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EXECUTIVE SUMMARY 

Assessing the effects of flow regime variation on Blue Sucker spawning movements, 

habitat use, and recruitment in the lower Colorado River, TX 

Blue Sucker Cycleptus elongatus is widely distributed throughout the United States. Even 

though it was once a commercially-harvested species, Blue Sucker is currently listed in 

19 of 23 states as a species of greatest conservation need, threatened, presumed 

extirpated, or endangered. They are associated with riffle-run habitat where flows are 

generally swifter, rendering them vulnerable to alterations to the natural flow regime. 

Within Texas they are known to occur in three major watersheds; the Red River, Neches-

Sabine, and the Colorado River. The population in the lower Colorado River therefore 

likely represents the southwestern extent of the species range, as the next nearest 

neighbor occurs in the Sabine-Neches Rivers approximately 400 km east. The lower 

Colorado River between Austin, Texas and Garwood Dam near Altair, Texas is the only 

known population of Blue Sucker in the Colorado River and has been presumed to suffer 

from a lack of recruitment for the last several years. Unfortunately, the lower Colorado 

River has experienced drastic changes in hydrology with a significant increase in extreme 

low flow (< 4.53 m3s-1 or 160 ft3s-1) frequency and decrease in small flood pulse (> 685.3 

m3s-1 or 24,201 ft3s-1, and < 2874 m3s-1 or 101,494 ft3s-1) frequency following 

construction of the highland lakes in the late 1930s and 1940s. These alterations and 

others may be responsible for the current status of Blue Sucker in the lower Colorado 

River.  

This grant served as the primary funding support for the Doctoral Dissertation of 

Matthew Acre and his attached dissertation serves as the final report for this project.  

Relevant results for each primary objective are briefly summarized below with further 

details provided in the attached dissertation. 

Acre, Matthew R.  2019.  Assessing demography, habitat use, and flow regime 

effects on spawning migrations of Blue Sucker in the lower Colorado River, 

Texas.  PhD Dissertation.  Texas Tech University, Lubbock. (Attachment 1) 

Methods 

Habitat use, selection, and movement patterns, including likely spawning migrations 

were analyzed from data collected on 42 adult Blue Sucker. Fish were tagged in 

December 2014 and December 2015 with a combined acoustic radio transmitter (CART) 

tag at Utley (n = 7), Bastrop (n = 12), La Grange (n = 12), Columbus (n = 1), and Altair 

(n = 10). Fish were then monitored from January 2015-May 2017 which resulted in 1,157 

detections during 38 attempts to determine fish locations. These data were used to 

determine the effects of streamflow, instream temperature, and habitat availability on 

movements which included spawning migrations. River discharge data was downloaded 

from USGS gage stations at Austin, Bastrop, Smithville, La Grange, and Wharton. 

Instream temperature data was collected from nine iButton data loggers mounted 

throughout the river. Discharge data was assigned to fish depending on the nearest gage 

station. Submersible ultrasonic receivers were also mounted throughout the river to 
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passively monitor tagged fish. A substrate availability map was created of the 290-rkm 

study area using side-scan sonar data. The substrate map was used to determine season 

habitat selection and avoidance, and to determine if locations within the river being used 

at higher rate could be explained by habitat.  

To assess population size and the viability of the population to persist into the future, 30 

mark-recapture sites were identified and sampled six times over two years (2016-2017) 

with standard boat-mounted electrofishing techniques. The 30 sites were split in riffle, 

run, and pool habitat and sampled separately which resulted in 540 samples over two 

years and 97 hours of electrofishing. This sampling effort resulted in 152 captures of 

which 15 were recaptures. These data were used to estimate population size and 

mesohabitat use. When fish were captured a fin ray clip was taken to be used in age 

estimation analysis. The age estimation data was used to determine back-calculated hatch 

years which informed the estimated yearly cohort strength. Discharge data was 

downloaded from the USGS gage station in Bastrop, Texas and temperature data was 

downloaded from the NOAA Camp Mabry station. These data were then used to 

determine the effects of abiotic variables on yearly cohort strength.  

Objectives and Primary Findings 

1) Describe movement and habitat use under various experimental releases via 

radio and acoustic telemetry 

Greater duration and magnitude of high flows coupled with warmer temperatures 

likely alter seasonal movement patters and may hinder spawning migrations. 

Additionally, fish that were in riffle dense areas were less likely to make large 

movements and more likely to remain in that area. Seasonal movement patterns in the 

first year of tracking (2015) were typical compared to other Blue Sucker populations 

across the country. In the winter, most movements were upstream and the mean distance 

between movements, regardless of direction, was approximately 35 rkm during this time. 

In the following spring, most movements were downstream, and fish had a mean of 55 

rkm between detections. During the summer and fall of 2015 movements were 

significantly reduced. The next year the pattern begins much the same, but flooding and 

subsequent duration of high flows during the spring of 2016 may have altered the 

spawning patterns observed during 2015. In 2017, there was an almost complete 

cessation of movement that may be partly attributed to increased magnitude and duration 

of river discharge as 2017 was an exceptionally wet year. River discharge was high 

leading up to Hurricane Harvey, which brought record high flows below La Grange, 

Texas in 2017. Throughout this study, fish that were originally tagged in Bastrop, Texas 

were 2.5x more likely to remain in that location while those tagged both upstream and 

downstream were more likely to move, particularly during the spawning season. This 

result further supports the importance of the approximately 15-rkm (9-mi) reach 

surrounding Bastrop. The timing and to some degree, the magnitude of movements from 

the manual tracking are supported by the data collected from SUR units. However, SUR 

data made clear that movement estimates were underestimated as we were missing some 

movements into tributaries where we did not manually track, particularly in 2015.  
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Additional detail is contained in Chapter 3 (Habitat Use and Selection) of the attached 

dissertation (Attachment 1). 

 

2) Determine the timing and extent of use of spawning habitats in relation to 

streamflow and temperature 

Migrations to spawning habitat were best predicted by cooler temperatures and 

discharge between 283-2296 ft3s-1. Variable flows best predicted spawning 

movements. Additionally, spawning habitat is likely limited to about 34 miles of 

river near Bastrop, Smithville, and La Grange. Blue Sucker selected boulder habitats 

more frequently during winter and spring, likely associated with spawning due to this 

timing. Additionally, Blue Sucker selected cobble and bedrock habitat throughout the 

year and actively avoided sandy substrates, as well as areas with increased anthropogenic 

items which included waste material. Spawning movements, which included migrations, 

were most likely to occur when temperatures were between 13.5-18°C (56-64°F) and 

river discharge was between 8-65 m3s-1 (283-2296 ft3s-1). When a spawning movement 

was detected, there was 78% probability the fish moved to riffle or run habitat. Optimized 

hotspot analysis identified three locations within the lower Colorado River that are likely 

integral reaches of river for Blue Sucker. These three locations combined represent 55 

rkm (34 mi) of the 290-rkm (180-mi) study area and are located around Bastrop, 

Smithville, and La Grange, Texas. The Bastrop reach was also identified as integral 

spawning habitat in addition to daily activities. This is further supported by acoustic data 

which detected 60% of the tagged population utilizing this area and is representative of at 

least one individual from each tagging location except Columbus where only a single 

female was tagged. In general, males had a larger linear home range than females. Home 

ranges increased in size as the percentage of sand and anthropogenic materials increased 

within their core area. This is an indication that Blue Sucker are moving to specific 

habitats to complete aspects of their life history and must move further if located in an 

area with fewer riffle/run habitats available. 

Additional detail is contained in Chapter 4 (River Discharge, Temperature, and Habitat 

Effects on Blue Sucker Movements) of the attached dissertation (Attachment 1). 

 

3) Estimate population size and demographic characteristics 

 

The Blue Sucker population in the lower Colorado River is relatively small and 

seems to be recruitment-limited. The estimated population size from these data was 679 

individuals with a lower boundary (95% confidence interval) of 449 and upper boundary 

of 1089 individuals. The population has an estimated annual mortality of 15%, therefore, 

85% of the population survives annually. However, recruitment in the population has 

been relatively low or completely lacking from 2009-2017. Multiple gear types sampled 

from 2015-2017 aimed at capturing young-of-year and sub-adults resulted in zero Blue 

Sucker captures. In the event recruitment of young individuals back into the adult 

population does not increase, there is a high probability Blue Sucker will be extirpated 

from the lower Colorado River. The best models informing what results in a strong 
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recruitment class suggests that greater river discharge in September, lower September and 

July minimum temperatures, and an increase in high flow pulse frequency best predict 

strong recruitment years.   

 

More details can be found in Chapter 2 (Blue Sucker Demographics and probability of 

persistence in the lower Colorado River, Texas) of the attached dissertation (Attachment 

1) 

 

4) Evaluate the effects of streamflow on recruitment and age-0 habitat use. 

The Blue Sucker population within the lower Colorado River seems to be suffering 

from reduced recruitment. Limited habitat availability, including spawning 

grounds, and potentially alteration of environmental cues for migration and 

spawning may act to limit recruitment. Altered spawning cues may be linked to 

increased river discharge and an increase in river temperatures, while also 

correlated with increased duration of high flows. While 2015 had the highest 

probability of spawning migration and was associated with lower flows than 2016 and 

2017, those low flows occurred on the descending leg of flood pulse which were 

estimated to be approximately 206 m3s-1 (7,274 ft3s-1). The model was built from fish 

detection that were identified as likely spawning movements or migrations based on peer-

reviewed literature. The results from this study identify a lack of flood pulses, increased 

duration of flood pulses that do occur, an increase in the magnitude of flood pulses, and 

increased temperatures as likely culprits in the current threatened status of the species 

within the study area. In addition to alterations of the flow regime from historic 

standards, there has undoubtedly been a decrease in available habitat post dam 

construction. The results from this study identify 55 rkm (34 mi) with the 290 rkm (180 

mi) between Austin and Altair, Texas (Garwood Dam) that is used at higher rate than the 

rest of the river. This suggests that habitat may be an additional limiting factor for Blue 

Sucker in the lower Colorado River.  

Further detail can be found in Chapter 2 (Blue Sucker Demographics and probability of 

persistence in the lower Colorado River, Texas) of the attached dissertation (Attachment 

1) 

Recommendations: 

• Continue monitoring population trends of Blue Sucker population in lower 

Colorado River 

o The observed and estimated recruitment from 2009-2017, which is lower 

than previous years, is a troubling trend. The results from this study 

suggest that the population may be in trouble and could be declining. The 

population viability analysis indicated that if he reduced recruitment 

continues the population may be extirpated from the river. However, 

without a continuation of the mark-recapture work it will be difficult to 

determine how the population is responding to various environmental 

conditions.  
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• Consider modification timing/duration of flow pulses for Blue Sucker spawning 

o Migration probabilities related to spawning were most likely to occur in 

January-March and were best predicted by variable flows on the 

descending leg of flood pulses. River discharge between 283-2296 ft3s-1 

preceded by small flood pulse estimated at 7,274 ft3s-1 were estimated 

from fish detections assumed to be for spawning. A component that may 

be missing from the current water management plan is variation in flow 

regime during spawning windows. 

• Consider adjustment of summer minimum flows to benefit YOY Blue Sucker 

o Estimated yearly cohort strength (recruitment) was best predicted by 

increased September low flows, increased high pulse frequency (as 

defined by IHA see Indicators of hydrologic alteration, version 7.1 user’s 

manual, The Nature Conservancy, 2009), decreased September and July 

minimum temperatures. This may be an indication that variable hydrology 

throughout the spawning and the months following hatch date are vital to 

survival for young-of year Blue Sucker. 

• Start a genetic and early life history study on the population  

o Determine current levels of bottlenecking, genetic uniqueness within the 

population, and effective population size. A possible explanation for the 

reduced recruitment throughout this study may be linked to genetics as 

opposed to the effects of a small population (�̂� = 679).  

o The other possibility for the reduced recruitment may be linked to some 

aspect of the larval stage. An early life history study focused on what 

conditions are optimal for successful hatching may illuminate issues with 

the current habitat and substrate availability, and current flow regime. 

o Dependent on the genetic results actions may include: 

▪ Modify habitat in the river to increase spawning habitat which 

results in successful hatching. 

▪ Modify the water management plan to increase success of early life 

history stages. 

▪ Start a captive propagation program to supplement the lack of 

recruitment. 

• If this action is taken the genetics will inform where 

broodstock should be gathered and fish pairings to 

maximize genetic diversity. 
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A BRIEF HISTORY OF LANDSCAPE-LEVEL ALTERATIONS 

AND NATURAL RESOURCE CONSUMPTION IN THE 

COLORADO RIVER BASIN OF TEXAS 

Introduction 

 Since the Pleistocene, humans have been modifying their environment and 

exploiting their natural resources (Martin and Klein 1984). The colonization by early 

European cultures in North America resulted in large-scale consumption of fishes 

encouraged by ethical and economic principles that did not consider ecological 

sustainability. Exploitation and major technological advances in the 20th century were 

major contributors to the reductions in freshwater fisheries worldwide (Ehrlich et al. 

1971; Daly 1973; Nash 1989; Peterka et al. 2004; Rinne et al. 2005; Clausen and York 

2008). The mid-20th Century brought the “age of dams,” which were constructed at a 

fantastic rate and provided safety from environmental fluctuations as well as the ability to 

harness environmental power, and provide security of potable water (Graf 2005). 

However, there were unforeseen ecological consequences associated with dams. 

 Unaltered rivers shift in structural and functional attributes from their headwaters 

to their mouths (Vannote et al. 1980). However, dams can alter the natural continuum of 

river ecosystems. Downstream from dams, shifts in biological diversity have been 

attributed to altered transportation of organic matter, flow regimes, and temperature 

regimes (Ward and Stanford 1983; Hunt and Huser 1988; Poff and Zimmerman 2010). In 

the United States, there are only a few rivers that have no significant (> 2 m in height) 

impoundments. However, even those uninterrupted main stems typically have 
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impoundments within their tributaries (Graf 1999). Dams are ubiquitous across the U.S. 

and Texas is no exception.  

