again at Split Rock Tributary. This pattern follows the general 

trend of the POM.  

 

Discussion 

 

Fish Movement 

Two of three sampled culverts were partial barriers to fish movement. A partial 

barrier constituted a POM at the culvert that was significantly lower than the 

corresponding control reach. Fish mark and recapture demonstrated that the three control 

sites had similar POMs (44%-48.9%), which compares with Bouska and Paukert (2010), 

whose controls ranged from 41%-45%. The culverts at Elk Creek and Split Rock 

Tributary appeared to be partial barriers, with the most dramatic effect at Split Rock 

Tributary, the longest and darkest culvert. Bouska and Paukert (2010) indicated that 

culvert dimensions (slope, length, and width) impacted fish movement. The assertion that 

longer culverts impacted the probability of fish movement was also supported by Briggs 

and Galarowicz (2013) who found culvert lengths had the greatest influence on upstream 

passage of Creek Chub when considering other factors such as culvert width, outlet pool 

depth, velocity in culvert, stream depth in culvert, and culvert type. However, box 
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culverts appeared to be the least obstructive for fish movement. Our data from large box 

culverts may be a conservative estimate for other culvert types. 

There was no discernible difference, however, between the POM at Poplar Creek 

culvert and its control. These findings support those of Vander Pluym et al. (2008), which 

indicated that culverts without a physical barrier did not appear to limit fish movement in 

North Carolina. Their results, however, may be due to timing of recapture and 

subsequently low recapture rates (1.91% to 9.96% per month). In their study, all 

recapture sampling occurred once a month from June until August, with the initial 

collections in May. The timespan between collections may have caused fish to move out 

of their study area and influenced their assessment of fish movement.  

A similar barrier effect may have occurred in the family Cyprinidae and in the 

four most abundant species (Bluntnose Minnow, Fathead Minnow, Johnny Darter, and 

Sand Shiner). Cyprinids and all four of the most abundant species showed a significant 

difference in POM between the Split Rock Tributary culvert and its corresponding 

control. The most dramatic effect was exhibited on Johnny Darter, where only 8.3% of 

marked fish passed through the longest and darkest culvert compared to 43.5% in the 

control reach. Johnny Darter are a benthic species and would experience the lowest light 

levels within the stream Light within other culverts may not be barriers to the general fish 

community, but could prevent certain species from moving through the culvert, causing 

changes to the composition of the fish community upstream of the crossing. Levels of 

light may attract some fish and repel others living in the same environment (Popper and 

Carlson 1998).  
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Despite low recapture numbers, Topeka Shiner movement can be evaluated. At 

least one Topeka Shiner of 46 recaptured passed through each of the sampled culverts, as 

well as through Poplar Creek and Split Rock Tributary controls. Movement of Topeka 

Shiner occurred in both directions at Poplar Creek culvert and control and Split Rock 

Tributary culvert and control. Poplar Creek culvert and control had the highest POM 

(61.5% and 75%), and the Elk Creek culvert showed the lowest POM by Topeka Shiner 

(14.3%). At Split Rock Tributary, Topeka Shiner showed similar POM at the control and 

culvert (57.1% and 54.6%), but lower than Poplar Creek. Topeka Shiner belong to the 

family Cyprinidae, as well as Bluntnose Minnow, Fathead Minnow, and Sand Shiner. 

The family Cyprinidae and the three most abundant species showed a pattern of declining 

movement with darkness. Thus, if numbers were sufficient, Topeka Shiner may respond 

similarly to other associates. 

Typically, studies only focus on one direction of movement through a culvert 

(Warren and Pardew 1998; Bouska and Paukert 2010; Blank et al. 2011). The study 

design measured both upstream and downstream movement. Overall, the total recaptured 

fish community demonstrated greater upstream movement than downstream movement at 

all culvert and control sites. Other studies have noted this upstream movement 

phenomenon. Gerking (1953) found similar movement in smallmouth bass, spotted bass, 

golden redhorse, and hogsuckers. Similarly, Benton et al. (2008) observed higher 

upstream movement rates than downstream in clear-span bridges, box culverts, and tube 

culverts in small Georgia streams. Goforth and Foltz (1998) demonstrated a seasonal 

trend with Yellowfin Shiner (Notropis lutipinnis), where upstream movements were 

higher in late spring and summer and downstream movements were higher in fall and 
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winter. Based on my observations, culverts did not bias movement in a downstream 

direction, thus upstream off channel or spawning habitat is still accessible. 

Fish that were displaced from their initial collection sites (culvert or control) 

demonstrated the highest POM, which suggests these fish had a home site. Historically, 

research on movement of small aquatic species has suggested that stream fish normally 

do not move very far (Goforth and Foltz 1998; Rodriguez 2002; Crook 2004), whereas 

Gatz (2007) found Green Sunfish within streams to be highly inclined to return to their 

home location even when displaced great distances. Cyprinids have also been observed 

using homing tendencies to return to spawning areas (Linfield 1985). My analysis has 

demonstrated that returning home for small stream species is possible in spite of 

anthropogenic structures, such as long box culverts, along the recolonization route. 

 

Conditions in the Culverts 

Light could not be identified as the sole contributor to the decline in POM. As 

culvert length increased, the light levels within the sampled culverts decreased. As a 

result, the variables of light and length cannot be separated. The length of a culvert has 

been shown to be an important factor when measuring fish movement (Briggs and 

Galarowicz, 2013). Creek Chub were less abundant upstream of long culverts when 

compared to population numbers downstream. It is possible that certain species may view 

the long dark tunnel as unsafe to traverse, or they may be unaware that there is habitat 

beyond the structure due to limited perceptual range. Ambient conditions surrounding 

culverts depend on latitude, season, time of day, and cloud cover. Multiple factors can 

influence the amount of light present, including culvert dimensions, culvert material, 
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culvert orientation, bends or elbows in culverts, the surrounding landscape, and ambient 

conditions. Based on an intensity of outdoor light levels (The Engineering Toolbox 

2016), at midday the culverts experienced light levels within the barrels equivalent to 

levels associated with sunset or later. The shortest culvert (Poplar Creek) experienced 

higher light levels than the longest culvert (Split Rock Tributary), where levels reached 

the equivalence of a full moon (< 1 lux). A light level of 0.1 lux is the lower threshold for 

effective visual location of prey (Hyatt 1979). Lower light levels within dark culverts 

could make it more difficult for certain species to locate prey items. The two shorter 

culverts were above the visual threshold; however, light measurements were taken at the 

water surface within the culverts, and light levels are expected to decrease within the 

water column due to attenuation and turbidity.  

Light reduction from the stream surface to the stream bottom ranged from 24.1% 

to 50.3% at the Poplar Creek culvert and 21.7% to 53.7% at the Poplar Creek control 

based on three sets of light extinction measurements. Light reduction ranged from 48.6% 

to 94.2% at the Split Rock Tributary culvert and 59.7% to 100.0% at the control based on 

two sets of light extinction measurements. If light is a causal variable affecting movement 

in culverts, then demersal species, like Johnny Darter, may be influenced more than 

pelagic species, but further studies would need to examine this notion. 

 

Limitations 

Overall, recapture numbers and rate at Poplar Creek were lower than the other 

sites. Sampling was difficult in the deep pools upstream and downstream of the Poplar 

Creek culvert, and day length was often the limiting factor for collection. Collection 
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required a mini-trawl, which was more time consuming per sample. A large portion of the 

water volume at Poplar Creek culvert could not be sampled, thus many marked fish may 

have been missed. There was no flow in the left barrel at the Split Rock Tributary, except 

during high water events, and a small riffle above the culvert was exposed during low 

flow. This lack of flow may have contributed to a lower POM because fish did not have 

access to both barrels at all times of the year.  

Seasonal movement differences may have also influenced recapture rates. Briggs 

and Galarowicz (2013) experienced higher recapture rates in the fall than in the spring 

when sampling at two-week intervals, and suggested that fish moved less during the fall. 

Preliminary sampling in the fall of 2014 and a recapture interval of 24 hours provided no 

documentation of fish movement at Poplar Creek culvert. However, fish movement was 

detected after a week between initial sampling and recapture collections at Poplar Creek 

culvert and Elk Creek culvert, thus the study design was changed for the following field 

season. Similar to Briggs and Galarowicz (2013), recapture rates were higher in the fall 

than in the summer. Topeka Shiner and many of its associates spawn of extending 

periods during the summer. Thus, a weeklong interval may have been too long in the 

summer because some marked fish may have left the sampling area to move to spawning 

areas. Fish activity increases with warmer water temperatures, thus one or two-day 

interval sampling and recapture may have reduced the potential for marked fish to leave 

the study zone. Lastly, some marks may have been missed during recapture events. The 

blue fluorescent dye was difficult to see in darker pigmented fish (Green Sunfish and 

Creek Chub) even with the VI light provided by Northwest Marine Technology and may 

have reduced apparent recapture rates. We also collected three large Northern pike within 
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the Poplar Creek culvert in 2014. If predators congregate in the culvert, marked fish that 

attempted to pass through the culvert may have suffered a higher predation rate relative to 

non-moving fish, which would have lowered the POM. This possibility was considered a 

minor influence, because POM was similar between the Poplar Creek culvert and control. 

  

Concluding Remarks 

My study indicates that light and length may reduce the probability of fish 

passage through a long box culvert. The longer and subsequently darker a culvert was, 

the less likely fish were to pass through. Further research is necessary to tease out the 

question of light versus length. Although barrel length may be an issue, box culverts 

appear to be the least obstructive to fish movement (Briggs and Galarowicz 2013). More 

narrow structures (pipe culverts) reduce fish movement (Briggs and Galarowicz 2013), 

and could possibly reduce light levels further. In Chapter 3, I evaluate culvert length and 

light in laboratory experiments that examined the behavioral effects of altering light 

levels, while controlling for culvert length. Determination of light versus length will 

influence the future design of other long dark culverts in prairie streams. 

 In summary, the three box culverts examined in this study were not complete 

barriers to fish passage. Nevertheless, as the light levels within the culvert decreased, the 

POM decreased as well. A few factors may have contributed to this effect. The most 

important factor was that the darkest culvert was also the longest culvert, thus light could 

not be ruled as the sole variable. Culverts were also constructed of concrete and typically 

lacked suitable habitat within the structures relative to the corresponding control reaches. 

Future studies should investigate whether similar behaviors are seen in more diverse fish 
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species and other culvert types, as well as investigating laboratory studies where length, 

light, habitat, or a combination of factors of culverts can be examined while controlling 

for other confounding factors such as stream velocity, depth, temperature, and 

transparency. 
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Table 2.1 Stream, location, and description of the culverts (barrels, width, height, length, 

orientation) at sites sampled in Southwestern Minnesota. 

 

Stream Lat/Long Barrels Barrel Dimension 

(Width x Height) 

(m) 

Barrel 

Length (m) 

Culvert 

Orientation 

Description  

(looking downstream) 

Poplar 

Creek 

43°51'29.53"N/ 

96°15'25.26"W 

2 4.9 x 3.7 36.6 ENE Culvert backwatered; 

two large pools 

immediately upstream 

and downstream. 