The state of Texas is home to the greatest number of dams in the country which 

serves a rapidly growing population (Graf 1999; US Census Bureau 2010). Changes to 

statewide economic strategy have resulted in a marked increase in water consumption in 

Texas (Texas Water Development Board 2012), and has fostered a 50-100% population 

growth over the last two decades, primarily in urban areas (US Census Bureau 2010), and 

municipalities are responsible for roughly 30% of the total water usage in the state (Texas 

Water Development Board 2012). In 2010, environmental and economic restrictions were 

relaxed to incentivize business establishment in and relocation to Texas. In 2014, water 

for irrigation of farms, manufacturing, livestock, and mining comprised 67% of the total 

water consumed in the state (Texas Water Development Board 2012). It is therefore 

unlikely that the demand for water is going to decrease in Texas. An increased need for 

water security to meet the needs of an extra 10-15 million people and the businesses 

associated with the projected increase over the next decade will drive the discussion for 

more in-channel and off-channel reservoirs. Thus, the proportion of fragmented river 

segments in the best-case scenario will remain the same but is likely to increase in the 

coming years. 

The negative consequences of fragmentation effects in riverine systems have been 

well documented (Dynesius and Nilsson 1994; Ward and Stanford 1995; Poff et al. 1997; 

Postel and Richter 2003; Poff and Zimmerman 2010; Gido et al. 2015). A rich body of 

scientific literature exists on effects of fragmentation, specifically for anadromous 

migrators such as Atlantic and Pacific salmonids. The predictable and easily observable 
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migratory patterns of many anadromous fishes, as well as their commercial importance, 

make them an obvious focus for examining effects of river fragmentation on fisheries 

(Lucas and Baras 2001). On the other hand, potamodromous fishes, those making solely 

freshwater migrations, have historically been overlooked due to their perceived less 

important role in human society and their often poorly understood movements (Lucas and 

Baras 2001). Many catostomids, fishes belonging to the family Catostomidae, have been 

shown to be long-distance freshwater migrators and relatively mobile throughout their 

life-history (Scott and Crossman 1973; Hesse et al. 1982; Bulow et al. 1988; Neely et al. 

2009; Grabowski and Jennings 2009). They have also been documented making long-

distance migrations during their spawning season (Jenkins 1970; Lucas and Baras 2001; 

Neely et al. 2009; Warren and Burr 2014). Catostomid migrations have been identified as 

being related to all three types of known migrations, i.e., reproduction, refuge, or feeding, 

all of which rely on intact reaches of river.  

The Blue Sucker Cycleptus elongatus (Lesueur; Figure 1.1) is among those long 

distance potamodromous catostomids and have been documented migrating >200 km 

from over-summer habitat to spawning habitat (Neely et al. 2009; Bio-West 2013). Blue 

Sucker commercial importance, though not as great as salmon, was significant in the late 

1800s and early 1900s. A government report documented sucker harvest, including Blue 

Sucker, of up to 900,000 kg from the Mississippi River (Coker 1930). Fishermen in Iowa 

reported capturing Blue Sucker in vast quantities and it was a common occurrence for 

markets to have 363-408 kg brought in daily. Blue Sucker are found throughout the 

Mississippi River drainage and Gulf Slope drainages in Louisiana and Texas (Gilbert 

1980; Warren and Burr 2014). However, since the early 1900s, a dramatic decrease in 
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Blue Sucker populations has been observed and this decline has continued even after 

cessation of commercial fishing in most systems (Coker 1930; Pflieger 1997). Aside from 

the obvious commercial and financial implications of losing fishery stocks, the loss of a 

large-bodied, migratory species can have dramatic effects on river food webs. For 

example, loss of migratory fish species has been shown to reduce the quantity of organic 

carbon in downstream food webs (Taylor et al. 2006). In the Amazon River basin, 

significant seasonal contributions have been identified through the transport of nutrients 

from productive whitewater reaches to oligotrophic blackwater habitats by 

potamodromous characiform fishes (Winemiller and Jepsen 1998). Catostomids can also 

transport nutrients throughout a watershed during migrations and spawning in the form of 

excretion and eggs (Childress et al. 2014). Assemblage shifts, and loss of overall biomass 

can have ripple effects throughout an ecosystem (Hall et al. 2012), and there are likely 

extinction debts associated with loss of species that we cannot predict until the 

extirpation or extinction has occurred (Tilman et al. 1994). 
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Figure 1.1 Blue Sucker Cycleptus elongatus collected from the lower Colorado River, Texas 2014-2017. Females (A & 

B) typically have a greater mass and total length than males. A male is depicted in the bottom photo with full breeding 

tubercles captured in December 2014. 
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Dams are not the only culprit in largescale freshwater fish declines. Overharvest 

has been implicated in the declines of many species. Suckers have been exploited since 

Native American foragers noted their aggregating nature over 2000 years ago, which 

likely contributed to their steep declines (Butler 2000). In the early 1900s Coker (1930) 

noted that the Blue Sucker should be at the forefront of scientist’s attention as they were 

the most economically valuable fish in the Mississippi River. Their importance as a food 

and economic resource by Euro-American settlers is anecdotal evidence of their once 

plentiful abundance. Though suckers have been heavily relied on as a staple in early 

human diets, dating back several thousands of years, there is evidence prior to European 

settlers, that harvest of suckers was sustainable and were a staple for Native Americans 

(Butler 2000, 2004). The combination of unsustainable take in the early 1900s coupled 

with the rapid construction of thousands of dams throughout the early and mid-1900s 

likely had devastating impacts on populations of many fish, particularly large-bodied, 

aggregate-spawning, potamodromous fish like Blue Sucker. 

Even though it is still widely distributed, Blue Sucker is listed as a species of 

greatest conservation need, threatened, presumed extirpated, or endangered in 19 of the 

23 states it inhabits (Steffensen et al. 2015). Their status in these 19 states is concerning, 

and an indication of potential trouble for the species. A limitation to the conservation of 

the species is our limited understanding of their biological needs, though some aspects of 

the species biology are known to a certain degree. For example, Blue Sucker are well 

known for occupying swift moving waters and have even been referred to colloquially as 

swift water sucker. They are thought to spawn in habitat with coarse substrate, strong 

current (1.0 – 2.6 m/sec) and depths ≥ 1m (Moss et al. 1983; Vokoun et al. 2003; Layher 



Texas Tech University, Matthew R. Acre, May 2019 

7 

 

2007; Zymonas and Propst 2007). However, dam construction can lead to a reduction in 

this habitat type and an increase of pool habitat. Dams can also physically impede 

migrators and alter hydrology, the driver of substrate composition (Poff and Ward 1989; 

Ward and Stanford 1995; Allan and Castillo 2007). Catostomids in general, but 

particularly Blue Sucker, are thought to be lithophilic throughout their life-cycle. 

Naturally, a decrease in fast-flowing riffle-run habitat, river fragmentation, and habitat 

homogenization are often implicated in declines of this species (Hesse et al. 1982; 

Pflieger 1997; Burr and Mayden 1999; Warren and Burr 2014). Dams which can 

physically impede migrators and alter hydrology are likely culprits in the noted decline of 

the species (Ward and Stanford 1983; Pflieger 1997; Poff et al. 1997; Lucas and Baras 

2001; Warren and Burr 2014; Fisk et al. 2015; Steffensen et al. 2015). The distance that 

Blue Sucker may have migrated for spawning prior to dams is unknown. Though, they 

have been observed in the lower Colorado River, Texas making > 200-km migrations. 

Unfortunately, there is a paucity of data for Blue Sucker during pre-dam conditions, and 

thus migratory distances may be underestimated. 

The status of Blue Sucker in Texas is unclear and attempts to elucidate 

information at the population level have proven difficult due to their life history, 

behavior, and cryptic nature. However, their sensitivity to anthropogenic modifications 

makes them a good indicator species for overall ecosystem health (Steffensen et al. 

2015). A report by (Bio-West 2008) described instream flows necessary to maintain 

spawning habitat availability in the lower Colorado River that were later used to inform 

water policy. The resulting 2010 Water Management Plan (WMP) for the lower Colorado 

River had flow requirements at or above 152 m3/s (500 ft3/s) to last for at least six weeks 
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during the months of March, April, and May. These flow requirements were specifically 

to keep Blue Sucker spawning habitat available. However, since the inauguration of the 

2010 WMP, a severe drought affected the implementation of environmental releases for 

Blue Sucker from 2010-2012. The Lower Colorado River Authority (LCRA) frequently 

requested emergency suspensions or reductions in required releases citing the (Bio-West 

2008) report to support these requests. Additionally, as of 2015 there are no longer 

specific instream flow requirements for Blue Sucker spawning in the Colorado River 

(LCRA 2015).  

Study Area 

The Colorado River of Texas is unique from many other rivers Blue Sucker are 

known to occur. As most rivers in Texas, the Colorado River flows directly to the coast 

almost entirely within the border of the state. Though the headwaters are in New Mexico 

at an elevation of 1220-m above sea level (ASL), the river begins flowing reliably near 

Lamesa, Texas (Clay and Kleiner 2010). The river flows approximately 1450 km 

southeast where it meets the Gulf of Mexico at Matagorda Bay (Kammerer 1990). 

Climatic conditions across the Colorado River basin vary dramatically. Mean 

precipitation along the coast is 114.3 cm while in the headwaters 38 cm is a normal year. 

The river has a drainage basin of 109,603 km2, but all major tributaries and 90% of the 

contributing drainage area are upstream from Mansfield Dam (Figure 1.2). Historically, 

flow conditions in the lower Colorado River closely mimicked rainfall patterns (Mosier 

and Ray 1992).
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Figure 1.2 Lower Colorado River study area for Blue Sucker research from 2015-2017.
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The river drops off the Balcones Escarpment in north Austin, Texas where it goes 

from 820-m ASL to 153-m ASL. It is at this escarpment where the Colorado River begins 

to form a major channel and flows exclusively through the Western Gulf Coastal Plains 

until its confluence with Matagorda Bay 480 river km (rkm) downstream (Mosier and 

Ray 1992). The historical synchronization with rainfall in the basin has been modified 

significantly over the last 100 years. A few failed attempts to corral the Colorado River at 

the current site of Tom Miller Dam (Figure 1.2) occurred in 1893 and 1915, but both 

initial dams were destroyed by flood waters. However, two large reservoirs, Buchanan 

and Mansfield Dams, were successfully constructed in 1937 and 1940, respectively. 

These dams have had major implications to instream flows downstream. Both dams 

served as hydropower dams to meet the increasing energy demands as Austin grew 

rapidly during and following WWII (Mosier and Ray 1992; Wooster 2017). Prior to 

WWII there were more people living in New York City than the entire state of Texas, but 

as war-time training needs intensified, federal bases and forts were constructed 

throughout the state (Wooster 2017). The dams were also an important agricultural 

component supporting a rich rice farming sector throughout the region downstream of 

Austin (Dethloff and Nall 2017). The energy demands of Austin would soon be meet by a 

new fossil fuel power plant built in 1965 (Mosier and Ray 1992). Today, the reservoirs 

serve mostly as water storage and flood control, and have resulted in a homogenization of 

flows and reduction in peak flows that are known to control substrate type and create 

riffle/run habitat (Mosier and Ray 1992; Bunn and Arthington 2002; Magilligan and 

Nislow 2005; Allan and Castillo 2007). 
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These alterations to the flow regimes are best illustrated by an examination of 

extreme low flow and small flood pulse frequencies. Extreme low flow conditions are 

part of a natural flow regime, and can provide necessary conditions for some organisms 

to complete their life-cycles (The Nature Conservancy 2009). However, dams tend to 

exacerbate extreme conditions and increase the frequency of extreme low flows. Low 

flows can lead to stressful conditions due to decreased oxygen levels and increased 

temperatures (The Nature Conservancy 2009). On the other hand, small flood pulses can 

enable fish to move between habitat types and are important in allowing fish to access 

productive floodplain habitat (Junk et al. 1989; The Nature Conservancy 2009). 

Depending on the timing of small flood pulses, they can also cue fish to begin spawning 

migrations (Northcote 1984; Lucas and Baras 2001; The Nature Conservancy 2009). An 

examination of current flows in relation to historical flows prior to dam construction 

shows trends in each of these metrics associated with regulation of flows from upstream 

reservoirs. 

 I downloaded flow data from Austin (gage 08158000) between 1900-2018 and 

used Student’s t-tests to analyze alterations in the quantity of small flood pulses and 

extreme low flows pre- and post-dam construction which (pre- and post-1937). The 

Austin gage is the longest running dataset within the river basin and is used to generalize 

about alterations to instream flow downstream of Austin. Extreme low flow, small flood 

pulses, and large flood pulses are identified in Table 1.1 and were used in the analysis to 

determine the frequency of events.   
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Table 1.1 Discharge (m3 s-1) designations for extreme low discharge, small flood pulses, and large flood pulses at 

Austin Texas as determined by the Indicators of Hydrologic Alteration (IHA) software. Data was downloaded from 

USGS (gage 08158000) for the period between 1900-2018 and analyzed using non-parametric statistics as a single 

period of record. Extreme low discharge is any value below that presented, a small flood pulse is any discharge above 

that value but below the large flood distinction. 

Extreme Low 

Discharge 

Small Flood 

Pulse 

Large Flood 

Pulse 

4.53 685.3 2874 

The frequency of small flood pulses has decreased since Mansfield Dam was 

constructed in 1937 (Figure 1.3a; t = -7.73, df = 42, P <0.0001). Prior to the end of 1937 

only four years experienced no small flood pulses, but after the completion of Mansfield 

Dam it became common for the river to go many years without small flood pulses. In one 

instance, 15 years of no small flood pulses occurred between 1942-1956. The magnitude 

of these pulses has also decreased where prior to 1937 these pulses were 788 m3 s-1 ± 59, 

and after 1937 pulses were closer to 629 m3 s-1 ± 40. Conversely the number of extreme 

low flow days (days < 10th percentile flow) has increased (Figure 1.3b; t = 5.35, df = 116, 

P <0.0001). Over the last decade the river has only experienced five small floods 

averaging 424 m3 s-1 and zero large floods at Austin (flows above 1,832 m3 s-1) since 

1939 as identified by the Indicators of Hydrologic Alteration (IHA) software.  
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Figure 1.3 Small flood pulse frequency (A) and extreme low flow frequency (B) from 1900-2018 at the USGS Austin 

gage (# 08158000). The vertical dotted line indicates the construction of the first major dam, Mansfield, completion in 

1937. The number of small flood pulses has decreased significantly, and extreme low flows have increased 

significantly since the dam was constructed. 
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The trend of altered flow regimes is not unusual for rivers across the United 

States, and is likely to be intensified as human populations near rivers continue to 

increase and exacerbated by changing precipitation patterns associated with 

anthropogenic climate change (Poff et al. 1997; Graf 1999; Wellmeyer et al. 2005; US 

Census Bureau 2010; Melillo et al. 2014). The implications for organisms reliant on 

different aspects of the natural flow regime are unambiguous (Poff et al. 1997; Andersson 

et al. 2000; Lytle and Poff 2004; Bessert and Ortí 2008; Lucas et al. 2009; Quist and 

Spiegel 2012). The effects of fragmentation are obvious to long distance migrators, but 

other less obvious effects such as alteration to flood pulses or an increase in low flow 

events, can have serious consequences to recruitment and persistence of riverine species 

(Northcote 1984; Poff et al. 1997; Lucas and Baras 2001; Bunn and Arthington 2002; 

Lytle and Poff 2004). This project was designed to investigate the current status of Blue 

Sucker at what is believed to be the southwestern extent of the species’ range (Burr and 

Mayden 1999; Warren and Burr 2014). It is presumed Blue Sucker are absent from the 

Guadalupe and Nueces Rivers to the west, and the Brazos and Trinity River to the east. 

Surveys from local universities and Texas Parks and Wildlife have not resulted in Blue 

Sucker occurrence in these other rivers. They are likely a good indicator of ecosystem 

health (Hesse et al. 1982; Neely et al. 2008; Steffensen et al. 2015), and thus, 

understanding the mechanisms that drive spawning migrations and ultimately lead to 

successful recruitment are keys for a healthy river. Therefore, the objectives of this 

research were four-fold; 1) estimate population size and demographics 2) identify the 

effects of streamflow on recruitment 3) describe habitat use and selection & 4) elucidate 
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movement, including spawning migrations, and spawning habitat use under various 

experimental releases.
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BLUE SUCKER DEMOGRAPHICS AND PROBABILITY OF 

PERSISTENCE IN THE LOWER COLORADO RIVER, TEXAS 

Introduction 

There is rarely a single factor that leads to the extinction of a species. 

Compounding abiotic and biotic processes, such as environmental stochasticity, 

behavioral miscues, habitat degradation, and demographic stochasticity are ubiquitous 

culprits in species decline (Fagan and Holmes 2006; Allan and Castillo 2007). Global 

rates of extinction far outpace background global extinction rates, indicating the earth is 

likely undergoing what some call the “sixth mass extinction” (Raup 1991; Pimm et al. 

1995; May 2010; Stork 2010; Ceballos et al. 2015). Overexploitation and habitat 

alteration, direct consequences of human population growth, are pervasive and well-

documented drivers of species extinction (Diamond et al. 1989; May 2010). Species with 

small populations, in isolation, or at the edge of their distribution are more vulnerable 

than others. 

Small population and species at the edge of their distribution, particularly at lower 

latitudes of their range, are more susceptible to environmental and demographic 

stochasticity. This includes anthropogenic disturbances such as climate change due to 

reductions in survival, growth, and recruitment (Gilpin and Soule 1986; Wiens 2016; 

Sheth et al. 2018). Additionally, the probability of being rescued from a subpopulation 

decreases as the distance increases between two subpopulations (MacArthur and Wilson 

1963). Dispersal and thermal tolerance breadth are key to the persistence of a species 

under changing climatic conditions (Tyus 2012; Warren and Burr 2014; Wiens 2016). 
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However, dispersal out of restricted systems, such as rivers, may no longer be a 

successful strategy as only 2% of lotic systems in the U.S. remain free from 

anthropogenic obstructions such as dams (Graf 1999). Even under ideal conditions 

movements between basins are rare events for fish restricted to freshwater. The discharge 

required to span basins is a magnitude of flooding that the U.S. rarely experiences and 

many riverine system have likely been isolated since the Pleistocene (Sellards et al. 

1932). Therefore, river basins that are currently isolated are likely to be more isolated 

under projected climatic scenarios (Meehl et al. 2007). While populations at lower 

latitudes of a species range tend to have higher thermal optima or critical maximum 

temperatures than counterparts from higher latitudes, they will still likely be experiencing 

temperatures outside their thermal tolerance (Meehl et al. 2007). However, climate 

change is arguably a secondary threat to freshwater fishes. Habitat fragmentation and 

altered flow regimes have been shown to have negative consequences for lotic species. 

Declines in riverine populations across North America can be attributed to river 

fragmentation, habitat degradation, and alteration of natural flow regimes (Dynesius and 

Nilsson 1994; Poff et al. 1997; Richter et al. 1997; Ricciardi and Rasmussen 1998, 1999). 

Modifications to riverine systems have led to dramatic changes in downstream 

ecosystems and have been linked to reduced growth, diminished recruitment, and 

ultimately extirpations of freshwater fishes (Poff et al. 1997; Bunn and Arthington 2002; 

Allan and Castillo 2007; Dutterer et al. 2013). For example, the Colorado Pikeminnow 

Ptychocheilus lucius population has been drastically reduced since the construction of 

Hoover Dam in 1935 fragmented their population and altered the timing, duration, and 

magnitude of seasonal floods vital to the species life-cycle (Postel and Richter 2003). The 
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extinction of Harelip Sucker Moxostoma lacerum from southeastern rivers is attributed to 

increased turbidity and siltation from reservoir construction and land use alterations 

(Jenkins 1970). In a literature review, Cooke et al. (2005) reported suckers 

(Catostomidae) are frequently declining in response from multiple compounding threats 

that target different life stages, and humans are often a direct or indirect cause of these 

threats. Human population growth is increasing at a rate the earth has never experienced 

before (United Nations and Nations 2006), which leads to increased burden on natural 

resources such as fresh water.  

Water resources in Texas are already under heavy burden from 29 million 

residents, and projections suggest that water demand will increase while the existing 

supply will decrease (Texas Water Development Board 2017). Texas is the second most 

populated state in the U.S. and growing rapidly (Texas Water Development Board 2012, 

2017). The state is expected to increase in population size by 70%, from 29 million to 51 

million people by 2070, exacerbating the already strained water resources of the state 

(Texas Water Development Board 2017). Texas is unique in that 11 of the 15 major 

watersheds flow to the Gulf Coast within the border of the state, while four in north 

Texas eventually link up with the Mississippi River (Texas Water Development Board 

2018). The 15 major watersheds are heavily modified, and contain the greatest number of 

dams in the U.S. (Graf 1999). Additionally, Texas rivers are mostly isolated. Except for 

estuarine environments and salt-tolerant species at the coast during flooding events, there 

is little mixing between basins, and there is likely no mixing for salt-intolerant species. 

Therefore, organisms residing within riverine boundaries have likely been isolated within 
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individual watersheds. Potamodromous species, such as Blue Sucker Cycleptus 

elongatus, are subject to isolation when riverine basins are detached from a larger system. 

Blue Sucker are in decline throughout their range and are listed as state-

threatened, species of greatest conservation concern, imperiled or vulnerable in 19 of the 

22 states in which they have historically been known to occur and are assumed to be 

extirpated from Pennsylvania at the northeast extent of their range (NatureServe 2018). In 

Texas, Blue Sucker were listed on the first protected species list in 1977 (TPWD 1977), 

and have been a species of conservation concern since their original listing (Bonn et al. 

1980; Mosier and Ray 1992; Bio-West 2007). Though there have been studies that have 

advanced our knowledge concerning Blue Sucker in Texas, they have proven a difficult 

species to study likely due to their habitat preferences and affinity for swift moving water 

near rocky outcrops (Moss et al. 1983; Bio-West 2007; Acre 2019a, 2019b). For 

example, in the 1950s the species was not reported as captured during a multi-year fish 

survey of the lower Colorado River. However their methodology used during this multi-

year survey, i.e., setting gill nets in pools, was unlikely to collect Blue Sucker (Tilton 

1961). Additionally, in 1961, an accidental spill of pesticide killed vast quantities of 

aquatic organisms, including Blue Sucker, for at least 200 miles downstream of Austin, 

Texas (Carson 1962).Yet in 1979 it was reported as the most common fish, by weight, in 

the river reach between Utley and Smithville, Texas (Bonn et al. 1980). A detailed study 

of the relationship between Blue Sucker spawning habitat availability and discharge was 

conducted in the early 2000s, but other than noting a spawning aggregation of 

approximately 50 fish near Longhorn Dam, no attempts to discern abundance, 

recruitment, or population size was attempted (Bio-West 2007).  
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Exacerbating the difficulties beyond reliable reports, there are not one but two 

species of Blue Sucker in Texas: the Rio Grande Blue Sucker Cycleptus sp. cf. elongatus 

and Blue Sucker Cycleptus elongatus (Burr and Mayden 1999). The latter of the two 

inhabits the Colorado River in central Texas and in the Neches-Sabine system 400 km to 

the east. Those in the Colorado River have likely been isolated since the last Pleistocene 

ice sheets retreated 11,000 years ago (Sellards et al. 1932; Baker and Penteado-Orellana 

1977; Blum and Valastro Jr. 1994). Although there was flooding in 1935 that connected 

the Brazos River and Colorado River, there are no records of Blue Sucker from the 

Brazos. Additionally, the population in the lower Colorado River represents the most 

southwest extent of the species in the U.S.; the next nearest neighbor is found in the 

Neches-Sabine system. The Colorado River population is thus unlikely to receive 

immigrants, and the last 100 years has only decreased the species potential range within 

the river.  

Fluvial specialists, those completing their entire life within the river, have 

undoubtedly been affected by these altered flow regimes. Fishermen have claimed to 

have captured Blue Sucker with commercial fishing licenses as recently as the 1970s. 

Biologists and Fishermen alike have anecdotally reported Blue Sucker as historically 

more abundant. However, the degree to which Blue Sucker have been affected, or if they 

are capable of persisting into the future, is unknown. Blue Sucker have estimated 

lifespans of 20-30 years (Bednarski and Scarnecchia 2006; Bacula et al. 2009), and 

without constant monitoring it is difficult to determine demographic changes since the 

first dams were constructed.  
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Therefore, understanding the population demographics and current population 

size are of great importance to the future of the species in Texas, but most importantly to 

the population residing in the lower Colorado River. As such, the objectives of this 

chapter are to 1) determine growth, survival, and mortality estimates 2) assess annual 

recruitment and population size, 3) identify variables that determine estimated cohort 

strength, & 4) model the population’s probability of persistence into the future. 

Methods 

Study Area 

The Colorado River of Texas runs through the central Texas and drops off the 

Edwards Plateau near Austin, TX where it flows into a series of reservoirs collectively 

known as the Highland Lakes. Discharge into the lower Colorado River below Austin is 

regulated by Lady Bird Lake, a small river-like reservoir constructed in 1960. The first 

successful dam on the Colorado River, Buchanan, was constructed in 1937 and was 

followed swiftly by Mansfield Dam in 1940 (Mosier and Ray 1992). In addition to 

fragmenting the river, these dams effectively altered the natural flow regime which has 

resulted in greater frequency of low flow conditions and a decrease in flood pulse 

frequency (Acre 2019c). At points throughout the 1970s and 80s the river was diverted 

for irrigation purposes at rates that resulted in periods of no flow during the drier summer 

months (Banks and Babcock 1988). Significant alterations to discharge have been 

reported since the construction of the first major dams along the Colorado River above 

Austin, Texas including more severe and frequent low flows throughout the basin 

(Mosier and Ray 1992). The study area encompasses a 292-rkm reach below Longhorn 

Dam (rkm 460), which forms Lady Bird Lake, to Altair, Texas (rkm 168).
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Figure 2.1 Lower Colorado River, Texas study area, where 30 mark-recapture sites were sampled during 2016-2017 for Blue Sucker. The text along the river indicates 

the relative location of towns and the associated river kilometer.
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Sampling Design 

 A total of 30 sites were randomly selected from all available riffles (n = 298), 

identified as areas with swift-moving water where most of the water surface was broken 

and ≤ 1.5 m in depth (Figure 2.1). Sites were then subdivided into three mesohabitats 

(riffle, run, pool) which were sampled independently and selected upstream or 

downstream of the riffle randomly each sampling event. A total of six mark-recapture 

events occurred, three in late summer to early winter 2016, and three in late early summer 

to early winter 2017 (Table 2.1). Events were conducted with 3-5 shock boats over a 3-

day sampling period. Each boat consisted of three-person teams, one boat captain and 

two netters on the bow of the boat. Each mesohabitat at every site was sampled for 

approximately 600 seconds for a total of 1800 seconds per site. This resulted in multiple 

passes per mesohabitat. All catostomids were recorded as present or absent, and attempts 

were made to capture Blue Sucker by the two netters. The number of Blue Sucker seen 

and not captured was also recorded.  

Fish Capture and Processing 

Total length (TL) of each captured Blue Sucker was measured to the nearest mm 

and a section was cut from the first fin ray of the left pectoral fin. Sections were taken as 

close to its articulation as possible using 15.3-cm bone cutters (Beamish and McFarlane 

1983; Koch and Quist 2007; Zymonas and McMahon 2009). Fin ray sections were stored 

in ethanol for transportation. Fish were then injected with a 23 mm x 3.65 mm passive 

integrated transponder tag (PIT tag; Oregon RFID, Portland, Oregon) under the 

musculature below the left side of the dorsal fin. Prior to PIT tag injection, fish were 

scanned with a handheld Oregon RFID HDX/FDX reader. If a fish already had a PIT tag, 
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the number was recorded prior to release. Fin ray clips were not taken from recaptures as 

this would result in both the left and the right fin ray taken from the individual. Starting 

in 2016, fish were injected with oxytetracycline, an antibiotic that can leave a mark on 

newly forming and mineralizing bone and cartilage, which can later be used for age 

validation if recaptured (McFarlane and Beamis 1987).  
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Figure 2.2 Left pectoral fin of a Blue Sucker Cycleptus elongatus immediately after being clipped near the articulation 

point for later age analysis (A) and the same fin clip healed 6-months post clip (B). This fish was initially captured in 

December 2016 and was recaptured in July 2017.  
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Fin rays were mounted in epoxy and cross sectioned using a low-speed isomet 

saw as close to the articulation point as possible (Fischer and Koch 2017). Digital 

photographs were taken of fin rays using an Olympus SZX16 stereo microscope 

(Olympus Corporation, Tokyo, Japan) equipped with an Infinity 1-5C 5.0-MP camera 

(Lumenera Corporation, Ottawa, ON, Canada). Images were processed in ImageJ v. 1.48 

software (Abràmoff et al. 2004) to enhance the visibility and clarity of annuli (Figure 

2.3). Measurements and annuli were recorded along the longest axis of the fin ray and it 

was assumed that a transparent section appears each year and was used to enumerate 

years of growth. Two people (a primary and secondary) reader independently aged each 

specimen from digitally enhanced photographs. If both readers agreed on the age, it was 

accepted at that estimated age (n = 135). All age estimates that disagreed by >1 year were 

reassigned a new random digital number and were then reassessed by the primary reader 

(n = 80). If the second reading from the primary reader matched either of the initial 

readings, then that age was assigned (n = 45). However, if no there was no agreement, a 

final reading was made with both readers present (n = 35). Fin rays that were still in 

disagreement were removed from the dataset (n = 15). The majority of disagreement in 

age estimates was from older individuals and were generally in disagreement by ≤ 2 

years.  
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Figure 2.3 Cross section of a pectoral fin ray from a 22-year-old Blue Sucker (A) and a 4-year-old (B) captured from 

the lower Colorado River, Texas in 2016. A transmitted light source was used for illumination and thus summer growth 

appears as dark or opaque in color and translucent zones which should represent winter growth and are lighter in color. 