Elk 

Creek 

43°38'15.75"N/ 

96° 6'52.84"W 

3 3.3 x 3.0 

(left/right) 

4.3 x 3.0 (middle) 

47.5 N Culvert shallow; left 

barrel little to no flow. 

Split 

Rock 

Tributary 

43°45'24.86"N/ 

96°24'51.47"W 

2 2.4 x 2.4 52.8 (left) 

58.2 (right) 

WNW Right barrel blocked 

during low flow; 

culvert has elbow in 

middle; large pool 

downstream. 
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Figure 2.1 Diagram of the fish mark-recapture design with the corresponding collection 

sites, mark colors, and release sites. Marking scheme was similar for culvert and control 

sites, except that culvert fish were marked on the left side as opposed to the right for 

control fishes.  
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Figure 2.2 Five most abundant species marked at each culvert and control. All other 

species included in the other category.  
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Figure 2.3 Probability of movement of all recaptured fish (both directions) at each 

culvert and control site (+ 2 SE), arranged in order of increasing length of the culverts. 

*Significant (α < 0.05). 
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Figure 2.4 Probability of movement of all recaptured fish based on direction across all 

culverts and control (+ 2 SE). DS = downstream, US = upstream. *Significant (α < 0.05). 
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Figure 2.5 Probability of movement by all recaptured Cyprinidae at each culvert and 

control site (+ 2 SE). *Significant (α < 0.05). 
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Figure 2.6 Probability of movement by most abundant species at each culvert and control 

site (+ 2 SE). Low recapture sizes (Fathead Minnow: N = 25, Johnny Darter: N = 19). 

*Significant (α < 0.05). 
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Figure 2.7 Light levels recorded in full sunlight and mid-culvert at the three culvert sites 

compared to light levels experienced naturally (The Engineering Toolbox 2016). 

 

  

Sunlight

Full Daylight

Overcast Day

Very Dark Day

Twilight

Deep Twilight

Full Moon

Culvert: Blue = Poplar, Red = Elk, Green = Split Rock

Ambient Daylight: Blue = Poplar, Red = Elk, Green = Split Rock 

L
ig

h
t 

(l
u

x
)

10−1

1

101

102

103

104

105

Time of Day

8:00 10:00 12:00 14:00 16:00 18:00 20:00



41
 

 

 

 

Figure 2.8 Water velocities (a), water depths (b), and light levels (c) recorded at the three 

culvert sites. The graphs depict the interquartile range (box), mean values, range with 

exclusion of outliers (whiskers), and any outliers (dots). 
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CHAPTER 3 

Impacts of Varying Light Levels in a Controlled Setting on the Movements of 

Topeka Shiner (Notropis topeka) and Fathead Minnow (Pimephales promelas) 

 

Introduction 

 

Culverts can become physical barriers to fish species by reducing upstream or 

downstream movement, both of which are necessary for feeding, spawning, accessing 

refugia, and maintaining intraspecific genetic diversity (Bouska and Paukert 2010). A 

culvert can be a physical barrier if it becomes perched (i.e. outlet elevated above the 

downstream water surface) (Norman et al. 2009), has insufficient water depth (Warren 

and Pardew 1998) or increased water velocity (Toepfer et al. 1999), becomes blocked by 

debris or sediment (Blank et al. 2011), lacks appropriate substrate (Woltz et al. 2008), or 

possesses some combination of these. The federally endangered Topeka Shiner (Notropis 

topeka) has been directly impacted by the installation of culverts and other road crossing 

structures within their habitat. Blank et al. (2011) found that culverts reduced the 

probability of movement by small stream species, including Topeka Shiner, when 

compared to control stream reaches. The study indicated that compared to culverts 

constructed of corrugated metal pipes and structural steel plates, large concrete box 

culverts minimized fish passage impedance, hence providing the easiest movement. 

Large box culverts tend to have large water depths, low velocities, and gradual light 

gradients. 
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 Although less documented, culverts can also become behavioral barriers to fish. A 

behavioral barrier is a non-structural barrier that does not compromise the waterway, but 

prevents a fish from passing (Noatch and Suski 2012). Culverts can have no structural 

barriers, but still have a behavioral component, or the culvert can have a combination of 

structural and behavioral blocks. Understanding behavior is important for the 

conservation of a species like Topeka Shiner because behavior influences breeding, 

dispersal and settlement, foraging, and translocation, all of which impact species 

persistence (Reed 2002). Abiotic factors greatly influence the behavior of aquatic 

organisms. Salinity, pH, temperature, oxygen availability, and nitrogen presence can 

influence certain life stage events of fishes (Boeuf and Le Bail 1999). Light levels have 

also been documented to influence certain fish behaviors including feeding, refuge-

seeking, aggregating, aggression (Cerri 1983; Grecay 1990; Benfield and Minello 1996; 

Valdimarsson and Metcalfe 2001), orientation (Frankel and Gunn 1961), and schooling 

(Hunter 1968). Atlantic Salmon (Salmo salar) showed little aggression under conditions 

similar to starlight (0.01 lux), but aggression rate and distance between fish increased 

with higher light levels. Predation rates by juvenile Weakfish (Cynoscion regalis) were 

unaffected when light was available, but decreased significantly in darkness (Grecay 

1990). Aggregation of juvenile Blacknose Dace (Rhinichthys atratulus) was higher in 

light and twilight conditions than in the dark (Cerri 1983). In contrast, Creek Chub 

(Semotilus atramaculatus) tended to seek refuge with light.  

Light can also influence orientation during swimming (Fraenkel and Gunn 1961). 

A fish typically orients its dorsal surface toward the light, which is usually coming from 

above. Fraenkel and Gunn (1961) demonstrated that Point-snouted Wrasse (Symphodus 
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rostratus) oriented with light and leaned if the light tilted, but only to a limited extent due 

to feedback from the inner ear. If the inner ear was removed on both sides, fish would 

swim upside-down if the light source came from below. Additionally, light alters 

schooling behavior (Hunter 1968). As light levels decrease, fish schools break into 

smaller units and eventually cease to exist (Helfman 1979). Usually, schools dissipate at 

dusk once the illumination has dropped below a visual threshold of 0.1 lux, and reform at 

dawn (Bone and Moore 2008). If light levels within culverts drop below the visual 

threshold, they may influence a fish’s behavior.   

Little research has been conducted on whether light reduction within culverts or 

near other anthropogenic structures, such as weirs, floating docks, and piers, act as a 

behavioral barrier to fish movement. Three-quarters of Chinook Salmon (Oncorhynchus 

tshawytscha) smolts chose an uncovered passage and avoided a covered passage when 

presented with a choice in a study involving light levels and fish movement through 

experimental flume passages (Kemp et al. 2005). The avoidance response was thought to 

reflect an innate cue, such as overhanging vegetation, undercut banks, or manmade 

structures. The avoidance behavior of bank areas may decrease predator encounters and 

increase fitness. Additionally, the size of smolts of three species of Pacific salmon 

determined the passage route through two experimental weirs under light and dark 

conditions; larger specimens passed downstream under illuminated conditions, whereas 

smaller fish passed under dark, potentially to avoid larger predatory fish (Kemp et al. 

2006). Shade cast by piers in Puget Sound, Washington reduced the presence and feeding 

of three species of juvenile Pacific salmon (Munsch et al. 2014). 
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Other aquatic animals may also be affected by light levels in crossing structures. 

Woltz et al. (2008) found that light influenced movement of frogs through certain 

crossing structures. Green (Lithobates clamitans) and leopard frogs (L. pipiens) preferred 

tunnels with natural substrate and the greatest light permeability. In contrast, Louca et al. 

(2014) found that movement rates in white-clawed crayfish (Austropotamobius pallipes) 

did not differ between an unlit 363-m long culvert and an open stream channel. More 

research is necessary to apply these findings to smaller fish species. 

Results from Chapter 2 suggested light and/or length of culvert may impede the 

probability of fish movement through large concrete box culverts. The goal of this 

chapter was to assess whether reduced light levels can influence fish movement and 

create a behavioral barrier. The objective was to investigate the swimming response of 

two small, warmwater stream fish species (captive-raised Topeka Shiner and wild-caught 

Fathead Minnow, Pimephales promelas) as they encountered passageways of varying 

light levels. I designed an experimental flume that controlled water velocity and depth 

and length of passage to address my objective. The flume offered fish a choice between 

two passageways, one shaded and one unshaded. This study was designed to examine 

multiple questions to determine if light influenced fish movement. First, did fish cross the 

start line and enter a passageway? If so, how many and did the shade level influence that 

number? Second, did fish cross the end line and complete a passageway? If so, how many 

and did the shade level influence that number? Lastly, was there a time difference to 

cross each of these lines under the various shade conditions. These experiments were 

used to quantify the movement of fish through light and dark passageways to determine if 

light mitigations are necessary within culverts in the field. 
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Methods 

 

A series of flume experiments were conducted from June 7 to June 29, 2016 at the 

University of Minnesota’s St. Anthony Falls Laboratory (SAFL). Fish were offered two 

passageways of similar or different light levels and allowed to swim freely for one hour 

in each experiment. 

 

Experimental Setup 

The flume was 1.5 m wide by 7.6 m long and supplied with water from the 

Mississippi River (Figure 3.1). The experiments consisted of three shade conditions 

(70%, 80%, and 100%) and two types of controls to determine whether there was a 

left/right passageway bias (0% shade or 100% shade in both passageways). Three trials 

were conducted for each shade condition, and four trials were conducted for each control. 

During the shade trials, shading was randomly assigned to one of the passageways. 

Shading was achieved by covering the entire length of the passageway with appropriate 

shade cloth approximately 30 cm above the water level. The unassigned passageway 

remained uncovered, except in the 100/100 control where both passageways remained 

uncovered. 

The fish acclimated downstream of the lift gate. A block gate was placed at the 

most downstream point in the flume to prevent fish from swimming out of the 

experimental area. A slotted gate was used to disrupt schooling and was placed just 

upstream of the lift gate (Figure 3.1). Beyond the gate, fish were allowed to freely swim 
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into either passageway. The flume was divided into two equally wide passageways and 

ended with winged slit fykes that led to capture pens upstream of the divider. All ambient 

light was blocked from the experimental area and light levels were controlled using 

sixteen metal halide lights (eight for each passageway). Lights were hung approximately 

50 cm above the entire length of the flume to maximize the light levels (lux) but high 

enough to prevent overheating the water. 

Water depth, average velocity, and turbidity were measured at the beginning and 

end of experimental runs each day. Water depth and velocity were adjusted when 

necessary (15.2 cm and 5 cm/s). Velocity was measured using a 2D acoustic Doppler 

velocimeter (ADV; Sontek Flowtracker). Turbidity, measured with a turbidimeter 

(HACH Model 2100N), ranged from 7.2 to 17.4 NTU. Water temperature was measured 

throughout every trial and ranged from 20° C to 26° C. Turbidity and water temperature 

were the same in each passageway during a given experiment, but neither could be 

controlled.  

Longitudinal profiles of light levels were measured at the water surface for each 

experimental setup using a handheld digital photometer (Extech Model EA30). 

Longitudinal profiles of each passage under varying shade levels were conducted prior to 

and after experiments commenced, whereas water surface light levels were measured 

daily at the start and end of each passageway before each trial.  

Captive-raised Topeka Shiners from the Neosho National Fish Hatchery in 

Missouri (Federal Fish and Wildlife permit TE60133B-0) and wild-caught Fathead 

Minnows captured in Rice Creek, a tributary of the Mississippi River upstream from 

SAFL were used to test the varying shade conditions. Fish of similar size (30-70 mm total 
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length) were held in four 150-liter flow-through aquaria supplied with Mississippi River 

water and held on a natural photo period for at least one week prior to experiments in 

accordance with a protocol approved by the Institutional Animal Care and Use 

Committee (IACUC). Fish were fed a mixture of brine shrimp and freshwater fish flakes 

once a day. When trials were conducted, fish were fed after the last experiment was 

completed.  

Ten fish of one species was placed in the acclimation area at the downstream end 

of the flume prior to a trial to adjust to flume conditions. After ten minutes the gate was 

lifted and fish were given one hour to swim freely. After one hour, the number of fish in 

each capture pen were counted, and the position of all fish not in the pens was noted. Fish 

were only used in one trial.  

Four GoPro and two Aqua-Vu ice-fishing cameras were used to record fish 

movement (Figure 3.1). A single camera was suspended at the center of the downstream 

entrance and at the upstream exit of the passageways. Cameras were also placed at the 

midpoint of each passageway (3 m upstream from start line). GoPro cameras were 

suspended under the 0%, 70%, and 80% shade cloth above the water surface, whereas 

two Aqua-Vu cameras were used underwater in the passageway covered with 100% 

shade cloth. Camera placement with the Aqua-Vu’s was randomized for sides during the 

100/100 condition trials (only two cameras were available and both were necessary for 

maximum exposure on one passage side).  

To determine if light levels influenced fish movement multiple questions were 

assessed using these experiments. First, did fish cross the start line and enter any 

passageway? If so, how many and did the shade level influence that number? Second, did 
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fish cross the end line and complete any passageway? If so, how many and did the shade 

level influence that number? Lastly, was there a time difference to cross each of these 

lines under the various shade conditions.  

Fish moved up and down the passages, as well as in and out of the capture pens, 

counts of fish within the capture pen after one hour were not a reflection of the choices 

fish made. Fish also crossed the starting and ending lines numerous times (sometimes 

hovering at the lines, crossing several times in a matter of seconds), thus the total number 

of crossings was not an accurate counting method. Therefore, fish movement was 

assessed by the maximum aggregate number of individual fish to cross the start of a 

passageway (MAN 1) and to cross the end line (MAN 2) of a passageway. For example, 

if two fish swam upstream over the end line, one swam back downstream, four swam 

upstream over the end line later, and three swam back downstream, then the MAN would 

be five. Additionally, a fish may have ascended a shaded passageway, but the shading 

may have delayed its ascent. Therefore, the times of the first fish crossing the start line 

and the end line were also assessed to determine if such a delay occurred. 

 

Statistical Analysis 

Both species were analyzed separately but in the same manner. The overall 

analysis of the experiments included three components. The first analysis was a paired t-

test to determine the MAN 1 and MAN 2 for the two different control experiments (0 and 

100) to assess if there was a passageway side bias (R Version 3.2.2). A right-side bias 

was detected and was accounted for in further analyses as a factor in the regression 

equation (Shade.Side factor, see below).  
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The second analysis component involved the probability of selecting a shaded 

passageway under the various shade conditions. The MAN 1 and MAN 2 crossings per 

shade level condition were assessed separately using a logistic regression and type II 

analysis of deviance (ANOVA) and tested the predictors: shade level (70, 80, 100), shade 

side (left or right), condition (shaded or unshaded) and species (Topeka Shiner or Fathead 

Minnow) (Fox and Weisberg 2011). The general model using Wilkinson-Rogers notation 

(Wilkinson and Rogers, 1973) was logit(x) = β0 + Shade.Level + Shade.Side + Condition, 

where β0 is the constant. 

The third analysis component determined whether there was a time-delay between 

unshaded and shaded passageways. A linear mixed-effects model (lme4 [R Version 

3.2.2]) was used to evaluate the time of the first fish to cross the start line on the shaded 

side and the first fish to cross the unshaded side into a passageway (Bates et al. 2015). 

The same model was used to evaluate the time of the first fish to cross the end line on the 

shaded side and the time of the first fish to cross the unshaded side at the end of the 

passageway. If no fish crossed a start or end line for any shade level, 3600 seconds 

(maximum length of time during any experiment) was assigned to that group. Shade level 

times (70, 80, and 100) at a particular crossing line were lumped into a single group due 

to low sample numbers and were compared to their unshaded counterparts. The general 

model, using Wilkinson-Rogers notation, for this analysis was Y = (1/Time) + 

Experiment + Shade.Side + Species + Condition + (1|run). Because time (seconds) varied 

across three orders of magnitude, the inverse of time (= speed) was used in the regression 

model. All probabilities for fish movement were calculated using the R Package Effect 
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Displays (Fox 2003). All P-values throughout this thesis were computed using Least-

Squares Means in the R Package lsmeans (Lenth 2016). 

 

Results 

 

Light 

  Light levels during the unobstructed control experiment (0/0) averaged 12,592 

lux within the middle of the passageway (Figure 3.2). Light levels with 70% (mean 3,083 

lux) shade cloth within the middle of the covered passageway resulted in a 14.9% 

reduction in light at the darkest point (log scale). Light levels with 80% (mean 1,967 lux) 

shade cloth within the middle of the covered passageway. This resulted in a 19.7% 

reduction in light at the darkest point (log scale). Light levels with 100% (mean 2.3 lux) 

cover within the middle of the covered passageway resulted in a 91.2% reduction in light 

at the darkest point (log scale), which was similar to the longest and darkest culvert (Split 

Rock Tributary-99.2%) in the field study (Chapter 2). 

 

Maximum Aggregate Number 

For Topeka Shiner, I analyzed the probability of selecting the shaded passageway 

using both MAN 1 (start line) and MAN 2 (end line) data. For Fathead Minnow, I was 

only able to use MAN 2 data for this analysis because the downstream camera failed to 

log the entire-hour-long trial for five of nine Fathead Minnow trials. 

Both species of fish completed the passageway ascent under each shade condition. 

The null hypothesis is probability = 0.5 because the hypothesis of no difference between 
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shaded and unshaded corresponds to a probability of 0.5 of selecting the shaded or 

unshaded side. Hence, a 50% probability of selecting the shaded side (or unshaded) was 

generated for each shade level (dashed lines in Figure 3.3). The ANOVA revealed only 

Shade Side was significant, which was accounted for previously. This allowed me to 

compare the probabilities using the Effects program in R (Fox 2003) and generate the P-

values using the lsmeans program in R (Lenth 2016). The probabilities of selecting and 

completing the shaded passageway for Topeka Shiner were highest under the 70 shade 

cloth (86.7%) and decreased with more shade (80 = 75.0% and 100 = 45.9%). However, 

there were no significant differences among any combination of the conditions (P-value 

100-70 = 0.10, P-value 100-80 = 0.54, and P-value 80-70 = 0.84) (Figure 3.3). The 

probability for selecting the shaded side during the 70 shade cloth experiment was only 

slightly significant when compared to the probability for selecting the unshaded side (P-

value < 0.05). The probabilities for Fathead Minnow displayed a different trend. Under 

the same statistical process as the Topeka Shiner, the probabilities of selecting and 

completing the shaded passageway for Fathead Minnow were lowest under the 70 shade 

cloth (45.7%) and increased with more shade (80 = 52.6% and 100 = 71.6%), but were 

not statistically significant among the conditions (P-value 100-70 = 0.38, P-value 100-80 

= 0.62, and P-value 80-70 = 0.95) (Figure 3.3). Also, because none of the probabilities 

for selecting the shaded side deviated from the 50% probability line, none of the 

probabilities for selecting the shaded side was significantly different from the unshaded 

probabilities. 

Both species entered the shaded passageway under each shade condition, 

however, only Topeka Shiner could be analyzed. Under the same statistical process as 
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above, the probabilities of Topeka Shiner selecting the shaded side were similar among 

all three shade conditions (70 = 53.8%, 80 = 45.4%, and 100 = 49.3%) (Figure 3.3) and 

were not statistically different (P-value 100-70 = 0.90, P-value 100-80 = 0.95, and P-

value 80-70 = 0.74). A 50% probability of selecting the shaded side (or unshaded) was 

generated for each shade level (dashed lines in figure). Because none of the probabilities 

for selecting the shaded side deviated from the line, it can be stated that none of the 

probabilities for selecting the shaded side was significantly different from the unshaded 

probabilities. 

 

Time to First Fish Crossing 

 The mixed-effects model demonstrated that the speed (inverse of time) of first 

crossing at the end line for Topeka Shiner was not significantly different to the shaded 

sides (P-value = 0.13; Figure 3.4). The same model also showed the speed of first 

crossing for Fathead Minnow at the end line was not significantly different (P-value = 

0.15; Figure 3.4). 

A similar mixed-effects model showed the speeds of first crossing at the start line 

for Topeka Shiner on the unshaded sides compared to the shaded sides was not 

significantly different (P-value = 0.59; Figure 3.4). Despite the inability to analyze a full 

hour of start line crossings for the MAN, we were still able to analyze the time to first 

crossing at the start line for the Fathead Minnow. The same model also showed the speed 

of first crossing at the start line to the passageways for Fathead Minnow was not 

significantly different (P-value = 0.96; Figure 3.4). 
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Discussion 

 

Fish Passage 

I found that reduced light levels did not dissuade either fish species from 

ascending a passageway, based on the conditions used in this laboratory setting. In fact, 

Topeka Shiner indicated a slight preference for the 70 shade condition (P-value < 0.05). 

Although there was no statistical preference for or avoidance of the other shade levels by 

Topeka Shiner, the probability of selecting a shaded passageway decreased with 

increasing shade level. The opposite trend was demonstrated with Fathead Minnow, but 

none of the probability comparisons was significant. The results from the time of first 

crossing also demonstrated that light levels did not cause behavioral delays for fish 

passage. Neither Topeka Shiner nor Fathead Minnow demonstrated a significant time 

difference when choosing the start line at the lighted passageway or the shaded 

passageway, and there was no time difference between fish to cross the end line of either 

shade condition. 

 Research presented in Chapter 2 is the first study to assess the impacts of light in 

long, dark culverts on the movement of small, warm water stream fish. In these 

laboratory experiments, I created shaded passageways with light levels similar to 

conditions within culverts located in designated critical habitat of the Topeka Shiner 

(Chapter 2). Light levels experienced under the 100 shade condition compared to natural 

light levels experienced at deep twilight (The Engineering Toolbox 2016). The ambient 

laboratory light levels, however, were not as bright as the average ambient light levels 

experienced during the field study. However, the laboratory levels were still within the 
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range experienced at each field site in 2015. As a result, light reductions were relatively 

small in the laboratory compared to the field.  