These images have been enhanced for clarity using ImageJ v. 1.48.  
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Seining Protocol 

It was assumed that young-of-year (YOY) Blue Sucker were not fully recruited to 

electrofishing gear and I therefore established a seining protocol in 2017 to sample areas 

in March-May, the presumed spawning and hatching time (Rupprecht and Jahn 1980; 

Moss et al. 1983). The edges of riffle-run habitat near islands, and shoreline off the main 

channel are assumed to be the preferred habitat for juvenile Blue Sucker (Burr and 

Mayden 1999; Adams et al. 2006). I selected four sites around riffles immediately 

downstream of Bastrop (rkm 374), La Grange (rkm 278), and Columbus (rkm 214) 

resulting in 12 total sites. A 5-m x 2-m straight seine with 5-mm x 4-mm mesh was used 

for each of the five, 10-m seine hauls. At each site three seine hauls were at the edges of 

riffle/run habitat and two were on sandy beaches near islands when possible. Voucher 

specimens were collected and transported in freshwater to a mobile laboratory space. 

After vouchers were identified to species, they were disposed. Remaining specimens 

were identified and counted in the field. When species were represented by >50 

individuals in a single seine haul they were estimated to the nearest 50.  

Abiotic Variables 

Temperature variables were downloaded from the National Oceanic and 

Atmospheric Administration (NOAA) National Center for Environmental Information 

website. Camp Mabry (station GHCND:USW00013958) is located approximately 10 rkm 

upstream from Longhorn Dam (30.3208°, -97.7604°) and was used as the single station 

from which air temperature variables would be analyzed. Downloaded air temperature 

data provides a daily maximum and minimum value, and I created a median value and 

calculated a monthly mean for maximum, median, and minimum air temperatures.  
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Discharge data were downloaded from the USGS stream gage station at Bastrop 

(08159200) because it contained data post-dam construction (1960) to present day and is 

mostly uninterrupted data apart from small 60-day period in 1960. Flow data is buffered 

slightly from the extremes in releases that occur directly at the dam because it is 92 rkm 

downstream of Longhorn Dam. It is an approximate representative for conditions 

throughout the river. Data from Bastrop were imported into the Indicators of Hydrologic 

Alteration (IHA) software developed by The Nature Conservancy (Richter et al. 1996). 

This software uses daily discharge data and calculates a suite of indices that describe 

instream flow for any given gage. I selected the non-parametric analysis which used 

percentiles and medians which are considered more representative of flow conditions due 

to the non-normal distribution of discharge data (The Nature Conservancy 2009). All 

variables that had no missing data were incorporated into regression models. Variables 

such as the rise rate and fall rate are indicators of how flashy a river behaves in a given 

year. The rise rate calculates the median of all positive differences between consecutive 

daily values while the fall rate calculates the same for all consecutive negative days. The 

one-day maximum is a mean of a particular year’s maximum value on a single day. Low 

flows are represented by the median value of daily flows below the 50th percentile. 

Survival, Mortality, & Growth 

 Instantaneous mortality (Z) was calculated using the weighted ln of catch at age 

data to account for low catch rates of older fish which are assumed to be more rare in the 

system (Miranda and Bettoli 2007). However, it has been slightly modified to better fit 

Blue Sucker data. This model assumes that younger cohorts are not fully recruited to the 

gear-type and are not considered in the mortality estimate. The youngest cohort with the 
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highest frequency of catch demarks the age at which a species is considered fully 

recruited to the gear (Ricker 1975). Fish aged ≥ 12 represented cohorts that could be 

included, but this rule of thumb would exclude nine cohorts from the mortality estimate 

and seemed unreasonable as it produced a mortality rate much higher than would be 

expected for a long-lived organism (Beverton and Holt 2008; Mangel 2011). 

Additionally, the catch-curve seemed to indicate that fish ≥ 7 years old were being 

captured at relatively similar frequencies. Therefore, fish within ± SD of the mean TL ± 

SD of age-11 fish were included in the analysis. This resulted in age-classes between 8-

24 years-old included in the mortality and survival estimates (Figure 2.4).  

Cohorts included in the analysis were still well above the estimated TL at 

maturity and considered fully-recruited to electrofishing in several other studies 

(Rupprecht and Jahn 1980; Vokoun et al. 2003; Daugherty et al. 2008; Bacula et al. 

2009). Therefore, annual survival (S) and annual mortality (A) were calculated following 

the methods of Miranda and Bettoli (2007). Growth was assessed using a von Bertalanffy 

growth equation and was expressed as: 

𝐿𝑡 = 𝐿∞(1 − 𝑒−𝐾(𝑇−𝑡0)) 

where Lt is the total length (mm) at age T, L∞ is the asymptotic mean length for the 

population, e is the mathematical constant, K is a growth coefficient and, T is age, t0 

represents the age when predicted total length is zero. Due to a paucity of young fish in 

my sample, the initial condition parameter (t0) was set to zero following the methods of 

Bednarski and Scarnecchia (2006).  
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Back-calculated length-at-age data was obtained using the direct proportion 

method (Isley and Grabowski 2007), assuming growth of calcified structures was 

proportional to the overall length of the fish using the equation: 

𝐿𝑖 =
𝑆𝑖𝐿𝑐

𝑆𝑐
 

where Si is the radius of the annulus at formation, Sc is the overall radius, Li is the length 

at annulus formation, and Lc is the fish length at capture. Growth parameters from the von 

Bertalanffy curve, K and L∞, were calculated using nonlinear regression. A sums-of-

squares reduction test was used to determine differences in the growth parameter and 

asymptotic length (K and L∞). The residuals of estimated length-at-age data from the von 

Bertalanffy curve were calculated and used to estimate environmental effects on early 

growth. The residuals for the first year of growth were used in stepwise multiple 

regression to determine the effects of air temperature and discharge variables on YOY 

growth. All discharge and temperature variables that had no missing data were 

considered for inclusion into the stepwise process predicting growth. For a variable to 

remain in the model its partial F-statistic had to be significant at an α ≤ 0.05 using the 

stepwise regression procedure in SAS v. 9.4 (SAS Institute Inc., Cary, NC). 

Annual Recruitment and Population Estimate 

Relative year-class (cohort) strength was assessed using adult data from the lower 

Colorado River (n = 200). Cohort strength is the number of individuals that are 

successfully recruited into the population or become reproductive members of the 

population. Therefore, it is the transition from juvenile stages to adulthood that define 

cohort strength. Estimated cohort strengths were calculated using the number of captured 
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(observed) fish from a cohort against what would be expected assuming constant survival 

and recruitment across cohorts multiplied by a factor that would make population growth 

static through time (i.e., λ = 1). Expected values for cohorts were calculated by iteratively 

adjusting the n1 = (number of fish expected for the most recent year class; i.e., 2014) until 

both of the following conditions were met;  

1) 𝑛𝑖+1 = 𝑛𝑖 ∗ 𝑆 

and 

2)  ∑ 𝑛𝑖 = 𝑁 

Where N = the total number of fish collected and used in the analysis (i.e., n = 200), and 

S is the annual survival rate presented in the results. This method was originally 

developed for Alligator Gar Atractosteus spatula (Buckmeier et al. 2017), because older 

age estimates are assumed less accurate and other methods inflated older cohorts beyond 

reasonable recruitment given the current population estimate.  

To evaluate the effects of environmental variables on cohort strengths, 

temperature and river discharge variables were used in stepwise multiple regression 

analysis. Instream temperatures dating back to the oldest estimated hatch year (1993) 

were not available. Therefore, air temperature from Camp Mabry was used as a proxy for 

relative temperature conditions instream. Additionally, IHA variables calculated from the 

Bastrop gage were considered for entry into models. Only variables that had data for all 

recruitment years (1993-2014) were considered for inclusion into models. A variable was 

permitted into the model at α < 0.20, but for a variable to remain in the model its partial 

F-statistic had to be significant at α < 0.05. After the stepwise process was completed, 
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variables selected were then used in principal components analysis (PCA) to better 

visualize the influence of each variable on estimated recruitment. Juvenile presence was 

determined with seining attempts in the spring of 2017 to assess current recruitment. 

 Population estimates were calculated in program MARK v. 6.2 using a Huggins’ 

p and c model (Huggins 1989), where p = the probability of first capture and c = the 

probability of recapture. Four models were attempted that incorporated temporal and 

behavioral characteristics; time, behavioral, an interaction between time and behavior, 

and a null model were all analyzed. Only the top model was selected to estimate the 

population size. This estimate was subsequently verified with a Schnabel repeated mark-

recapture estimator (Schnabel 1938). The Huggins’ model assumes a closed population 

during mark-recapture events but open between sapling events. The Schnabel estimator 

assumes a closed population both during and between the six mark-recapture events.  

Population Viability Analysis (PVA) 

  I conducted population viability analysis following the methods in Gotelli (2001). 

Blue Sucker population size was projected 25 years into the future under two starting 

population sizes, the Huggins’ estimate (n = 679) and the upper boundary of the estimate 

(n = 1088), four scenarios of population growth (λ) derived from the estimated cohort 

strength from 1993-2014, and five effective population thresholds or minimum viable 

population (50, 100, 250, 500, and 1000) to determine population persistence. The per-

capita birth rate (bt) was the estimated cohort size against the population size and is 

calculated as follows: 

𝑏𝑡 =
𝑐

�̂�

̂
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where c-hat is the estimated cohort strength and N-hat is the estimated population size. 

The estimated population size from the Huggins’ model was calculated once and used in 

the PVA as no historical estimated population size was available. The per-capita death 

rate (dt) was set equal to A, the annual mortality which appears in formula as: 

𝑑𝑡 = 1 − (𝑒−𝑍) 

The instantaneous rate of increase, r, was calculated as bt – dt and was then translated to 

lambda (λ), the finite rate of increase, by taking the antilogarithm of r: 

𝜆 = 𝑒𝑟 

which results in a rate of change in the population at one time step, a year, into the future 

(Gotelli 2001). The standard deviation, σ, was calculated for three of the cohort models, 

and one was assigned to allow for more variability in the future, because the standard 

deviation can be interpreted as stochasticity (Gotelli 2001). The base recruitment metric 

for that model was the 2008-2014 cohort with an assigned σ (i.e., σ = 0.3) to project how 

the population may respond to uncertain future conditions due to environmental factors 

such as discharge, temperature, flooding, or a number of other unknown scenarios. A 

random λ was selected from a normal distribution bounded by λµ and σ defined for each 

model and calculated from past trends of cohorts and is applied at each time step of the 

25-year projection. Therefore, every time step can vary in recruitment potential. Each 

model received 1000 iterations and the probability of persistence is presented as p 

(persistence), and the probability of extinction or extirpation, p (extinction), is 1 - p 

(persistence).  
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Results 

A total of 215 Blue Sucker were captured in the Colorado River over seven 

capture events between 2015-2016 ranging in age from 3-24 years-old (Figure 2.4) and 

from 496-774 mm TL (Figure 2.5). There was diagreement on 45% of the fin rays during 

the first round of ageing, 10% disagreement on the second, and 15 fin rays were 

excluded. Mark-recapture events for population estimation represent six of the attempts 

to capture fish and resulted in 152 unique captures and 15 recaptures, 10 of which were 

on the last sampling event in 2017 (Table 2.1). A total of 90 samples per mark-recapture 

event resulted in 540 samples over two years, and a total of 97 hours of electrofishing 

effort. An additional 49 fish were captured during exploratory sampling throughout the 

river and outside of designated mark-recapture sites from 2014-2017. Unfortunately, sex 

could not be positively determined in 65 individuals; however, the sex ratio suggest the 

population was slightly skewed towards males (1.25:1) in the Colorado River. Blue 

Sucker were most frequently captured in riffle/run habitat, 55% run, 41% riffle, while 

captures in pool habitat represented just 4% of the samples (CPUE; Blue Sucker hr-1 for 

pools = 0.2, riffles = 3.0 and runs = 3.4).
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Figure 2.4 Age-frequency plot for Blue Sucker collected in the lower Colorado River 2015-2017. The dotted line represents the adjusted cutoff for age classes included 

in the weighted regression analysis estimating instantaneous mortality (Z).
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Figure 2.5 Length-frequency plot of Blue Sucker collected in the lower Colorado River, Texas from 2015-2017.
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Table 2.1 Mark-recapture events for Blue Sucker in the lower Colorado River from July 2016 – September 2017. A 

total of six events were completed with a total of 152 unique Blue Sucker were captured. 

Event Dates Captured Recaptured 
Marked (Available 

for recapture) 

1 July 18-20, 2016 13 - - 

2 September 7-9, 2016 4 0 13 

3 November 30-December 2, 2016 52 1 17 

4 May 8-12, 2017 38 2 68 

5 July 17-19, 2017 15 2 104 

6 September 21-23, 2017 45 10 117 

- - - - 152 

Survival, Mortality, & Growth 

The instantaneous mortality rate (Z ± SE) was estimated from the descending leg 

of the catch curve and is represented by slope of the regression line for 8 to 24-year-old 

fish (Table 2.2) as Z = -0.1654 ± 0.03. Annual survival was then estimated as S = 0.85, 

which then resulted in estimated annual mortality as A = 0.15.  
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Table 2.2 Mean total length (TL) ±SD at estimated age for Blue Sucker from the lower Colorado River (n =200). Fish 

aged 8-24 were used to estimate the instatnateous mortality rate (Z).  

Age 
Mean 

TL 
σ 

3 586 2.85 

4 528 34.00 

5 595 1.00 

6 610 16.84 

7 624 22.67 

8 642 23.31 

9 668 28.95 

10 662 34.72 

11 674 29.29 

12 682 32.09 

13 684 31.50 

14 691 38.06 

15 688 23.32 

16 699 33.99 

17 686 17.70 

18 667 7.37 

19 640 124.72 

20 692 . 

21 722 20.26 

22 694 27.12 

23 720 . 

24 711 . 

 

Growth was assessed using a modified Beverton-Holt-von Bertalanffy growth curve from 

age estimates determined from fin rays (n = 200; Ogle et al. 2017). From the aged fin 

rays, Blue Sucker have fast growth rates in early life, though females appear to grow 

larger than males (Figure 2.6). The von Bertalanffy growth equations for length are 

expressed in Table 2.3 for females, males, and those of unknown sex. There was no 

difference in the growth parameter, k, from the sums-of-squares reduction. However, 

there were differences in the asymptotic length between females and males, with females 

growing larger than males (Table 2.3). The first year of growth assessed from the back-

calculated length at age was best explained by several flow and temperature variables 
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including the rise and fall rate, one day maximum flow, and January and October 

minimum temperatures (F5,198 = 8.36, R2 = 0.18, P < 0.0001). All parameter estimates 

except for October minimum temperature were negatively related with growth in the first 

year (A 2.1).
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Figure 2.6 Modified Beverton-Holt von Bertalanffy growth curve for male (n = 75) and female (n = 60) Blue Sucker estimated from fish collected in the lower Colorado 

River, Texas 2014-2017.
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Table 2.3 Mean (± SD) total length (TL) of female and male Blue Sucker Cycleptus elongatus captured from the lower 

Colorado River, Texas from 2015-2017. Parameter estimates (± SE) for the von Bertalanffy growth function for males 

and females. 

      Von Bertalanffy parameter estimates 

Sex n Mean TL L∞ 

L∞ 

95% 

CI 

L∞ 

95% 

CI 

k 
k 95% 

CI 

k 95% 

CI 

Female 60 691 ± 57 707 ± 3.9 701 722 0.38 ± 0.02 0.3487 0.4084 

Male 75 654 ± 39 676 ± 3.9 666 681 0.38 ± 0.02 0.3487 0.4084 

Unk. 65 655 ± 57 680 ± 7.2 665 694 0.40 ± 0.03 0.3391 0.4685 

 

Annual Recruitment and Population Estimate 

Cohort strength estimates were derived from Blue Sucker captured between 2015-

2017 (n = 200). A stable population, where λ =1, would be 100 individuals recruited to 

the population annually assuming no change in the environment. The 2004 cohort was the 

most represented year-class in terms of frequency captured during the three years of this 

study and was also the largest estimated cohort. However, there were nine other cohorts 

prior to 2009 that were estimated to be ≥ 200 individuals (Figure 2.7). From 2009-2014, 

cohort strengths were weaker relative to the previous 16 years. However, a three-year 

time period from 1996-1998 had relatively low estimated recruitment (60 ≤ �̂� ≤ 103). 

Although, low recruitment in the late 1990s only lasted three years. The most recent trend 

started in 2009 and appears to have produced weak recruitment for a minimum of six 

years. The strongest cohort from this time period was estimated as 73 individuals 

recruited to the population.
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Figure 2.7 Estimated cohort strength in the lower Colorado River, Texas by year using age estimates from Blue Sucker collected in 2015-2017 (n = 200).
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Increased recruitment was predicted by higher river discharge in September, 

September and July minimum temperatures, and an increase in high flow pulse frequency 

(F4,21 = 19.74, P < 0.001, adj-R2 = 0.78). The principal components analysis (PCA) is 

mostly explained on the first axis (PC-1; Figure 2.8) which represents 83% of the 

variation. This axis is best characterized by increasing September low flows and greater 

frequency of high flow pulses in the positive direction, while increasing September 

minimum temperatures are associated in the negative direction. High pulses are flows ≥ 

80.99 m3 s-1 as calculated at the Bastrop gage. The three years inside the grey box in 

Figure 2.8 are 2012-2014 and represent extreme drought conditions and higher summer 

temperatures extending into the fall of each year. The two most influential variables 

along the first principal component axis were the high flow pulse frequency and 

September low flow. For the most part, with a couple of exceptions, as September flows 

and the frequency of high flow pulses decreased, a weaker class is predicted.



Texas Tech University, Matthew R. Acre, May 2019 

50 

 

 

Figure 2.8 Estimated cohort strength and variables that best predicted strong cohorts between 1993-2014 for Blue Sucker in the lower Colorado River, Texas. Cooler 

summers coupled with greater summer discharge and an increased frequency of high flow pulses were the best predictors for strong cohorts. The grey box represents 

three distinct year classes, one of which is predicted at zero fish recruited (2012).
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Juvenile abundance was not detected in 2017. I completed 240 seine hauls at 12 

sites during the spawning period of March (n = 2), April (n = 2), and May (n = 1). These 

efforts resulted in zero Blue Sucker young-of-year but were successful in capturing other 

catostomids including River Carpsucker Carpiodes carpio and Gray Redhorse 

Moxostoma congestum. Seining efforts also captured 20 species from five other families. 

(A 2.2 & A 2.3). 

Estimated population size for Blue Sucker in the mainstem of the lower Colorado 

River using a Huggins’ closed model in program MARK was 679 with a lower boundary 

(95% confidence interval) of 449 and upper boundary of 1089 individuals. The repeated 

mark-recapture Schnabel estimate was 690 individuals. The parameter estimates from the 

Huggins’ model suggest the third and sixth event which occurred in November-

December and late September, respectively, were the greatest probability of encountering 

a Blue Sucker for the first time and recapturing a marked fish (Table 2.4). 

Table 2.4 Parameter estimates from the Huggins population estimate from program MARK where p is the probability 

of first encounter and c is the probability of recapture over six mark-recapture events in the lower Colorado River, 

Texas. Blue Sucker were most likely to be encountered and recaptured on the third (p3, c3) and sixth (p6, c6) event  

      95% Confidence Interval 

Parameter Estimate σ Lower Upper 

p1 0.02 0.01 0.01 0.04 

p2 0.01 0.00 0.00 0.02 

p3 0.08 0.02 0.04 0.13 

p4 0.06 0.02 0.03 0.10 

p5 0.02 0.01 0.01 0.04 

p6 0.07 0.02 0.04 0.11 

c2 0.01 0.00 0.00 0.02 

c3 0.08 0.02 0.04 0.13 

c4 0.06 0.02 0.03 0.10 

c5 0.02 0.01 0.01 0.04 

c6 0.07 0.02 0.04 0.11 
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Population Viability Analysis 

There have been no past attempts (published) to estimate population size in the 

lower Colorado River. Therefore, historical per capita birth rate (bt) and death rate (dt) 

parameters were estimated using a population of 679 individuals and the upper boundary 

of 1088 Blue Sucker. Population growth (λ) from 1993-2008 was ≤1 for three years from 

1996-1998 (Table 2.5). However, this 15-year time period had a mean λ (±SD) of 1.24 ± 

0.21, indicating population growth during this time. The most recent cohorts were 

predicted as being relatively weak compared to historical recruitment, and the population 

growth rate is reflected in that lack of recruitment, as λ has been <1 since 2009 indicating 

a decreasing population trend. However, the population as whole has a mean (±SD) of 

1.15 ± 0.24, which would indicate that the population is growing, but the standard 

deviation allows for lambda to drop below one in any given year when projecting 

population fluctuation into the future.  
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Table 2.5 Estimated cohort strengths from fin ray age estimates of Blue Sucker captured in the lower Colorado River, 

Texas 2015-2017. The estimated birth rates (bt) and estimated death rates (dt) are per capita assuming a population of 

679 Blue Sucker. Little r is the geometric rate of increase, and used to calculate λ, the finite rate of increase. A λ >1 

indicates population growth, λ = 1 is a stable population, and λ <1 is a decreasing population. 

Cohort n 

Estimated 

Cohort 

Strength 

bt dt r(bt-dt) λ(er) Cohort λµ σ 

2014 2 6 0.01 0.15 -0.14 0.87 

0.90 0.04 

2013 3 11 0.02 0.15 -0.13 0.88 

2012 0 0 0.00 0.15 -0.15 0.86 

2011 6 32 0.05 0.15 -0.10 0.90 

2010 8 50 0.07 0.15 -0.08 0.93 

2009 10 73 0.11 0.15 -0.04 0.96 

2008 16 138 0.20 0.15 0.05 1.05 

1.24 0.21 

2007 21 212 0.31 0.15 0.16 1.18 

2006 12 143 0.21 0.15 0.06 1.06 

2005 23 322 0.47 0.15 0.32 1.38 

2004 26 428 0.63 0.15 0.48 1.62 

2003 17 329 0.48 0.15 0.33 1.40 

2002 13 296 0.44 0.15 0.29 1.33 

2001 13 349 0.51 0.15 0.36 1.44 

2000 6 189 0.28 0.15 0.13 1.14 

1999 8 297 0.44 0.15 0.29 1.33 

1998 2 87 0.13 0.15 -0.02 0.98 

1997 2 103 0.15 0.15 0.00 1.00 

1996 1 60 0.09 0.15 -0.06 0.94 

1995 4 284 0.42 0.15 0.27 1.31 

1994 5 418 0.61 0.15 0.46 1.59 

1993 2 197 0.29 0.15 0.14 1.15 

All - - - - - - 1.15 0.24 

 

The PVA results suggest that prior to 2009 the population would most certainly 

grow and there is a near absolute certainty that the population would persist into the 

future (Figure 2.9) regardless of the threshold or starting population for all models (A 

2.4). The mean growth trend from 1993-2014 projected into the future has more 

variability in the ending population, but still has a high probability of persistence at all 
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thresholds (Figure 2.9; ppersistence = 0.98-1.00). However, when the most recent trends 

from 2009-2014 are used in the PVA there is a near absolute certainty the population will 

go extinct (Figure 2.9; ppersistence = 0.00-0.07)  under current conditions at all thresholds 

except where the threshold ≥ 50, then the ppersistence = 0.34 (A 2.4). The last model 

projecting population was the most recent population growth, but environmental 

stochasticity was allowed to vary more widely (i.e., σ = 0.30). Under these conditions the 

ppersistence ranges from 0.00-0.20 under the experimental thresholds (Figure 2.9).
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Figure 2.9 Population viability analysis for Blue Sucker projected 25-years into the future under four possible scenarios representing the population trends from 1993-

2008, 1993-2014, 2009-2014, and a hypothetical 2009-2014 (denoted with a “*”) which incorporates more environmental stochasticity into the model (i.e., σ = 0.30). 

Each line represents one trial from 1000 iterations, but only the first 50 trials are represented in each graph.
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Discussion 

Given the historical context of Blue Sucker populations throughout the United 

States and anecdotal evidence from commercial fishermen in the Colorado River of 

Texas, the estimated population size and recruitment in this study is concerning. This is 

the first attempt to estimate population size for Blue Sucker in in this system, and 

potentially throughout their entire range. Larger fish were in the Colorado River 

compared to those < 600 mm and at frequencies much lower than similar work being 

conducted in the Sabine River (Miyazono, unpublished data). While other studies have 

reported fewer large Blue Sucker in their samples, most of those studies frequently 

captured fish around 500-600 mm (Christenson 1975; Moss et al. 1983; Morey et al. 

2003; Vokoun et al. 2003; Zymonas and Propst 2007; Eitzmann et al. 2007; Bacula et al. 

2009). The paucity of young fish has been attributed to gear bias associated with 

electrofishing as well as potential habitat use among younger fish (Morey et al. 2003; 

Bacula et al. 2009). However, several studies report 5-10% of captured Blue Sucker 

below 400 mm (Rupprecht and Jahn 1980; Moss et al. 1983; Morey et al. 2003; Hand and 

Jackson 2003; Eitzmann et al. 2007; Bacula et al. 2009), but in this study fish <500 mm 

are represented by a single capture over three years which included a seining effort 

directed a young-of-year. Similar work with Blue Sucker 400 km east in the Sabine River 

found that 90% of the catch was ≤ 594 mm and ranged from 294-636 mm (Miyazono, 

unpublished data). This would seem to indicate that recruitment has been low for the 

population in the lower Colorado River and supports recruitment and population 

estimates from this study. 
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Small populations are more susceptible to interaction between demographic 

stochasticity, genetic drift, and environmental variation. This can have devastating effects 

and lead to an extinction vortex (Gilpin and Soule 1986; Harmon and Braude 2010). This 

phenomenon is a positive feedback loop where negative consequences are additive and/or 

compounding. For example, negative effects such as drought can lower the effective 

population size through reduced recruitment. These conditions were present in 2012-2014 

and likely resulted in reduced recruitment. This in turn causes stronger negative effects 

on the subsequent population, resulting in an even smaller population (Gilpin and Soule 

1986; Harmon and Braude 2010). The first signs that a species may be on the verge of an 

extinction vortex are decreasing population sizes and local extinctions which tend to 

occur at the edge of a species range. Peripheral populations are more likely to occur in 

less suitable habitat and are often isolated from central and more continuous populations 

(Levin 1970; Lawton 1993; Lesica and Allendorf 1995; Wiens 2016). In Pennsylvania, 

the northeast extent of the Blue Sucker range, the species is assumed to have already been 

extirpated (NatureServe 2018). The Ohio, Monongahela, and Allegheny Rivers in 

Pennsylvania, where this species most likely occurred in the state, are heavily modified 

and act as mostly shipping canals today (Cowell and Stoudt 2002).  

Texas Rivers, particularly the Colorado River, are also heavily modified, resulting 

in fragmented river reaches and altered natural flow regimes (Mosier and Ray 1992; Graf 

1999; Bio-West 2008). The Lower Colorado River Authority (LCRA) has incorporated 

the biology of several aquatic species, including Blue Sucker, into the water management 

plan (LCRWPG 2010). However, summer flows have been the most altered aspects of 

the hydrograph within the lower Colorado River (Bio-West 2008). In 2011, the Texas 
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Climate Center recorded one the worst droughts in history in central Texas. 