No other studies have assessed how small stream fishes respond to moving 

through dark environments. However, Kemp et al. (2005) demonstrated that 75% of fall 

migrating Chinook salmon smolts selected an uncovered channel when presented with a 

choice between uncovered and covered channels. They suggested that migratory fishes 

may avoid areas of low light to maintain contact between conspecifics, increase foraging 

ability, and avoid predators. The study did not evaluate the behavior of smolts when 

given the option of two dark channels, nor did they evaluate the time to enter and exit 

each passage.    

 

Limitations 

This study only examined two small minnow species comparable in size that 

demonstrate similar feeding and swimming behaviors. Thus, the results may not apply to 

other size ranges or age classes within the species we tested, other small stream fish 

species, or . For instance, light reductions from seawalls and piers had negative effects on 

fish abundance and specifically reduced the presence and feeding of three species of 

juvenile Pacific salmon (Munsch et al. 2014). The study also demonstrated that Shiner 

Perch (Cymatogaster aggregata) and Kelp Perch (Brachyistius frenatus) were not found 

in shaded areas caused by piers, whereas Tubesnouts (Aulorhynchus flavidus) were 

abundant under the piers. Glass and Wardle (1995) found behavioral differences in 

Haddock (Melanogrammus aeglefinus) and Whiting (Merlangius merlangus) less than 30 

cm when a black tunnel was placed in the extension of the codend of a trawl that was 
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towed. These small fish swam toward the black tunnel and actively changed direction. 

Different species may demonstrate different behaviors towards varied light levels, and 

some may be more adversely affected by light conditions within anthropomorphic 

structures, in particular, culverts.  

There was a right-left passageway bias in the experiments, where both species 

chose the right side more frequently. I accounted for the bias in the analyses and 

randomized the side of the shaded passageway for each trial. The right side of the flume 

experienced both shade and no shade for all three shade conditions.  

Additionally, individual fish were not identified. Consequently, the first fish to 

cross the entrance of a passageway may not have been the first fish to complete the 

passageway, so individual behavior could not be evaluated. Thus, fish may have swam up 

and down the passageways numerous times, but individuals could not be observed for 

their initial and final selections. One video analysis demonstrated a group of nine fish that 

swam up one passageway, with a group of nine later passing back down the same 

passageway, and finally a group of nine fish swimming up the other passageway. 

Because the fish were not marked, we cannot assume that the group of nine consisted of 

the same fish throughout all videos. Thus, results had to be assessed via MAN and not by 

individual fish. 

Both Topeka Shiner and Fathead Minnow demonstrated schooling during the 

acclimation period and after the start gate was raised. Thus, ascents on either side of the 

flume likely did not represent ten individual decisions. Experiments consisting of one fish 

may have allowed for individual analysis (more individual times to first crossings), 

however, experiments allowing one fish within the flume at a time were not feasible 
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under our constraints (time the flume was available with no external disruptions), nor are 

they realistic amongst species in situ. This group behavior was observed in the wild, thus 

the movements of the fish in the trials may represent a natural behavior. Topeka Shiner 

would presumably approach culverts in schools in natural settings. Furthermore, Topeka 

Shiner have repeatedly demonstrated swimming with schools of conspecifics as well as 

other species, such as Central Stonerollers (Campostoma anomalum) (Pflieger 1997; 

Kerns and Bonneau 2002).  

Each trial lasted an hour unless all ten fish were found upstream earlier. Trials 

were conducted from 12:00 PM until 7:00 PM to minimize disruption of other laboratory 

activities and to simulate daytime movement. As a result, the study was limited in the 

number of trials that could be conducted daily and the overall number of trials. More 

trials may have provided more clarity in determining the first crossing, especially Topeka 

Shiner under the 70 shade condition. 

Lastly, my experimental conditions could not duplicate the length of the culverts 

in the experiments in Chapter 2. Experimental conditions that included longer passage 

lengths may have demonstrated a different outcome. Briggs and Galarowicz (2013) found 

that culvert length was an important factor for Creek Chub passage in agricultural 

streams; longer culverts limited upstream passage rates. It was theorized that Creek Chub 

may view the long dark tunnel as unsafe to traverse, or they may be unaware that habitat 

exists beyond the culvert due to limited perceptual range.  Fish may exhibit a “light at the 

end of the tunnel” behavior, where they may hesitate to enter a culvert because there is no 

sign of exit at the other end. This behavior would result from an interaction between 
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lowered light levels and length of passageway. Conducting more experiments with a 

variety of passage lengths could explore this hypothesis.  

 

Concluding Remarks 

 The objective of this study was to assess the behavioral swimming responses of 

two small warm-water stream species through experimental fish passageways under 

different light levels. I wanted to determine if light levels could adversely affect fish 

movement while controlling for other variables. Under the conditions of the experiment, I 

was unable to demonstrate that shading could deter fish from ascending a passageway. In 

this laboratory study, Fathead Minnow showed no preferential difference in selecting 

shaded or unshaded passageways. Topeka Shiner showed a slight difference in selection 

at the 70 shade condition, but only at the end line, and all other shade conditions were 

insignificant. Neither species demonstrated any behavioral delays in the time of selection. 

This observation casts doubt on reduced lighting as the sole factor or even a major 

contributing factor associated with reduced POM in progressively longer and darker 

culverts. Future research should expand upon this project with other potential culvert 

barriers (length of passage and substrate) and other species of fish while exploring 

whether there is a synergistic relationship with light levels.  

This laboratory study demonstrated that, under conditions of consistent velocity, 

water depth, passage and shade length, and no substrate or habitat, light was not a causal 

variable in fish passage. Based on laboratory results and the three box culverts I 

examined, light mitigations in culvert design and implementation appear not to be 

necessary with small warm water stream species. Other culvert barriers such as substrate, 
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habitat, seasonal flow differences, culvert length, or any interactions between variables 

should be examined more thoroughly.  
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a.  

 

b.   

 

Figure 3.1 Experimental flume to evaluate behavioral choices between light and dark 

passageways, St. Anthony Falls Laboratory: (a) actual experimental setup with metal 

halide lights, lift gate, block net, 80% shade cloth and 15.2-cm water depth, downstream 

camera in red circle, (b). design schematic, C = camera, P = capture pen. Shade side was 

randomized for each trial. 

 

  

lift gate 

block net 
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Figure 3.2 Average light levels (+ 2 SE) recorded within the flume under the four shade 

conditions. Readings were taken just under the shade overhang at both entrance and exit 

of each passageway. Shade started 0.6 m from release gate and progressed upstream. 
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Figure 3.3 Probability of Topeka Shiner (left) and Fathead Minnow (right) selecting the 

shaded passageway by crossing the start line of the passageway (top) (+ 2 SE) and 

crossing the end line of the passageway (bottom) (+ 2 SE) for the three shade levels. 

Dotted line signifies 50% probability = no significantly different probabilities, except for 

Topeka Shiner at shade level 70. Cameras failed to log the entire hour on multiple trials 

at the start line for Fathead Minnow, so data shows the results from experiments where 

cameras did not fail (one 70 shade, one 80 shade, and two 100 shade). 
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Figure 3.4 Speed of Topeka Shiner (left) and Fathead Minnow (right) crossing at the 

start line of each passageway (top) (+ 2 SE) and crossing the end line of each passageway 

(bottom) (+ 2 SE) under the two shade conditions. 
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CHAPTER 4 

Overall Conclusions 

  

This study focused on movement of small prairie stream fish through long box 

culverts in Southwestern Minnesota. Our field research demonstrated that the Probability 

of Movement (POM) declined as the culvert length increased and light levels within the 

passage decreased. A rehabilitated culvert (Poplar Creek) allowed the greatest POM of 

the three culverts examined and there was no significant difference in POM to with 

corresponding control. Thus, the culvert was judged as not a barrier to fish movement.  

The other two culverts (Elk Creek and Split Rock Tributary) were considered as 

semi-permeable barriers to fish passage because the POM at the culverts was 

significantly less than the corresponding controls. Split Rock Tributary culvert (the 

longest and darkest culvert) had the greatest decline in POM with 18.6% of recaptured 

fish moving upstream or downstream through the culvert compared to 48.0% in the 

control. Water depth and stream velocity did not account for the differences in POM at 

the chosen culverts. Split Rock Tributary culvert had similar hydrologic features (slow, 

deep water) to Poplar Creek culvert, and was deemed passable.  

The sole contributor to lower POM, however, could not be teased out, because the 

longest culvert was also the darkest. The length of a culvert has been shown to be an 

important factor when measuring fish movement (Briggs and Galarowicz, 2013). Certain 

species may view the long dark tunnel as unsafe to traverse, or they may be unaware that 

there is habitat beyond the structure.  
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Laboratory studies using captive-raised Topeka Shiner and wild-caught Fathead 

Minnow did not demonstrate that light was the sole contributor to reduced movement 

when keeping all other variables consistent (water depth and velocity and length of 

passage). Laboratory studies also did not demonstrate behavioral delays associated with 

reduced light levels.   

I suggest that light mitigations may not be necessary during design and 

implementation of long box culverts in Southwestern Minnesota. Culverts at Elk Creek 

and Split Rock Tributary should be further examined for other physical or behavioral 

barriers that may have contributed to the lower POM. Culvert dimensions are imperative 

during the consideration for fish passage. Smaller pipe culverts have a more extreme light 

gradient as well as less substrate than larger culvert structures, so POM response may not 

mimic box culverts. Future research is necessary to determine whether the length of a 

culvert or a lack of habitable environment within a culvert plays a more prominent role in 

fish behavior if other barriers (stream velocity, water depth, perch) are not apparent. Fish 

may approach longer dark culverts if a light source is visible at the end. Further studies 

should also examine the possibility of a synergistic relationship with light and other 

barriers while expanding to a variety of species and locations.  
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APPENDIX A: Summary Fish Mark-Recapture Data  

Table A.1 Species list with biotic code for fish caught in May through August 2015 at all 

sites. 

 

Bigmouth Shiner BMS 

Blackside Darter BSD 

Bluntnose Minnow BNM 

Brassy Minnow BRM 

Common Carp CAP 

Common Shiner CSH 

Creek Chub CRC 

Fathead Minnow FHM 

Green Sunfish GSF 

Iowa Darter IOD 

Johnny Darter JND 

Largemouth Bass LMB 

Northern Pike NOP 

Orangespot Sunfish OSS 

Plains Topminnow PTM 

Red Shiner RDS 

Sand Shiner SDS 

Topeka Shiner TKS 

Western Blacknose Dace BND 

Yellow Perch YEP 
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Table A.2 Number, length, and date of fish marked at Poplar Creek culvert May through August 2015. TL = mean total length in cm, 

SD = standard deviation.  

 

 

 

 

Species 

Poplar Creek culvert-Marked 

5/20-5/21/15 5/27/15 7/20/15 7/27/15 

# TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS 25 56 (11) 6 50 (10) 18 56 (7) 20 59 (4) 

BSD       1 72 (-) 

BNM 14 41 (10) 54 42 (16) 83 58 (9) 109 55 (9) 

BRM   3 72 (2)     

CSH 92 49 (9) 12 49 (10) 28 70 (11) 76 76 (11) 

CRC   2 76 (4) 3 31 (2) 6 58 (30) 

FHM 776 43 (8) 99 46 (12) 367 46 (7) 313 46 (8) 

GSF 20 47 (22) 35 40 (6) 54 55 (16) 43 56 (18) 

IOD 3 51 (7) 20 49 (7) 3 52 (6) 4 49 (7) 

JND 44 45 (6) 63 46 (6) 19 48 (10) 12 44 (11) 

NOP   1 47 (-)     

OSS 64 39 (9) 33 53 (18) 119 45 (9) 98 45 (7) 

PTM   69 41 (6) 8 50 (6) 1 49 (-) 

RDS 5 42 (4) 1 37 (-) 8 51 (5) 15 51 (5) 

SDS 56 47 (11) 111 39 (6) 313 43 (7) 244 43 (5) 

TKS 50 47 (9) 45 47 (7) 25 53 (5) 45 52 (12) 

Totals 1149 - 554 - 1048 - 987 - 
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Table A.3 Number, length, and date of fish recaptured at Poplar Creek culvert May through August 2015. TL = mean total length in 

cm, SD = standard deviation. Blue = collected upstream, released upstream; orange = collected upstream, released downstream; red = 

collected downstream, released upstream; yellow = collected downstream, released downstream. 

 

Species 

Poplar Creek culvert-Recaptured 

5/27/2015 7/20/2015 

# # TL (SD) # TL (SD) # TL (SD) # TL (SD) # # TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS                   

BSD                   

BNM                   

BRM                   

CSH 1   1 50 (-)              

CRC                   

FHM 3     2 33 (1) 1 38 (-) 1     1 47 (-)   

GSF          2   1 58 (-) 1 42 (-)   

IOD                   

JND 2   1 46 (-) 1 45 (-)            

NOP                   

OSS 4     2 47 (18) 2 68 (0) 7 1 81 (-)   2 51 (1) 4 53 (7) 

PTM          1       1 50 (-) 

RDS                   

SDS 2   2 38 (1)     2   1 40 (-) 1 52 (-)   

TKS 2 1 65 (-) 1 46 (-)     1 1 49 (-)       

Total 14 1 - 5 - 5 - 3 - # 2 - 2 - 5 - 5 - 
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Table A.3 Continued.  

 

Species 

Poplar Creek culvert-Recaptured 

7/27/2015 8/17/2015 

# # TL (SD) # TL (SD) # TL (SD) # TL (SD) # # TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS                   

BSD                   

BNM 1 1 66 (-)       6 5 59 (4)   1 61 (-)   

BRM                   

CSH 3   2 82 (12) 1 60 (-)            

CRC                   

FHM 10 2 50 (4) 6 51 (6) 2 46 (1)   5 1 53 (-) 3 55 (4)   1 61 (-) 

GSF 7 1 55 (-) 1 48 (0) 3 54 (9) 2 78 (46) 2   2 61 (6)     

IOD                   

JND                   

NOP                   

OSS 7   2 43 (0)   5 49 (7) 10   1 49 (-) 3 49 (5) 6 48 (3) 

PTM                   

RDS                   

SDS 18 9 43 (3) 4 41 (3)   5 44 (4) 23 8 47 (5) 10 45 (5) 2 43 (0) 3 42 (4) 

TKS 2     1 50 (-) 1 50 (-) 8 3 46 (2) 2 51 (2) 2 47 (3) 1 43 (-) 

Total 48 13 - 15 - 7 - 13 - 54 17 - 18 - 8 - 11 - 
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Table A.4 Number, length, and date of fish marked at Poplar Creek control May through August 2015. TL = mean total length in cm, 

SD = standard deviation. 

 

Species 

Poplar Creek control-Marked 

5/21/2015 5/28/2015 7/21/2015 7/28/2015 

# TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS 19 53 (11) 48 57 (10) 67 59 (7) 30 59 (4) 

BSD     3 53 (18)   

BNM 55 49 (17) 83 45 (14) 91 48 (8) 48 50 (10) 

BRM   7 77 (6) 16 78 (4) 9 75 (5) 

CSH 11 78 (19) 26 84 (27) 10 84 (17) 26 82 (30) 

CRC 12 94 (29) 11 89 (21) 10 101 (34) 4 121 (30) 

FHM 239 43 (10) 762 46 (12) 329 47 (9) 813 47 (7) 

GSF 8 43 (9) 16 50 (15) 1 84 (-) 2 86 (1) 

IOD 3 50 (7)       

JND 77 49 (6) 61 50 (6) 75 48 (7) 49 44 (8) 

LMB     1 35 (-)   

OSS 25 44 (10) 11 38 (7) 45 49 (12) 19 44 (6) 

PTM     1 48 (-)   

RDS 2 39 (6) 3 42 (10) 15 44 (9) 10 46 (3) 

SDS 42 45 (10) 109 46 (9) 161 48 (10) 70 41 (6) 

TKS 31 43 (9) 22 46 (4) 13 56 (10) 3 52 (4) 

BND   2 54 (6) 6 69 (6)   

Totals 524 - 1161 - 844 - 1083 - 
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Table A.5 Number, length, and date of fish recaptured at Poplar Creek control May through August 2015. TL = mean total length in 

cm, SD = standard deviation. Blue = collected upstream, released upstream; orange = collected upstream, released downstream; red = 

collected downstream, released upstream; yellow = collected downstream, released downstream. 

 

Species 

Poplar Creek control-Recaptured 

5/28/2015 7/21/2015 

# # TL (SD) # TL (SD) # TL (SD) # TL (SD) # # TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS          4 1 61 (-) 3 63 (5)     

BSD                   

BNM                   

BRM                   

CSH                   

CRC          1   1 96 (-)     

FHM 7 1 30 (-) 2 43 (6) 2 41 (9) 2 42 (8) 6   2 53 (4) 1 55 (-) 3 54 (10) 

GSF                   

IOD                   

JND 3   2 48 (4) 1 45 (-)   2 1 47 (-)     1 51 (-) 

LMB                   

OSS          2 1 58 (-) 1 60 (-)     

PTM                   

RDS                   

SDS 3     2 43 (4) 1 37 (-)          

TKS                   

BND                   

Totals 13 1 - 4 - 5 - 3 - 15 3 - 7 - 1 - 4 - 
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Table A.5 Continued. 

 

Species 

Poplar Creek control-Recaptured 

7/28/2015 8/25/2015 

# # TL (SD) # TL (SD) # TL (SD) # TL (SD) # # TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS 7 1 54 (-) 2 57 (1) 3 57 (4) 1 60 (-) 7 3 57 (2) 4 56 (6)     

BSD          1   1 73 (-)     

BNM 6 2 50 (8) 1 44 (-) 1 50 (-) 2 53 (7) 14 5 57 (6) 5 48 (3) 3 58 (7) 1 56 (-) 

BRM                   

CSH          3 1 70 (-) 1 90 (-) 1 83 (-)   

CRC 1   1 90 (-)     1 1 108 (-)       

FHM 29 2 49 (13) 6 49 (10) 16 50 (7) 5 49 (8) 90 19 50 (6) 23 50 (6) 25 52 (6) 23 50 (5) 

GSF 1   1 85 (-)     1     1 101(-)   

IOD                   

JND 7   5 47 (5) 2 50 (1)   5   4 53 (3)   1 53 (-) 

LMB                   

OSS 1       1 55 (-) 17 3 57 (8) 5 45 (3) 6 59 (6) 3 56 (4) 

PTM                   

RDS 1   1 48 (-)              

SDS 4 2 53 (12)   1 45 (-) 1 37 (-) 12 3 45 (2) 6 45 (3)   3 43 (5) 

TKS 1   1 48 (-)     7 3 46 (1)   3 48 (3) 1 47 (-) 

BND                   

Totals 58 7 - 18 - 23 - 10 - 158 38 - 49 - 39 - 32 - 
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Table A.6 Number, length, and date of fish marked at Elk Creek culvert May through August 2015. TL = mean total length in cm, SD 

= standard deviation. 

 

Species 

Elk Creek culvert-Marked 

5/22/2015 5/29-5/30/2015 7/6/2015 7/13/2015 

# TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS 47 59 (9) 22 57 (11) 104 63 (6) 98 59 (5) 

BNM 119 47 (17) 64 48 (16) 52 60 (14) 61 53 (12) 

BRM 18 78 (7) 7 70 (4) 2 92 (2) 4 58 (24) 

CSH 78 56 (18) 162 52 (15) 60 64 (23) 24 69 (21) 

CRC 67 100 (28) 34 98 (26) 75 96 (22) 71 97 (30 

FHM 161 61 (10) 124 64 (8) 144 37 (11) 23 46 (16) 

GSF 1 40 (-) 2 69 (37) 3 58 (6) 1 64 (-) 

JND 78 55 (7) 56 55 (6) 53 51 (9) 136 52 (10) 

OSS 6 43 (22) 3 70 (29) 3 47 (4) 3 59 (12) 

RDS 23 47 (13) 23 50 (12) 29 49 (11) 23 51 (9) 

SDS 93 55 (12) 182 47 (13) 157 56 (10) 220 53 (10) 

TKS 19 41 (8) 8 57 (13) 21 49 (3) 21 52 (5) 

BND 8 64 (26) 8 51 (16) 8 65 (14) 58 56 (9) 

YEP       1 90 (-) 

Totals 718 - 695 - 711 - 744 - 
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Table A.7 Number, length, and date of fish recaptured at Elk Creek culvert May through August 2015. TL = mean total length in cm, 

SD = standard deviation. Blue = collected upstream, released upstream; orange = collected upstream, released downstream; red = 

collected downstream, released upstream; yellow = collected downstream, released downstream. 

 

Species 

Elk Creek culvert-Recaptured 

5/29-5/30/2015 7/6-7/7/2015 

# # TL (SD) # TL (SD) # TL (SD) # TL (SD) # # TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS          8 2 61 (4) 3 63 (2) 3 59 (9)   

BNM 7 1 39 (-) 2 48 (11) 3 40 (2) 1 56 (-) 2 1 56 (-) 1 74 (-)     

BRM                   

CSH          2       2 82 (39) 

CRC 6 1 98 (-) 3 76 (5) 2 98 (16)   5   3 111 (14) 2 103 (32)   

FHM 11   3 59 (2) 5 65 (8) 3 60 (5)          

GSF                   

JND 5 1 55 (-) 1 57 (-) 1 55 (-) 2 44 (2) 1       1 47 (-) 

OSS                   

RDS 4   2 50 (5) 1 52 (-) 1 45 (-) 3   1 47 (-) 1 62 (-) 1 57 (-) 

SDS 3   1 61 (-) 1 45 (-) 1 40 (-) 12 3 63 (5) 1 57 (-) 7 51 (10) 1 66 (-) 

TKS 1     1 67 (-)   1     1 48 (-)   

BND 1     1 44 (-)            

YEP                   

Totals 38 3 - 12 - 15 - 8 - 34 6 - 9 - 14 - 5 - 
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Table A.7 Continued. 