Consequently, the LCRA was granted approval to reduce environmental flows for the 

purposes of water conservation. The results of this study suggest that higher summer 

discharge and cooler summer temperatures are the best predictors of recruitment strength, 

but the frequency of extreme low discharge (< 4.3 m3 s-1) has increased dramatically 

since the first dams were constructed in 1937 and 1940. While altered flows are likely the 

most long-term threat to recruitment, past threats have affected this population. 

The pesticide spill of the 1960s in the lower Colorado River likely killed many 

Blue Sucker in the mainstem of the river. However, the population was most likely larger 

than present day, as they were reported as the most abundant fish in the late 1970s 

(Carson 1962; Bonn et al. 1980). Potential explanations for how the species went from a 

pesticide kill to the most abundant in about decade are 1) some Blue Sucker migrated out 

of the path of the pesticide spill into tributaries and/or 2) the population was large enough 

and distributed outside the range of the spill including within tributaries that a rescue 

effect occurred. If the latter scenario is true, then the current population likely 

experienced a genetic bottlenecking event which compounds the low genetic diversity 

effect of small isolated populations and renders them more vulnerable to future 

environmental stochasticity (Lesica and Allendorf 1995). Future efforts focused on the 

genetic structure of the population could be helpful to conservation efforts as small 

isolated populations tend to drift genetically from the parent populations and are 

generally less genetically diverse (Lesica and Allendorf 1995). Thus, this information 

will better inform management as to the current level of genetic diversity and help 

determine the effective population size and the level of isolation this population has 
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experienced. It seems there are multiple compounding variables negatively affecting Blue 

Sucker in the Colorado River. The population is small, has low recruitment, and there is 

potential that they are genetically similar. However the population estimate in the lower 

Colorado River is still above the 50/500 rule put forward by Franklin (1980).  

A minimum population size of 500 has been suggested as necessary to maintain 

evolutionary potential and a genetically secure population (Franklin 1980). Though, there 

is debate that potentially a minimum of 1000 individuals and even 5000 is necessary for a 

population to persist (Lande 1995; Franklin and Frankham 1998; Lynch and Lande 

1998). According to Franklin, any population with fewer than 500 individuals are at long-

term risk of extinction, while 50 individuals represents populations at immediate risk of 

extinction due to genetic inbreeding. Regardless of the true minimum population size 

needed to maintain genetic diversity, I currently estimate the population to be below or 

near these critical thresholds. The PVA analysis suggests that this population is currently 

within an extinction vortex. If the recruitment trend from 2009-2014 continues and the 

population estimate is correct there is a 34% probability of persistence to 25 years with 

50 or more individuals. As discussed, 50 individuals would put this population in 

precarious state near extinction. The best-case scenario from the PVA is when we use the 

upper boundary of the population estimate and allow more environmental stochasticity to 

occur within the population. In this scenario there is 15% probability of persistence 25-

years into the future with at least 100 individuals. The continued monitoring of the 

population size is critical to determining the probability of persistence and when 

conservation efforts should be triggered. Given the current results, it would be beneficial 

to begin conservation efforts now. A captive propagation program may be necessary soon 
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to ensure the genetic diversity and persistence of the population. An effort to recover 

another catostomid, Razorback Sucker Xyrauchen texanus, has recently resulted in the 

species being downgraded from endangered to threatened due to captive propagation 

programs (USFWS 2018) and may provide a foundation for recovery efforts in the lower 

Colorado River.  
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Appendix 

A 2.1 Parameter estimates predicting the first year of growth in Blue Sucker using back-calculated length at age data from 200 fish collected in the lower Colorado River, 

Texas 2015-2017. 

Variable 
Parameter 

Estimate 

Standard 

Error 
F 

Partial 

R2 

Intercept -143.82 64.42 4.98  - 

One day max -0.05 0.02 7.55 0.02 

Rise rate -30.21 8.38 12.99 0.07 

Fall rate -25.31 9.74 6.75 0.03 

Jan. min. temp -15.35 3.18 23.27 0.03 

October min temp 18.59 4.71 15.60 0.03 
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A 2.2 Catch-per-unit-effort (CPUE) results from 240 seine hauls in the lower Colorado River, TX in 2017. Blue Sucker (CYCELO) were not captured during these 

events specifically designed to capture juveniles. Other species that were present in sample from left to right: Gray Redhorse Moxostoma congestum, River Carpsucker 

Carpiodes carpio, Blacktail Shiner Cyprinella venusta, Red Shiner Cyprinella lutrensis, Pugnose Minnow Opsopoeodus emiliae, Burrhead Chub Macrhybopsis 

marconis, Mimic Shiner Notropis volucellus, Bullhead Minnow Pimephales vigilax, and Redbreast Sunfish Lepomis auritus. 

  Sample # CYCELO MOXCON CARCAR CYPVEN CYPLUT OPSEMI MACMAR NOTVOL PIMVIG LEPAUR 

Bastrop 

1 0.000 0.067 0.000 97.667 51.933 107.200 0.000 0.000 0.000 0.267 

2 0.000 0.133 0.000 123.333 54.667 86.667 0.000 0.000 0.000 0.400 

3 0.000 0.000 0.000 63.333 73.333 0.000 3.333 6.667 1.333 0.067 

4 0.000 0.000 0.000 11.333 56.667 0.000 2.333 0.000 4.333 0.000 

Bastrop 

CPUE 
0.000 0.050 0.000 73.917 59.150 48.467 1.417 1.667 1.417 0.183 

                        

La Grange 

1 0.000 0.000 0.067 102.133 60.400 26.000 0.067 0.000 0.000 0.267 

2 0.000 0.000 0.067 103.333 106.667 96.667 0.067 0.000 0.000 0.200 

3 0.000 0.000 0.000 28.000 30.000 0.000 0.000 3.333 3.333 0.000 

4 0.000 0.000 0.000 0.333 100.000 0.000 4.667 0.000 13.667 0.000 

La Grange 

CPUE 
0.000 0.000 0.033 58.450 74.267 30.667 1.200 0.833 4.250 0.117 

                        

Columbus 

1 0.000 0.000 0.000 50.133 9.867 3.533 0.400 0.000 0.000 0.000 

2 0.000 0.000 0.000 36.667 36.667 4.667 0.400 0.000 0.000 0.000 

3 0.000 0.000 0.000 46.667 80.000 0.000 0.000 0.000 4.667 0.000 

4 0.000 0.000 0.000 9.333 106.667 0.000 5.533 0.000 0.000 0.000 

Columbus 

CPUE 
0.000 0.000 0.000 35.700 58.300 2.050 1.583 0.000 1.167 0.000 

  
Grand Total 

CPUE 
0.000 0.017 0.011 56.022 63.906 27.061 1.400 0.833 2.278 0.100 
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A 2.3 Catch-per-unit-effort (CPUE) results from 240 seine hauls in the lower Colorado River, TX in 2017. Species present in seine hauls from left to right: Bluegill 

Lepomis macrochirus, Longear Sunfish Lepomis megalotis, Redear Sunfish Lepomis microlophus, Guadalupe Bass Micropterus treculii, Largemouth Bass Micropterus 

salmoides, Orangethroat Darter Etheostoma spectabile, Dusky Darter Percina sciera, Texas Logperch Percina carbonaria, Channel Catfish Ictalurus punctatus, and 

Western Mosquitofish Gambusia affinis.  

  Sample # LEPMAC LEPMEG LEPMIC MICTRE MICSAL ETHSPE PERSCI PERCAR ICTPUN GAMAFF 

Bastrop 

1 0.067 0.133 0.000 0.000 0.000 0.200 0.000 0.133 0.000 0.000 

2 0.067 0.000 0.000 0.000 0.000 0.333 0.000 0.267 0.000 0.000 

3 0.667 1.600 0.067 0.067 0.000 1.000 0.000 0.133 0.000 0.000 

4 0.067 0.733 0.000 0.667 0.000 0.000 0.000 0.133 0.000 0.000 

Bastrop 

CPUE 
0.217 0.617 0.017 0.183 0.000 0.383 0.000 0.167 0.000 0.000 

                        

La Grange 

1 0.067 0.200 0.000 0.000 0.000 0.200 0.000 0.067 0.000 0.000 

2 0.067 0.667 0.000 0.000 0.000 0.067 0.000 0.067 0.000 0.000 

3 0.000 0.733 0.000 2.000 0.000 0.000 0.000 0.000 0.200 0.667 

4 0.133 1.400 0.000 0.133 0.200 1.400 0.000 0.067 0.000 0.000 

La Grange 

CPUE 
0.067 0.750 0.000 0.533 0.050 0.417 0.000 0.050 0.050 0.167 

                        

Columbus 

1 0.067 0.000 0.000 0.000 0.000 0.000 0.000 0.067 0.000 0.000 

2 0.067 0.000 0.000 0.067 0.000 0.000 0.067 0.067 0.000 0.000 

3 0.000 0.400 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.000 0.000 0.000 0.067 0.067 0.000 0.000 0.000 0.000 0.000 

Columbus 

CPUE 
0.033 0.100 0.000 0.033 0.017 0.000 0.017 0.033 0.000 0.000 

  
Grand Total 

CPUE 
0.106 0.489 0.006 0.250 0.022 0.267 0.006 0.083 0.017 0.056 
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A 2.4 Population viability analysis results from 24 possible outcomes predicting population change 25 years into the 

future for Blue Sucker in the lower Colorado River, Texas. The threshold is the minimum number of individuals that 

can remain for the population to be considered persisting into the future. Population growth (λ) and the standard 

deviation (σ) were used to randomly select a λ from a normal distribution within the defined parameters each year for 

25 years to predict the probability (p) of persistence and extinction at a given threshold. The highlighted rows indicate 

the model in which more environmental stochasticity than was measured was used in the model (i.e., σ = 0.30). 

Cohort λµ σ 
Starting 

Trial 

Population 

Threshold 
p 

(persistence) 

p 

(extinction) 

1993-2008 1.24 0.21 679 50 1.00 0.00 

1993-2014 1.15 0.24 679 50 1.00 0.00 

2009-2014 0.90 0.04 679 50 0.34 0.67 

2009-2014 0.90 0.30 679 50 0.21 0.79 

1993-2008 1.24 0.21 679 100 1.00 0.00 

1993-2014 1.15 0.24 679 100 1.00 0.00 

2009-2014 0.90 0.04 679 100 0.00 1.00 

2009-2014 0.90 0.30 679 100 0.09 0.91 

1993-2008 1.24 0.21 679 250 1.00 0.00 

1993-2014 1.15 0.24 679 250 1.00 0.00 

2009-2014 0.90 0.04 679 250 0.00 1.00 

2009-2014 0.90 0.30 679 250 0.04 0.96 

1993-2008 1.24 0.21 679 500 1.00 0.00 

1993-2014 1.15 0.24 679 500 1.00 0.00 

2009-2014 0.90 0.04 679 500 0.00 1.00 

2009-2014 0.90 0.30 679 500 0.01 0.99 

1993-2008 1.24 0.21 679 1000 1.00 0.00 

1993-2014 1.15 0.24 679 1000 0.99 0.01 

2009-2014 0.90 0.04 679 1000 0.00 1.00 

2009-2014 0.90 0.30 679 1000 0.00 1.00 

1993-2008 1.24 0.21 1088 100 1.00 0.00 

1993-2014 1.15 0.24 1088 100 1.00 0.00 

2009-2014 0.90 0.04 1088 100 0.07 0.93 

2009-2014 0.90 0.30 1088 100 0.15 0.85 
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HABITAT USE AND SELECTION 

Introduction 

 

The availability of suitable habitat is the limiting factor in population distributions 

and persistence (Fahrig 1997, 2002; Bevers and Flather 1999). Most organisms are not 

distributed randomly across the environment (Connor et al. 1979; Planque et al. 2011). 

Movements between distinct habitat are a necessary activity of many organisms to 

complete aspects of their life-history such as foraging, overwintering, and reproduction 

(Johnson and Prairie 1980; Lucas and Baras 2001). Therefore, for an area to serve as the 

singular habitat for the entirety of an organism’s life-cycle it must be composed of biotic 

and abiotic features that are suitable for survival and reproduction (Pearson 2002). 

Habitat selection is a result of evolution that occurs across spatial scales resulting 

in the disproportionate use of certain resources over others (Morrison 2002). Selection 

can also be interpreted as the process by which individuals occupy or choose a non-

random set of available habitats (Morris 2003). The importance of determining necessary 

and suitable habitat is amplified when a threatened or endangered species is the subject of 

investigation, and understanding these patterns at multiple spatial scales is necessary for 

effective conservation efforts (McIntyre 1997), particularly in ecosystems that have been 

heavily altered or degraded. Determining what habitat are used for daily activities such as 

foraging and refuge as well as periodic behavior such as reproduction, is essential to 

successful conservation.  
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The abiotic characteristics of large rivers are inherently complex, and almost 

exclusively formed by the interaction between river discharge or flow regime and the 

underlying geology of the river basin (Doyle et al. 2005; Allan and Castillo 2007). The 

flow regime of a river can be considered the keystone variable that controls 

physicochemical components of a river such as instream temperature, channel 

geomorphology, and structural diversity, all of which can limit the distribution and 

abundance of riverine species (Poff et al. 1997; Allan and Castillo 2007). Rivers across 

the world, but especially in the United States, are the most anthropogenically modified 

ecosystems, which results in habitat fragmentation and alteration to the natural flow 

regime (Dynesius and Nilsson 1994; Poff et al. 1997; Nilsson et al. 2005). Fluvial 

dependent species, those that require flowing water for part of their life-cycle, and fluvial 

specialists, those that require flowing water for their entire life-cycle, represent ~50% of 

the native fish species richness in North America, but comprise 50-85% of imperiled 

freshwater fishes (Nilsson et al. 2005). Identifying suitable habitat for large fluvial 

specialists can be difficult as they tend to be mobile, covering hundreds of kilometers 

over the course of their life. However, a commonality of many fluvial specialists 

excluding floodplain-dependent species, are spawning grounds which include clean 

gravel substrates within well-oxygenated flowing water (Balon 1975). Populations using 

this lithophilic strategy in regulated systems may be limited by suitable spawning habitat 

(Rosenau and Angelo 2000; Lucas and Baras 2001). 