 

Species 

Elk Creek culvert-Recaptured 

7/13/2015 8/12/2015 

# # TL (SD) # TL (SD) # TL (SD) # TL (SD) # # TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS 18 4 62 (4) 6 60 (6) 5 60 (8) 3 57 (3) 22 8 67 (4) 9 67 (5) 3 66 (4) 2 69 (2) 

BNM 5   1 44 (-) 1 67 (-) 3 71 (8) 1 1 74 (-)       

BRM                   

CSH 1       1 71 (-)          

CRC 12   4 104 (22) 5 103 (16) 3 103 (20) 12 1 112 (-) 3 111 (36) 7 109 (19) 1 109 (-) 

FHM 1   1 36 (-)     3   1 56 (-) 2 67 (6)   

GSF                   

JND 12 3 58 (6) 2 60 (2) 5 56 (7) 2 56 (3) 31 8 61 (5) 10 61 (3) 6 61 (6) 7 63 (6) 

OSS                   

RDS 1     1 76 (-)            

SDS 21 2 62 (6) 3 66 (3) 11 55 (12) 5 57 (11) 26 7 54 (5) 9 56 (6) 7 58 (9) 3 54 (8) 

TKS 2 1 48 (-) 1 50 (-)     3     3 54 (4)   

BND 1     1 50 (-)            

YEP                   

Totals 74 10 - 18 - 29 - 17 - 98 25 - 32 - 28 - 13 - 
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Table A.8 Number, length, and date of fish marked at Elk Creek control May through August 2015. TL = mean total length in cm, SD 

= standard deviation. 

 

Species 

Elk Creek control-Marked 

5/23/2015 5/30/2015 7/7-7/8/2015 7/14/2015 

# TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS 217 58 (9) 200 58 (9) 133 59 (7) 223 59 (7) 

BNM 79 46 (14) 72 45 (9) 97 51 (9) 71 54 (8) 

BRM 2 71 (4)   1 77 (-) 9 47 (14) 

CSH 35 59 (23) 23 50 (12) 33 61 (21) 23 58 (14) 

CRC 40 93 (27) 19 99 (26) 26 95 (16) 30 92 (28) 

FHM 49 62 (10) 78 61 (9) 38 46 (16) 99 44 (12) 

IOD   1 56 (-)     

JND 123 54 (6) 55 54 (5) 70 52 (9) 95 50 (9) 

OSS   1 35 (-)     

RDS 32 43 (10) 25 46 (10) 30 47 (12) 16 44 (8) 

SDS 241 51 (12) 306 52 (12) 238 52 (10) 297 52 (10) 

TKS 2 42 (2) 3 40 (1) 2 45 (3)   

BND 2 63 (22) 3 45 (1) 8 56 (8) 2 52 (6) 

Totals 822 - 786 - 676 - 865 - 
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Table A.9 Number, length, and date of fish recaptured at Elk Creek control May through August 2015. TL = mean total length in cm, 

SD = standard deviation. Blue = collected upstream, released upstream; orange = collected upstream, released downstream; red = 

collected downstream, released upstream; yellow = collected downstream, released downstream. 

 

Species 

Elk Creek control-Recaptured 

5/30/2015 7/7-7/8/2015 

# # TL (SD) # TL (SD) # TL (SD) # TL (SD) # # TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS 33 13 56 (7) 6 55 (4) 10 60 (5) 4 58 (4) 19 4 58 (9) 5 58 (5) 3 63 (9) 7 60 (5) 

BNM 5 2 45 (6) 1 36 (-) 1 45 (-) 1 49 (-) 4     4 61 (8)   

BRM                   

CSH 1     1 53 (-)            

CRC 2     1 78 (-) 1 127 (-) 3     3 122 (16)   

FHM 1       1 62 (-) 1   1 71 (-)     

IOD                   

JND 4   1 53 (-) 1 49 (-) 2 50 (1) 3 1 55 (-) 1 63 (-) 1 65 (-)   

OSS                   

RDS 3   3 45 (2)     2   2 51 (3)     

SDS 24 6 56 (17) 7 61 (6) 8 50 (8) 3 54 (14) 15 3 42 (3) 4 57 (11) 5 57 (8) 3 60 (8) 

TKS                   

BND                   

Totals 73 21 - 18 - 22 - 12 - 47 8 - 13 - 16 - 10 - 
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Table A.9 Continued. 

 

Species 

Elk Creek control-Recaptured 

7/14/2015 8/17/2015 

# # TL (SD) # TL (SD) # TL (SD) # TL (SD) # # TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS 45 12 56 (6) 10 58 (6) 7 55 (4) 16 62 (6) 42 15 63 (3) 9 63 (3) 6 68 (6) 12 62 (6) 

BNM 4     2 68 (15) 2 57 (6) 8   1 56 (-) 5 64 (3) 2 56 (16) 

BRM                   

CSH 1       1           

CRC 9   4 107 (20) 2 94 (9) 3 117 (17) 12   3 107 (29) 6 101 (11) 3 111 (16) 

FHM 4   2 53 (21)   2 60 (0) 3 1 62 (-) 1 70 (-) 1 70 (-)   

IOD                   

JND 7 2 46 (13) 3 54 (7) 1 63 (-) 1 50 (-) 21 1 58 (-) 4 62 (3) 7 61 (5) 9 57 (4) 

OSS                   

RDS                   

SDS 40 7 54 (7) 11 55 (8) 9 57 (10) 13 54 (11) 55 10 55 (6) 22 56 (7) 16 60 (6) 7 61 (4) 

TKS                   

BND                   

Totals 110 21 - 30 - 21 - 38  141 27 - 40 - 41 - 33 - 
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Table A.10 Number, length, and date of fish marked at Split Rock Tributary culvert May through August 2015. TL = mean total 

length in cm, SD = standard deviation. 

 

Species 

Split Rock Tributary culvert-Marked 

6/9 - 6/10/2015 6/15/2015 7/8/2015 7/15/2015 

# TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS 1 57 (-) 1 56 (-)     

BNM 49 44 (11) 44 48 (17) 102 47 (11) 144 45 (10) 

CAP 1 119(-)       

CSH       14 95 (21) 

CRC 6 107 (22) 4 111 (22) 4 115 (14) 10 124 (26) 

FHM 463 45 (8) 243 47 (8) 397 45 (6) 486 46 (7) 

GSF 11 56 (25) 7 54 (13) 9 61 (13) 1 83 (-) 

IOD 1 48 (-) 2 56 (1) 2 46 (3) 2 54 (8) 

JND 131 47 (5) 117 48 (4) 89 50 (5) 199 48 (8) 

OSS 18 48 (15) 27 43 (7) 9 47 (7) 16 57 (16) 

RDS 1 37 (-) 4 39 (13) 9 40 (9) 20 43 (9) 

SDS 42 36 (4) 40 37 (6) 71 39 (7) 137 38 (5) 

TKS 10 46 (3) 7 48 (6) 15 50 (5) 33 54 (4) 

Totals 734 - 496 - 707 - 1062 - 
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Table A.11 Number, length, and date of fish recaptured at Split Rock Tributary culvert May through August 2015. TL = mean total 

length in cm, SD = standard deviation. Blue = collected upstream, released upstream; orange = collected upstream, released 

downstream; red = collected downstream, released upstream; yellow = collected downstream, released downstream. 

 

Species 

Split Rock Tributary culvert-Recaptured 

6/15/2015 7/8/2015 

# # TL (SD) # TL (SD) # TL (SD) # TL (SD) # # TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS                   

BNM          3 2 47 (1)   1 46 (-)   

CAP                   

CSH                   

CRC 1   1 133 (-)     2   2 113 (17)     

FHM 18 4 59 (15)   6 46 (6) 8 46 (9) 34 7 47 (8) 7 46 (7) 14 45 (6) 6 41 (5) 

GSF          1   1 80 (-)     

IOD                   

JND 19 5 49 (4) 2 43 (0) 9 48 (4) 3 45 (3) 15 5 48 (1) 2 49 (1) 4 48 (1) 4 52 (5) 

OSS 2   2 44 (13)              

RDS                   

SDS 1       1 34 (-) 6 1 43 (-) 2 35 (0)   3 36 (1) 

TKS          1   1 54 (-)     

Totals 41 9 - 5 - 15 - 12 - 62 15 - 15 - 19 - 13 - 
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Table A.11 Continued. 

 

Species 

Split Rock Tributary culvert-Recaptured 

7/15/2015 8/10/2015 

# # TL (SD) # TL (SD) # TL (SD) # TL (SD) # # TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS                   

BNM 6 3 50 (4) 1 33 (-) 1 38 (-) 1 35 (-) 10 5 54 (10) 3 51 (12) 2 41 (2)   

CAP                   

CSH                   

CRC 3 1 150 (-) 1 148 (-) 1 130 (-)            

FHM 52 2 52 (2) 12 44 (5) 10 44 (6) 28 45 (7) 77 6 51 (5) 13 52 (6) 32 50 (3) 26 51 (7) 

GSF                   

IOD                   

JND 33 9 51 (3) 8 51 (4) 4 49 (5) 12 51 (4) 53 15 50 (5) 15 51 (3) 14 50 (6) 9 51 (5) 

OSS 1 1 54 (-)       2 1 57 (-) 1 38 (-)     

RDS          2   1 50 (-) 1 45 (-)   

SDS 29 4 36 (2) 7 39 (6) 8 38 (3) 10 38 (3) 17 1 41 (-) 7 42 (3) 5 42 (3) 4 39 (3) 

TKS 5 1 54 (-) 1 48 (-) 3 55 (2)   1 1 54 (-)       

Totals 129 21 - 30 - 27 - 51 - 162 29 - 40 - 54 - 39 - 
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Table A.12 Number, length, and date of fish marked at Split Rock Tributary control May through August 2015. TL = mean total 

length in cm, SD = standard deviation. 

 

Species 

Split Rock Tributary control-Marked 

6/10/2015 6/16/2015 7/9/2015 7/16/2015 

# TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS 8 52 (5) 27 54 (4) 28 55 (4) 8 58 (6) 

BNM 62 46 (15) 133 45 (12) 90 43 (9) 106 45 (9) 

CSH   1 96 (-)     

CRC 5 113 (23) 2 156 (9) 9 112 (19) 13 125 (18) 

FHM 84 43 (8) 255 47 (9) 243 47 (8) 414 49 (7) 

GSF 3 71 (26) 4 46 (7) 8 56 (21) 9 49 (4) 

IOD   3 51 (3) 2 53 (1) 1 53 (-) 

JND 69 48 (4) 89 50 (5) 68 50 (6) 95 50 (6) 

OSS 6 45 (8) 7 41 (4) 1 55 (-) 1 62 (-) 

RDS 14 38 (3) 38 40 (9) 36 41 (7) 7 44 (11) 

SDS 101 35 (4) 131 37 (5) 183 38 (6) 175 38 (5) 

TKS 17 47 (4) 31 46 (5) 6 49 (3) 4 49 (1) 

Totals 369 - 721 - 674 - 833 - 
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Table A.13 Number, length, and date of fish recaptured at Split Rock Tributary control May through August 2015. TL = mean total 

length in cm, SD = standard deviation. Blue = collected upstream, released upstream; orange = collected upstream, released 

downstream; red = collected downstream, released upstream; yellow = collected downstream, released downstream. 