Blue Sucker Cycleptus elongatus is a large-bodied and highly mobile fluvial 

specialist that is widely distributed throughout the Mississippi and Gulf Slope drainages 

(Gilbert 1980). Although it was once commercially harvested (Coker 1930), Blue Sucker 
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is listed as a species of greatest conservation need, threatened, presumed extirpated, or 

endangered in 19 of 23 states it is known to occur despite the cessation of commercial 

harvests (Steffensen et al. 2015). Blue Sucker occupy swift moving waters, are associated 

with coarse substrate (e.g. gravel, cobble, boulders, and bedrock), strong current (1.0 – 

2.6 m/sec) and water depths > 1m (Moss et al. 1983; Vokoun et al. 2003; Bio-West 2007; 

Zymonas and Propst 2007). It is in this habitat they feed on benthic macroinvertebrates 

and spawn. Naturally, a decrease in fast-flowing riffles/runs and habitat homogenization 

are often implicated in declines of this species (Hesse et al. 1982; Burr and Mayden 

1999). Dams can physically impede migrators and alter hydrology which is the driver of 

substrate composition (Poff and Ward 1989; Ward and Stanford 1995; Allan and Castillo 

2007). Therefore, dams can also alter macroinvertebrate communities (Williams et al. 

1989; Poff and Ward 1989; Ward and Stanford 1995; Poff et al. 1997; Lucas and Baras 

2001).  

Catostomids in general, but particularly Blue Sucker, are considered highly 

mobile and thought to be lithophilic throughout their life-cycle. Loss of physical habitat 

such as riffles and runs, as well as reduction of current from dam construction is 

implicated in the decline of Blue Sucker (Coker 1930; Pflieger 1997). I sought to 

describe their habitat use and selection. In particular, substrate composition should 

predict home range and core area size. Additionally, I hypothesized that temperature 

and/or season could identify mesohabitat selection. Lastly, I speculated that there would 

be significant differences in home range and core area size depending on location of an 

individual in the river or its sex. The objectives of this chapter were to 1) summarize 

seasonal habitat use, 2) determine habitat selection or avoidance, 3) identify spawning 
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mesohabitat, 4) determine if substrate composition can predict frequency of use, and 5) 

determine how habitat and substrate affect home range and core area size. 

Methods 

 

Study Area 

 

The lower Colorado River is a 6th-order stream running through the southern 

extent of the Great Plains to the edge of the Edwards Plateau through the coastal plain 

and empties into Matagorda Bay (Rossum and Lavin 2000; LCRWPG 2010). The study 

reach extends 290 river km (rkm) from Longhorn Dam (rkm 460) in Austin, TX to 

Garwood Dam (rkm 163) near Altair, TX (Figure 3.1) and encompasses a 167-m change 

in elevation. The upper portion of the study area (rkm 355-415) contains large boulders 

and cobble/gravel riffles. As the river flows past La Grange, TX (rkm 278) there is a 

decrease in frequency and size of riffle habitats and an increase in the contribution of 

finer substrate classes, i.e., sand and gravel, to the substrate composition (Mosier and Ray 

1992). Flow conditions in the lower Colorado River vary with precipitation and upstream 

regulation. Agricultural releases occur from March to October and a substantial amount 

of flows are contributed from upstream wastewater treatment facilities in Austin and 

Bastrop between October to March. If the LCRA is not releasing water to downstream 

irrigators, treated effluent supplies most of the river flow up to 6.7 m3 s-1 (LCRA 2017). 

The lower Colorado River basin below Austin drains an approximate area of 7,976 km2 

with precipitation varying from 0.76 - 1.02 m year -1 (LCRWPG 2010). There are 

typically two peaks in rainfall, the first occurring in May of each year, with a second peak 

during autumn between September and October. Land use within the watershed is 
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primarily rangeland, agricultural, and forest land, with the exception of the metropolitan 

area surrounding the city of Austin in the uppermost part of the study reach (LCWRPG 

2011). The start point for surveys was dependent upon flow conditions but was most 

frequently at rkm 445. However, under higher flow conditions would start at a weir near 

Austin (rkm 450; Figure 3.1). All surveys ended at a low-head agricultural dam, Garwood 

Dam, located at rkm 163 (Figure 3.1). The river reach between rkm 355-415, hereafter 

referred to as the Bastrop area or reach, is the greatest in elevational change as the 

Colorado River runs off the Edwards Plateau (LCRWPG 2010), and contains the highest 

riffle density throughout the study area (Figure 3.1).  

Fish Collections, Marking, and Tracking 

 

Five locations were identified as probable spawning reaches for Blue Sucker from 

previous studies and communications with Texas Parks and Wildlife, and were therefore 

used as tagging locations (Figure 3.1; Bio-West 2007). Tagging locations from upstream 

to downstream were; Utley – rkm 411, Bastrop – rkm 373, La Grange – rkm 278, 

Columbus – rkm 214, and Altair – rkm 168. Blue Sucker were captured using a boat-

mounted electrofisher with settings at pulsed DC power at 60 pulses s-1 (Hz) with voltage 

and pulse width adjusted to maintain an output of approximately 8 amperes. Adult Blue 

Sucker received a 16 x 73-mm, 31-g, or < 2% of body weight (Winter 1996), combined 

acoustic radio transmitter (CART) tag (Model MM-RC-16-33; Lotek Wireless Inc., 

Newmarket, Ontario, Canada). Tags had an estimated battery life of 529 – 1101 days. I 

surgically implanted the CART tags into the abdominal cavity following the procedure 

described by Ross and Kleiner (1982) and Grabowski and Jennings (2009). Briefly, each 

Blue Sucker was placed in a 30-mg L-1 clove oil solution until it lost equilibrium. The 
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individual was removed from the anesthesia solution, measured to the nearest mm total 

length (TL), and weighed to the nearest 10 g. Sex was determined through an 

examination of gonads during surgery when possible, as well as by the presence of 

tubercles, or scarring from the nuptial tubercles of previous seasons. Approximately 6-8 

scales were removed from the ventral surface of the fish off the midline and 

approximately midway between the anus and the pectoral girdle. I applied a povidone-

iodine topical antiseptic to the site of scale removal and then made a 2-3-cm incision 

through which the transmitter was inserted into the body cavity. The antenna was 

threaded out the body cavity through a small puncture 10-15 mm posterior to the incision 

using the shielded needle technique described by Ross and Kleiner (1982). Powdered 

oxytetracycline was placed in and around the cavity prior to closing the incision with a 

single 3-0 coated absorbable suture. Transmitters were implanted into juvenile Blue 

Suckers following the procedure described above. Juveniles received an 11 x 43-mm 

radio transmitter tag model MCFT2-3BM (8.0-g, or < 2% of body weight) with an 

estimated battery life of 184 - 306. Blue Sucker were returned to a holding tank and held 

until they had regained equilibrium and were swimming normally. All fish were released 

within 60 m of their site of capture. All surgeries were completed under the auspices of 

the Institutional Animal Care and Use Committee (IACUC) at Texas Tech University 

(protocol # 13085-09).  

I attempted to relocate tagged fish monthly within the lower Colorado River after 

a month grace period following surgeries. I maintained position of a boat in the thalweg 

of the river with the bow facing downstream and maintained a velocity <32 km h-1 until a 

tag was detected using a 5-element directional Yagi antennae (Advanced Telemetry 
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Systems, Isanti, Minnesota) and an SRX 800 Lotek VHF receiver. Upon detection, I used 

a modified triangulation method from a mobile tracking position to increase precision of 

a tag location in the river (Eiler 2012). After detection, boat velocity was reduced, and the 

strongest signal acquired at lowest gain from multiple passes over the tag was marked as 

the location, this is considered a relocation. The CART tags have a dual capability as a 

radio and acoustic tag, which can be detected with a Lotek submersible ultrasonic 

receiver (SUR) unit. I mounted 10 SURs throughout the river at approximately 30-rkm 

intervals. The data collected from the SURs were used to independently verify manual 

relocation data. 
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Figure 3.1 Lower Colorado River, TX study area. Tagging locations were located at Utley, Bastrop, La Grange, Columbus, and Altair. This map shows the drop in riffle 

density from upstream to downstream that occurs in the study reach.   
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Substrate Mapping 
 

Instream substrate in the lower Colorado River between Longhorn Dam in Austin, 

TX and the agricultural dam in Garwood, Texas (Figure 3.1) was classified using 

recordings of sonar data of the river bottom using a Hummingbird 998cSI side scan sonar 

unit (Hummingbird, Eufaula, Alabama) with a starboard-rail mounted transducer. To 

process all recorded sonar data in preparation for classifying instream substrate along the 

study reach, SonarTRX v. 16.1 (Leerand Engineering Inc., Honolulu, Hawaii) was used. 

Raw sonar recordings were converted into georeferenced images, the water column was 

removed, and corrections were made for elevation of the transducer and beam angle. 

Images were then imported into ArcGIS 10.5 (ESRI, Redland, California) where 

substrate classes were identified and delineated manually with digital polygons. I used 

high-resolution aerial imagery to classify substrates where the side-scan sonar did not 

perform well such as shallow riffles and areas of dense aquatic vegetation. For ground-

truthing, 212 random points within the study reach were selected. The random points 

were manually investigated during relocation surveys. Substrate was classified as 

boulder, cobble, sand, fine sediment, gravel, bedrock, submerged aquatic vegetation, and 

other which included large woody debris and anthropogenic artifacts such as tires and 

other trash (Table 3.1). 
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Table 3.1 Substrate classifications for the lower Colorado River, TX. These classifications were to create the substrate 

layer in ArcGIS. Fine sediment = FS and submerged aquatic vegetation = SAV. 

Substrate 

Type 
Classification 

Bedrock Karst limestone bedrock 

Boulder Particles > 300 mm 

Cobble Particles ≤ 300 mm and > 60 mm 

Gravel Particles ≤ 60 mm >2 mm 

Sand Particles ≤ 2mm but still identifiable in imagery 

FS Substrate comprised of undistinguishable grain < 2 mm 

Other Woody debris, anthropogenic artifacts, & trash (e.g. tires) 

SAV Submerged aquatic vegetation 

Mesohabitat Identification 

In addition to substrate classes for relocations, I recorded mesohabitats (i.e. riffle, 

run, or pool) for each relocation. Riffles were defined as areas with swiftly flowing water 

and with a high proportion of its water surface being broken, but ≤ 1 m in depth (Jowett 

1993). Runs were characterized as the areas upstream or downstream of riffles where the 

water’s surface is not broken at baseflow conditions as observed during relocation 

surveys and confirmed with aerial imagery, but still swiftly flowing water. Deeper areas 

with slower current were classified as pools. All mesohabitat classifications were 

confirmed visually on-site while conducting tracking surveys. 

Habitat Use, Availability, and Selection 

 

Habitat use was evaluated seasonally between 2015-2017. I was able to locate fish 

within ±3 m with a GPS error of ±2 m. Accuracy and precision of tag locations were 

determined to be true through a series of training events where individuals located tags 

fixed to the bottom of the river. Therefore, to calculate substrate associated with fish 

relocations (n = 1156) I used a 5-m buffer in ArcGIS around all relocations, the position a 

fish was found in the river, and intersected this with the substrate map. To distinguish 
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habitat that was selected for or selected against, which I will refer to as avoided, I used 

contingency analysis and a χ2 test of the substrate frequency within the 5-m buffer of the 

relocations against the available substrate. All tests were considered significant if α <0.05 

in this section and all following in this chapter. 

Core Area and Home Range 

 

I used FishTracker (Laffan and Taylor 2013), an add-in tool in ArcGIS, to 

calculate the home range and core areas of juvenile and adult Blue Sucker. Core area is 

defined as the 50% confidence interval and home range is the 90% confidence interval. 

Therefore, if a fish was located 100 times, 50% of the time it would be found in the core 

area and 90% of the time it would be in the home range. FishTracker calculates the kernel 

density estimate by individual fish assuming constant swimming velocities to create a 

least-cost path constrained to a cost raster. The cost raster is a 20-m cell size 

representation of the Colorado river boundary between Longhorn Dam and Garwood 

Dam at a discharge level of approximately Q50-discharge. At that same discharge, mean 

(±SD) river width is 60 ± 5.3-m wide. In a hypothetical dataset, the tool calculates the 

least-cost distance between two points, then the time difference between the two points 

which results in a transit time per cell along the least-cost path and is stored as a raster. 

This weight by transit time raster is then transformed into a point shapefile and used to 

calculate the kernel density estimates at the 50th percentile (core area = Q50-relocationsi) 

and the 90th percentile (home range Q90-relocationsi) of individual fish. To translate core 

area and home ranges, both in m2, into a linear core and home range represented as river 

kilometers (rkm), polygons were transformed into line shapefiles and a single edge from 

the perimeter used as the linear distance in rkm. The Columbus tagging location was 
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excluded when I performed analyses with the fish grouped by tagging locations due to 

being represented by a single fish. However, this fish (tag ID=53) was included in all 

other general tests that investigated habitat use from a population level perspective. 

Spawning Habitat 

 

To identify likely spawning habitat, relocations that represent spawning were first 

identified and defined through several steps. Throughout this study some individuals 

were much more likely to make large movements than others. To standardize across this 

variability in distance moved by individual I developed an objective criterion to identify 

spawning relocations. First, the temperature window of 10-23°C was used to determine 

which movements could be included as spawning movements (Rupprecht and Jahn 1980; 

Moss et al. 1983; Warren and Burr 2014). Second, I used the top 15% (Q85) of the 

absolute displacement from each fish’s relocation history within a specified temperature 

window defined from previous studies. This percentile encompassed most large upstream 

and downstream movements from all individuals. Therefore, if the monthly mean 

temperature ± SD, calculated from the iButton stations, was within this window, and a 

movement was within Q85 of an individual’s relocation history, it was considered a 

spawning relocation and used to identify spawning habitat. 