 

Species 

Split Rock Tributary control-Recaptured 

6/16/2015 7/9/2015 

# # TL (SD) # TL (SD) # TL (SD) # TL (SD) # # TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS 1     1 50 (-)   5   2 58 (3) 3 56 (4)   

BNM 7 2 57 (19)   4 50 (12) 1 67 (-) 13   4 40 (3) 4 47 (12) 5 49 (13) 

CSH                   

CRC 1     1 149 (-)   2     2 105 (5)   

FHM 12   3 35 (4) 4 45 (7) 5 39 (4) 19 3 47 (9) 4 42 (4) 5 45 (5) 7 47 (9) 

GSF                   

IOD                   

JND 8 2 53 (9) 4 50 (3)   2 45 (3) 8 2 48 (7) 3 50 (3) 2 55 (4) 1 56 (-) 

OSS                   

RDS 8     4 38 (4) 4 38 (6) 6 2 45 (1) 4 41 (7)     

SDS 16 4 35 (3) 6 37 (5) 3 36 (2) 3 34 (2) 18 3 35 (3) 5 37 (5) 6 37 (5) 4 36 (4) 

TKS 5     2 48 (2) 3 50 (5) 2     1 52 (-) 1 50 (-) 

Totals 58 8 - 13 - 19 - 18 - 73 10 - 22 - 23 - 18 - 
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Table A.13 Continued. 

 

Species 

Split Rock Tributary control-Recaptured 

7/16/2015 8/11/2015 

# # TL (SD) # TL (SD) # TL (SD) # TL (SD) # # TL (SD) # TL (SD) # TL (SD) # TL (SD) 

BMS 4   2 52 (4) 1 53 (-) 1 57 (-) 15 3 59 (2) 3 57 (8) 5 58 (4) 4 60 (7) 

BNM 12 1 45 (-) 2 49 (5) 3 45 (6) 6 54 (12) 20 8 49 (8) 5 49 (6) 4 54 (9) 3 50 (1) 

CSH                   

CRC 3   1 116 (-) 2 145 (22)   2 1 137 (-) 1 141 (-)     

FHM 46 8 54 (8) 14 50 (10) 6 49 (4) 18 45 (7) 89 12 49 (4) 14 51 (6) 30 50 (4) 33 50 (7) 

GSF 1   1 48 (-)     1   1 68 (-)     

IOD                   

JND 26 5 50 (4) 9 49 (3) 3 54 (6) 9 50 (4) 36 2 55 (7) 12 51 (3) 11 52 (3) 11 51 (4) 

OSS          1     1 53 (-)   

RDS 2 1 35 (-) 1 35 (-)              

SDS 43 12 39 (4) 10 37 (5) 4 39 (5) 17 37 (5) 41 14 41 (5) 7 48 (7) 10 38 (4) 10 40 (4) 

TKS 2   1 49 (-)   1 48 (-) 2 1 54 (-) 1 48 (-)     

Totals 139 27 - 41 - 19 - 52 - 207 41 - 44 - 61 - 61 - 
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Appendix B: Additional Light Measurements  

Table B.1 Light levels (lux) and time recorded in the Poplar Creek culvert May through 

August 2015. R = right barrel, L = left barrel. 

 

Poplar Creek culvert 

Date 

Start 

Time 

End 

Time Barrel 

Point 

A (lux) 

Point 

B 

(lux) 

Point 

C 

(lux) 

Point 

D 

(lux) 

Point 

E 

(lux) 

Full 

Sun 

(lux) 

5/20/15 10:40 11:20 R 8900 345 42 420 6700 20000 

5/20/15 10:40 11:20 L 8700 480 30 125 220 32700 

5/20/15 20:10 20:25 R 1700 62 10 81 800 6500 

5/20/15 20:10 20:25 L 600 84 10 84 992 2900 

5/27/15 9:52 10:10 R 2150 315 72 820 5200 67000 

5/27/15 9:52 10:10 L 3600 340 75 550 72700 73000 

5/27/15 12:14 12:25 R 3400 250 52 490 3700 100600 

5/27/15 12:14 12:25 L 7040 400 44 290 7400 101300 

5/27/15 19:14 19:29 R 19200 520 27 230 2350 18900 

5/27/15 19:14 19:29 L 2950 450 33 110 1570 20500 

7/20/15 10:12 10:22 R 1900 250 73 640 2500 76300 

7/20/15 10:12 10:22 L 2500 308 69 400 83500 71100 

7/20/15 12:38 12:47 R 3000 384 51 454 2900 115700 

7/20/15 12:38 12:47 L 113400 452 45 211 3800 101500 

7/20/15 16:33 16:43 R 48800 627 58 310 3870 50200 

7/20/15 16:33 16:43 L 2470 877 66 205 1300 46900 

7/27/15 9:35 9:47 R 2700 197 34 191 2820 5800 

7/27/15 9:35 9:47 L 1430 103 25 191 1750 6130 

7/27/15 12:25 12:39 R 2500 371 40 471 2940 99600 

7/27/15 12:25 12:39 L 100700 351 49 251 4200 98800 

7/27/15 18:48 19:05 R 1760 108 54 693 40600 49800 

7/27/15 18:48 19:05 L 2730 599 62 192 1300 40400 

8/17/2015a NR NR R NR NR NR NR NR NR 

8/17/2015a NR NR L NR NR NR NR NR NR 

NR=not recorded 
aHigh water 
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Table B.2 Light levels (lux) and time recorded in the Poplar Creek control May through 

August 2015.  

 

Poplar Creek control 

Date Time Full Sun (lux) 

5/21/15 NR NR 

5/28/15 8:19 21600 

5/28/15 8:21 25600 

5/28/15 13:08 106500 

5/28/15 19:01 32900 

7/21/15 10:45 82700 

7/21/15 12:18 106800 

7/21/15 18:02 61200 

7/28/15 7:54 2990 

7/28/15 12:00 17420 

7/28/15 17:20 68500 

8/17/15 9:59 12600 

8/25/15 10:49 70000 

8/25/15 12:17 85500 

8/25/15 18:34 29900 
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Table B.3 Light levels (lux) and time recorded in the Elk Creek culvert May through 

August 2015. R = right barrel; L = left barrel; M = middle barrel. 

 
Elk Creek culvert 

Date 

Start 

Time 

End 

Time Barrel 

Point 

A 

(lux) 

Point 

B 

(lux) 

Point 

C 

(lux) 

Point 

D 

(lux) 

Point 

E (lux) 

Full 

Sun 

(lux) 

5/22/15 8:56 9:32 R 6500 85 11 240 69000 75000 

5/22/15 8:56 9:32 M 2000 200 21 128 2200 NR 

5/22/15 8:56 9:32 L 22000 120 14 229 3100 54000 

5/22/15 12:17 12:37 R 90000 430 2 130 8400 100000 

5/22/15 12:17 12:37 M 6600 290 19 305 12000 NR 

5/22/15 12:17 12:37 L 6500 200 14 230 65000 83000 

5/22/15 19:39 19:56 R 3500 50 2 52 3500 6300 

5/22/15 19:39 19:56 M 1800 5 3 120 2400 NR 

5/22/15 19:39 19:56 L 2000 28 3 69 2100 4300 

5/29/15 9:00 9:21 R 3740 79 3 45 2350 6850 

5/29/15 9:00 9:21 M 3290 74 4 130 2470 8850 

5/29/15 9:00 9:21 L 3400 80 3 42 1690 5600 

5/29/15 12:41 12:58 R 1700 49 3 25 1370 NR 

5/29/15 12:41 12:58 M 1710 38 12 148 1850 NR 

5/29/15 12:41 12:58 L 3860 32 10 99 2260 4480 

5/30/15 7:42 8:05 R 5300 187 9 112 6250 11250 

5/30/15 7:42 8:05 M 1300 100 11 163 3430 19950 

5/30/15 7:42 8:05 L 1930 84 8 57 4730 30260 

7/6/15 13:29 13:47 R 11400 200 11 300 1000 37200 

7/6/15 13:29 13:47 M 5300 190 28 800 69500 NR 

7/6/15 13:29 13:47 L 10500 300 15 370 70000 57000 

7/6/15 17:56 18:10 R 6200 180 9 120 4600 18900 

7/6/15 17:56 18:10 M 5500 180 12 300 7400 NR 

7/6/15 17:56 18:10 L 5100 160 7 210 7500 45000 

7/7/15 10:19 10:33 R 8700 290 15 300 84600 NR 

7/7/15 10:19 10:33 M 3550 260 25 460 4500 NR 

7/7/15 10:19 10:33 L 3000 164 17 390 5500 NR 

7/13/15 9:37 9:56 R 2800 146 10 141 80200 83400 

7/13/15 9:37 9:56 M 1680 229 18 208 1980 62800 

7/13/15 9:37 9:56 L 2100 160 14 199 2700 65800 

7/13/15 12:25 12:39 R 4100 201 14 367 105000 109000 

7/13/15 12:25 12:39 M 2200 139 23 469 4800 99600 

7/13/15 12:25 12:39 L 2700 152 18 362 5230 96200 

7/13/15 18:32 18:46 R 1600 125 9 162 1980 36970 

7/13/15 18:32 18:46 M 50700 209 15 201 2800 48500 

7/13/15 18:32 18:46 L 55800 190 11 131 3820 60400 

8/12/15 8:43 8:56 R 52400 151 8 179 3500 44900 

8/12/15 8:43 8:56 M 1590 122 16 298 2200 NR 

8/12/15 8:43 8:56 L 2500 117 10 122 2170 33500 

8/12/15 12:13 12:25 R 3300 153 12 276 90100 93200 

8/12/15 12:13 12:25 M 2280 144 21 370 4900 NR 

8/12/15 12:13 12:25 L 2600 140 17 309 5000 92300 

8/12/15 18:33 18:43 R 1620 100 8 125 1940 38200 

8/12/15 18:33 18:43 M 2800 249 14 138 3290 NR 

8/12/15 18:33 18:43 L 4820 146 9 158 3200 44200 

NR=not recorded  
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Table B.4 Light levels (lux) and time recorded in the Elk Creek control May through 

August 2015.  

 

Elk Creek control 

Date Start Time End Time Full Sun (lux) 

5/23/15 8:42 8:42 15900 

5/23/15 12:31 12:31 41700 

5/23/15 17:42 17:42 20000 

5/30/15 8:05 8:05 30260 

5/30/15 16:20 16:20 92100 

5/30/15 19:06 19:06 30500 

7/8/15 7:25 7:25 24400 

7/8/15 10:33 10:33 94300 

7/8/15 12:23 12:23 105000 

7/8/15 19:13 19:13 28700 

7/14/15 8:15 8:15 41600 

7/14/15 12:41 12:41 32300 

7/14/15 15:12 15:12 101600 

7/14/15 17:30 17:30 61500 

8/13/15 8:37 8:37 18100 

8/13/15 12:01 12:01 24200 

8/13/15 17:00 17:00 26200 
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Table B.5 Light levels (lux) and time recorded in the Split Rock Tributary culvert May 

through August 2015. R = right barrel, L = left barrel. 

 
Split Rock Tributary culvert 

Date 

Start 

Time 

End 

Time Barrel 

Point 

A 

(lux) 

Point 

B 

(lux) 

Point 

C 

(lux) 

Point 

D 

(lux) 

Point 

E 

(lux) 

Full 

Sun 

(lux) 

6/9/15 14:58 15:18 R 7400 84.7 1.3 6700 6700 103100 

6/9/15 14:58 15:18 L 2380 38.1 1.5 85.8 3670 103900 

6/9/15 19:13 19:30 R 399 6.6 0.1 450 2.5 2100 

6/9/15 19:13 19:30 L 499 3.4 0.2 1.2 374 NR 

6/10/15 8:18 8:45 R 4200 112.9 1.5 53.8 2680 48100 

6/10/15 8:18 8:45 L 50800 82.6 0.6 81.1 2700 47400 

6/15/15 12:08 12:34 R 38900 72.4 1.5 82.9 11100 54200 

6/15/15 12:08 12:34 L 14500 42.6 2.1 75.3 12480 57800 

6/15/15 18:22 18:40 R 2100 48.1 1.4 63.3 56700 54200 

6/15/15 18:22 18:40 L 1700 26 1.1 94.2 2120 46400 

6/16/15 7:51 8:15 R 3370 110.7 1.2 46.8 1500 35500 

6/16/15 7:51 8:15 L 35800 50.2 1.9 62.3 1240 37300 

7/8/15 12:52 13:07 R 90800 129 0.8 78 5000 100700 

7/8/15 12:52 13:07 L 6600 5.8 1.8 108 5100 93800 

7/8/15 17:59 18:13 R 6400 29 0.8 46 12900 29800 

7/8/15 17:59 18:13 L 3000 16 1.6 181 7500 30600 

7/9/15 7:42 7:59 R 3200 95 1 40 1800 26200 

7/9/15 7:42 7:59 L 12600 60 0.6 56 3800 15100 

7/15/15 7:52 8:14 R 6110 36.9 0.5 42.8 3400 16290 

7/15/15 7:52 8:14 L 4360 21.9 0.4 49.6 4880 19800 

7/15/15 12:25 12:44 R 14580 47.6 1.5 73.6 8420 32950 

7/15/15 12:25 12:44 L 7450 33.8 0.6 107.7 9280 36480 

7/15/15 17:02 17:21 R 5440 35.6 1.2 55.7 10200 47800 

7/15/15 17:02 17:21 L 3800 28.4 1.6 97.5 7730 74900 

8/10/15 9:35 10:01 R 3800 49.6 1.3 52.3 1450 67500 

8/10/15 9:35 10:01 L 68800 42.1 1.6 44.1 1300 59900 

8/10/15 12:31 12:46 R 95500 51.3 0.1 44.1 2710 112600 

8/10/15 12:31 12:46 L 99600 39.6 0.3 56.7 3600 96800 

8/10/15 17:13 17:31 R 3900 41 1.4 61.6 6300 65200 

8/10/15 17:13 17:31 L 1300 21.8 0.4 78 1880 13900 

 NR=not recorded 
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Table B.6 Light levels (lux) and time recorded in the Split Rock Tributary control May 

through August 2015. 

 

Split Rock Tributary control 

Date Start Time End Time Full Sun (lux) 

6/10/15 8:18 8:18 48100 

6/10/15 14:15 14:15 114400 

6/10/15 19:22 19:22 7900 

6/16/15 10:21 10:21 86400 

6/16/15 12:13 12:13 105200 

6/16/15 18:29 18:29 5200 

7/9/15 10:28 10:28 78800 

7/9/15 12:09 12:09 100400 

7/9/15 19:28 19:28 18700 

7/16/15 8:59 8:59 9400 

7/16/15 12:24 12:24 27700 

8/11/15 10:01 10:01 76100 

8/11/15 12:11 12:11 94900 

8/11/15 17:49 17:49 54300 
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Appendix C: Additional Depth Measurements  

Table C.1 Depth measured at the upstream and downstream end of each culvert barrel. 

Left and right are designated in the downstream direction. Measurements were taken at 

the culvert overhang upstream and downstream. US = Upstream, DS = Downstream, NR 

= not recorded, NA = not applicable. 

 

Date Location 

Left Barrel 

(cm) 

Middle 

Barrel (cm) 

Right Barrel 

(cm) 

Daily Mean 

(cm) 

Poplar Creek Culvert 

5/20/15 US 115 NA 117 123 

5/20/15 DS 130 NA 128 

5/27/15 US NR NA 112 119 

5/27/15 DS NR NA 126 

7/6/15a US 173 NA 170 182 

7/6/15a DS 190 NA 196 

7/21/15 US 99 NA 102 106 

7/21/15 DS 113 NA 111 

7/27/15 US 101 NA 104 108 

7/27/15 DS 115 NA 114 

8/17/15b US NR NA NR NR 

8/17/15b DS NR NA NR 

Elk Creek Culvert 

5/20/15 US 8 10 11 14 

5/20/15 DS 18 18 18 

5/30/15 US 17 14 18 21 

5/30/15 DS 27 26 26 

7/6/15 US 5 5 8 6 

7/6/15 DS 8 7 5 

7/13/15 US 3 3 6 4 

7/13/15 DS 4 5 NRc 

8/12/15 US 4 3 4 5 

8/12/15 DS 5 6 6 

Split Rock Tributary Culvert 

6/9/15 US 77 NA 77 85 

6/9/15 DS 92 NA 92 

6/15/15 US 103 NA 105 110 

6/15/15 DS 116 NA 118 

7/6/15a US 146 NA 141 147 

7/6/15a DS 154 NA 148 

7/9/15 US 84 NA 87 93 

7/9/15 DS 99 NA 101 

7/15/15 US NRc NA 80 82 

7/15/15 DS 82 NA 83 

8/10/15 US 91 NA 70 89 

8/10/15 DS 91 NA 105 
ahigh water, no fish collected. 
bhigh water. 
cnot recordable due to slow, muddy, vegetated conditions. 
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Table C.2 Mean depth in control reaches. Measurements were taken at the entrance and 

exit of each control, which resembled the corresponding culvert’s overhang points.  US = 

Upstream, DS = Downstream, NR = not recorded. 

 

Date Location Depth (cm) 

Daily Mean 

(cm) 

Poplar Creek Culvert 

5/21/15a US NR 
NR 

5/21/15a DS NR 

5/28/15b US NR 
NR 

5/28/15b DS NR 

7/21/15 US 48 
51 

7/21/15 DS 54 

7/28/15 US 63 
67 

7/28/15 DS 72 

8/25/15 US 58 
63 

8/25/15 DS 69 

Elk Creek Culvert 

5/23/15a US NR 
NR 

5/23/15a DS NR 

5/30/15b US NR 
NR 

5/30/15b DS NR 

7/7/15a US NR 
NR 

7/7/15a DS NR 

7/14/15 US 32 
36 

7/14/15 DS 40 

8/13/15 US 28 
27 

8/13/15 DS 25 

Split Rock Tributary Culvert 

6/10/15a US NR 
NR 

6/10/15a DS NR 

6/16/15a US NR 
NR 

6/16/15a DS NR 

7/10/15a US NR 
NR 

7/10/15a DS NR 

7/16/15 US 59 
44 

7/16/15 DS 30 

8/11/15 US 64 
48 

8/11/15 DS 32 
aNo ADV 
bADV not functioning 
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Appendix D: Additional Velocity Measurements  

Table D.1 Velocity measured within each culvert barrel.  Left and right are designated in 

the downstream direction. Measurements were taken at the culvert overhang upstream 

and downstream. Measurements from the right barrel (Elk Creek) and left barrel (Split 

Rock Tributary) were not included in daily mean calculations because of flow 

obstructions. US = Upstream, DS = Downstream, NR = not recorded, NA = not 

applicable. 

 

Date Location 

Left Barrel 

(m/s) 

Middle Barrel 

(m/s) 

Right Barrel 

(m/s) 

Daily Mean 

(m/s) 

Poplar Creek Culvert 

5/20/15 US 0.01 NA 0.01 
0.01 

5/20/15 DS 0.01 NA 0.01 

5/27/15a US NR NA NR 
NR 

5/27/15a DS NR NA NR 

7/6/15a,b,c US-DS 0.25 NA 0.37 0.31 

7/21/15 US 0.01 NA 0.02 
0.00 

7/21/15 DS 0.00 NA 0.00 

7/27/15 US 0.02 NA -0.02 
0.01 

7/27/15 DS 0.02 NA 0.00 

8/17/15a US NR NA NR 
NR 

8/17/15a DS NR NA NR 

Elk Creek Culvert 

5/20/15 US 0.42 0.31 0.19 
0.22 

5/20/15 DS 0.23 0.17 0.03 

5/29/15d US NR NR NR 
NR 

5/29/15d DS NR NR NR 

7/7/15b US-DS 0.31 0.40 NRe 0.35 

7/13/15b US-DS 0.36 0.22 NRe 0.29 

8/12/15 US 0.14 0.31 -0.01 
0.16 

8/12/15 DS 0.14 0.36 0.04 

Split Rock Tributary Culvert 

6/9/15f US NR NA NR 
NR 

6/9/15f DS NR NA NR 

6/15/15b US-DS NRe NA 0.07 0.07 

7/6/15b,c US-DS NRe NA 0.24 0.24 

7/8/15b US-DS NRe NA 0.06 0.06 

7/15/15 US 0.08 NA 0.01 
0.03 

7/15/15 DS 0.00 NA 0.02 

8/10/15 US -0.01 NA 0.05 
0.02 

8/10/15 DS 0.01 NA 0.04 
aHigh water. 

     

bTracer data. 
     

cNo fish collection on this date. 
   

dADV not functioning. 
    

eNot recordable due to slow water or sedimentation conditions.  
 

fNo ADV on this date. 
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Table D.2 Velocity measured within each control reach. Measurements were taken at the 

entrance and exit of each control, which resembled the corresponding culvert’s overhang 

points. US = Upstream, DS = Downstream, NR = not recorded, NA = not applicable. 
 

Date Location 

Velocity 

(cm/s) 

Daily Mean 

(cm/s) 

Poplar Creek Control 

5/21/15a US NR NR 

5/21/15a DS NR 

5/28/15b US NR NR 

5/28/15b DS NR 

7/21/15 US 0.00 0.01 

7/21/15 DS 0.01 

7/28/15 US 0.07 0.06 

7/28/15 DS 0.04 

8/25/15 US 0.04 0.05 

8/25/15 DS 0.06 

Elk Creek Control 

5/22/15a US NR NR 

5/22/15a DS NR 

5/30/15b US NR NR 

5/30/15b DS NR 

7/8/15c US-DS 0.09 0.09 

7/14/15 US 0.01 0.01 

7/14/15 DS 0.02 

8/13/15 US 0.03 0.04 

8/13/15 DS 0.04 

Split Rock Tributary Control 

6/10/15a US NR NR 

6/10/15a DS NR 

6/16/15c US-DS 0.09 0.09 

7/9/15c US 0.12 0.11 

7/9/15c DS 0.09 

7/16/15 US 0.02 0.03 

7/16/15 DS 0.03 

8/11/15 US 0.06 0.06 

8/11/15 DS 0.07 
aNo ADV on this date. 
bADV not functioning. 
cTracer data. 

 

  

 