Additionally, to test for mesohabitat selection during the spawning season, I used 

the spawning relocations (spawning relocation = 1, others = 0) variable as the dependent 

variable in a logistic regression to determine if mesohabitat types were being selected for 

during spawning. I also included maximum daily temperatures in a one-way ANOVA to 

predict use of mesohabitats. 
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Hotspot Analysis 

 

Two separate optimized hotspot analyses were performed, one for all fish 

relocations (n = 1157) and one for spawning relocations (n = 100). The conceptual 

framework for the analysis is presented in Figure 3.2. Optimized hotspot analysis 

(hotspot) was used to determine locations within the river that were used more frequently 

(high density of points) based on modeled residency times from relocation data. This 

statistical approach compares actual points to a hypothetical random distribution to 

identify spatial patterns that exists in the dataset (Mitchell 2005; Pasha et al. 2016). The 

analysis identifies statistically significant clusters of high values (hotspots) and low 

values (coldspots) using a Getis-Ord (Gi*) standardized statistic (Getis and Ord 1992, 

1996; Ord et al. 1995) and is calculated as follows: 

𝐺𝑖
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∑ 𝑤𝑖,𝑗𝑥𝑗 − �̅� ∑ 𝑤𝑖,𝑗
𝑛
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Where xj is the attribute value for the feature j, Wi,j is the spatial weight between feature i 

and j, n is equal to the total number of features. The Gi* is a z-score and is therefore 

standardized, which can be compared across other analyses. 

To create the hotspot maps, I first created a single polygon in ArcGIS 

representing the river boundary at Q50 discharge. This polygon was then converted to a 

raster at 20-m cell size. This cell size was chosen because the FishTracker tool would not 

allow fish to move through boundaries smaller than 20-m. I used residency time points 
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from all fish (assuming constant swimming velocity) created from the home range and 

core area process to inform the hotspot analysis determining high use areas. The 

geographic extent of the analysis was limited to the bounding polygon created around the 

river and the 20-m cell raster was set as the snap raster. The resulting hotspot produces 

seven Gi* bins from the continuous z-score between 3 and -3; where-3 or 3 represents a 

significant value at the 99% confidence level, -2 or 2 represents a significant value at the 

95% confidence level, and a -1 or 1 is a significant value at the 90% confidence level. 

Negative values represent a cold spot (fewer values at that location or less likely for fish 

to have passed there) and a positive value represents a hotspot (more values at that 

location or more likely for fish to have passed or spent time there). It also produces a 

standardized continuous z-score value constructed from point densities from the 

residency time points. I utilized the same hotspot analysis on the spawning movements. 

The z-score from the spawning hotspot and residency time hotspot analysis were 

regressed against one another to determine if residency time could predict spawning 

habitat. A final map is created where high use hotspots and spawning hotspots were 

intersected to determine areas of overlap in the study reach. 

To analyze substrate and relative use throughout the river I used the intersect tool 

in ArcGIS to combine the high use hotspot layer and the substrate layer. Therefore, all 

positions throughout the river have a relative use score (Gi*Z-score) and the substrate 

associated with that Gi*Z-score use score (Figure 3.2). I then used stepwise multiple 

regression analysis to determine if any of the eight substrate classifications and 

composition throughout the river could predict Blue Sucker high use areas.
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Figure 3.2 Conceptual framework for GIS analysis of Blue Sucker habitat use, core areas, home ranges, and high use and spawning hotspot locations in the lower 

Colorado River, TX. Data was collected from 2015-2017 and results are highlighted in bold and include total available substrate, substrate proportions within relocations, 

core areas, and home ranges, and optimized hotspot analysis.
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Results 

 

A total of 49 Blue Sucker were tagged at five locations and tracked from 2015-

2107 (adults n = 42, juveniles n = 7). Fish were tagged at Utley (n = 7), Bastrop (n = 12), 

La Grange (n = 12), Columbus (n = 1), and Altair (n = 10), There were a total of 1157 

detections over 38 relocation events, therefore, fish could be relocated a total of 38 times. 

Fish on average (± SD) were relocated 27 ± 10 times from January 2015 to May 2017. 

Mean (±SD) TL for the 13 CART-tagged females was 674 ± 44 mm, while males were 

655 ± 28 mm (N=28). Mean (±SD) TL for the 7 radio-tagged juveniles was 378 ± 16 

mm. Mean (± SD) surgical time from the moment the fish was placed in surgical cradle 

to the recovery tank was 4.2 ± 1.3 minutes. 

Seasonal Habitat Use and Habitat Selection 

 

Blue Sucker generally selected habitats with coarse substrates, particularly 

bedrock and boulders, throughout the course of this study, while avoiding sand habitat 

(Table 3.2). However, there was some seasonal and interannual variation observed in 

habitat preferences (Figure 3.3). Blue Sucker were selecting bedrock habitat throughout 

2015 but showed a preference for boulder habitat during winter and spring. In contrast, 

Blue Sucker selected bedrock and cobble habitats throughout 2016. Boulder habitats were 

selected during fall and through winter 2016-2017. There was no apparent difference in 

habitat selection between fish tagged at different locations in the lower Colorado River 

(A 3.2).
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Figure 3.3 Seasonal habitat selection by 42 Blue Sucker in the lower Colorado River, TX, USA, 2015-2017. Results are from substrate within a 5-m buffer around 

relocations (n = 1,157) against available substrate within the river. Values inside the white boxes represent significant χ2 results from the contingency test, and ‘+’ 

indicates selection for while a ‘-’ indicates avoidance of a substrate. Substrates with no result were neither selected or avoided at a rate unexpected given the availability 

of a substrate.
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Table 3.2 Contingency table for substrate selection probability given availability within the river from 2015-2017. Blue 

Sucker in the lower Colorado River selected bedrock and boulder at greater frequency than would be expected given 

the availability of the substrates within the river, while sand was avoided. 

Substrate Observed (%) Available (%) df χ2 p-value Selected /Avoided 

Bedrock 8.26 1.86 1 21.93 <0.001 Selected 

Boulder 15.80 7.19 1 10.32 <0.001 Selected 

Sand 22.48 34.22 1 4.03 <0.04 Avoided 

Cobble 16.37 12.55 1 1.16 0.28 Unknown 

Gravel 31.91 37.52 1 0.84 0.36 Unknown 

Other 1.97 1.13 1 0.63 0.43 Unknown 

SAV 0.25 1.03 1 0.60 0.44 Unknown 

Fine Sediment 2.97 4.50 1 0.52 0.47 Unknown 
 

Spawning & General Mesohabitat Selection 

 

The probability of a riffle being selected during a spawning movement was 

greater than run or pool habitat (F2,1155 = 5.18, P < 0.01). During the spawning season 

(2015: January-April and October-December 2016: January-May and November-

December, and 2017: January-April) Blue Sucker were found in riffle or run habitat 68% 

of the time (n = 867). The 100 relocations representing spawning migrations were in 

riffle or run habitat 78% of the time. Additionally, maximum temperature between all 

relocations seems to be a driver for when fish are found in mesohabitat types. As the 

instream temperature increased, fish were more likely to be found in pools, followed by 

runs, and least likely to be found in riffles (F2,1130 = 5.10, P < 0.01). 

Hotspots: High Use & Spawning 

 

Three river reaches at Bastrop and La Grange, TX representing approximately 55 

rkm, or approximately 20% of the length of the study reach, are used at a higher 

frequency than the remaining 235 rkm (≥90% CI; Figure 3.4). Using stepwise multiple 

regression, I found that boulder and cobble substrates predicted areas of high use (F2,295 = 
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11.92, P < 0.0001, R2 = 0.07). Though the R2-value accounts for only a small proportion 

of the variation, the 3 reaches representing 55-rkm of the study area are on average 

comprised of 10% boulder, 17% cobble, 3% bedrock, and 41% gravel. The spawning 

hotspot analysis identified a reach of river upstream of Bastrop as the only location likely 

used for spawning, even though tagging locations specifically targeted suspected 

spawning reaches. There was a 15-rkm reach upstream of Bastrop, TX that was identified 

in both spawning and everyday use analyses (Figure 3.4). These results are consistent 

with observations that 60% (n = 26) of adult fish were relocated or assumed to have spent 

time in this reach based on the residency time analysis. A fish from all tagging locations 

is known to have used this area at some point during this study except the single fish 

tagged at Columbus (n = 1). Additionally, a single juvenile originally tagged in Altair 

(tag ID= 36) was continually found in this reach from June 2015 – March 2016 after 

which I never detected this fish again which coincides with the estimated battery life of 

the smaller tags. Using the Z-scores from the high use hot spot analysis I was able to 

predict spawning areas (F1,380 = 139.33, P < 0.001, R2 = 0.27), but only accounted for 

27% of the variation. 



Texas Tech University, Matthew R. Acre, May 2019 

90 

 

 

Figure 3.4 Optimized hotspot results from relocation data collected in the lower Colorado River, TX from 2015-2017. Utley, Bastrop, La Grange, Columbus, and Altair 

represent both approximate geographical location for cities and the tagging locations associated with the white circles. Inset maps show three locations that represent the 

highest use areas within the study reach near Bastrop, between Bastrop and La Grange, and a reach surrounding La Grange, TX. The inset map with the ‘*’ was the only 

reach identified as used in greater frequency for spawning purposes and the only overlap between high use and spawning habitat. That reach represents ~15-rkm or 20% 

of the study area but was used at least once by 60% of tagged Blue Sucker, including ≥1 individual from 4 tagging locations (67% relocations for female tagged at 

Columbus, TX were at La Grange tagging location.
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Core Area and Home Range Sizes and Substrate Composition 

 

Adult Blue Sucker had a mean linear core area (±SD) of 46 ± 34 rkm and linear 

home range of 81 ± 61 rkm. Juveniles had a smaller mean linear core area of 31 ± 58 and 

linear home range 54 ± 101 rkm, though neither were significantly different (F1,48 = 1.37, 

P = 0.25, F1,48 = 0.68, P = 0.41). Core area and home range were linearly related (F1,41 = 

286.57, P < 0.001, R2 = 0.88), and therefore, regression analysis of home range against an 

independent variable can be interpreted similarly for core area. Males (85 ± 9 rkm) used a 

larger linear home range than did females (44 ± 14 rkm; F1,39 = 6.26, P <0.02). This 

difference was observed at most tagging location (Figure 3.5; F7,39 = 3.23, P < 0.01). 

However, there was no interaction between sex and tagging locations (F7,39 = 1.06, P ≥ 

0.38) indicating that linear home ranges were larger for males regardless of tagging 

locations (F1,39 = 6.89, P < 0.01), and fish from downstream tagging locations had larger 

linear home ranges (F3,39 = 3.31, P < 0.03). This relationship was consistent for all 

tagging locations except Bastrop where there was no difference in linear home range size 

between males and females (F1,11 ≤ 0.00, P ≥ 0.96). Sex and tagging location were related 

to home range size, but home range sizes did not covary by weight or TL, (weight; F1,27 = 

0.00, P > 0.96, TL; F1,31 = 0.00, P > 0.91). Adult home range sizes were dependent on 

habitat availability within their core area. Sand and the “other” category which included 

anthropogenic artifacts and LWD, were the significant variables in the stepwise 

regression analysis predicting home range size. Home range sizes increased as sand, 

anthropogenic materials, and LWD increased in composition of the core area (F2,41 = 

23.01, R2 = 0.54, P <0.0001).
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Figure 3.5 2015-2017 least-squared mean linear home range size in river kilometers (rkm) by sex at 4 tagging locations for Blue Sucker in the lower Colorado River; 

Altair, Bastrop, La Grange, and Utley, TX. Males had larger home ranges than females with the exception of Bastrop, TX.
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Discussion 

 

Habitat composition and quality determined high use reaches, spawning reaches, 

and linear home range/core area sizes for adult Blue Sucker. A single reach near Bastrop, 

TX represents a vital, if not the only, spawning habitat for Blue Sucker. Although, it’s 

unlikely that only a single spawning reach exists, especially prior to fragmentation, a 

result of upstream dam construction. Dams have likely led to a reduction in riffle/run 

habitat (Ward and Stanford 1983; Ligon et al. 1995; Poff et al. 1997; Bunn and 

Arthington 2002; Poff and Zimmerman 2010). The reach near Bastrop, TX is 

overrepresented given the quantity of fish tagged throughout the river. The high-use 

hotspot analysis was able to partially predict spawning reaches and therefore, the areas 

identified as high use could potentially be spawning reaches as well. Regardless, it seems 

that spawning habitat is limited within the study area and has been shown to be a limiting 

factor in population growth for other lithophilic long-distance migrators such as 

salmonids and other catostomids (Grabowski and Isely 2007b; Taylor et al. 2017). It 

appears that Blue Sucker home ranges are being influenced by habitat quality.  

  How an animal uses space has been linked to fitness for many taxa, including 

fishes, and therefore individuals have the ability to acquire and retain knowledge about 

the quality of habitats available to them (Macarthur and Pianka 1966; Fretwell and Lucas 

1969; Leggett 1977; Crook 2004). Additionally, individuals that express greater mobility 

likely possess behavioral elasticity that allows them to use habitat selectively or 

opportunistically, and this trait may be inheritable (Brown 1990). Much of the work that 

investigates this in populations generally relies on density of organisms as a proxy for 

selection, or laboratory studies of habitat selection on an observable scale (Brown 1990; 
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McIntyre 1997; Johnson et al. 2006; Hintz et al. 2016). Substrate availability throughout 

the 290-rkm study area between Longhorn Dam and Garwood Dam was used in this 

study. Within the mainstem of the river this represents the entirety of habitat (i.e. 

substrate) available to Blue Sucker. As sand and anthropogenic artifacts, or trash, 

increased within their core area the more likely they were to be exploratory or have a 

larger home range. It is also possible that selection for sand and anthropogenic materials 

was occurring with the more active and exploratory a fish. The most prevalent reason 

animals migrate or disperse is likely due to the dependence on multiple habitat types to 

complete life-history cycles (Leggett 1977; McCleave et al. 1984; Lucas and Baras 

2001). Blue Sucker appear to be adhering to this paradigm and utilizing homing ability 

that is known to occur in fish to locate suitable habitat that they may have encountered 

earlier in life or happen upon during exploratory behavior (Leggett 1977). However, not 

all individuals displayed this exploratory behavior. 

Boldness, an animal’s propensity to move through and explore habitat, has been 

able to successfully predict distance moved in killifish (Fraser et al. 2001). In many fish 

populations it has been shown that at least a portion are more mobile than their 

counterparts in the same system, but mobility is likely not a fixed trait (Booth et al. 

2014). Though fish tagged at Bastrop had the smallest home ranges, there were still two 

individuals tagged in that reach, male and female, that had home ranges >90 rkm (A 

3.1;A 3.3). There were individuals at every tagging location including the Bastrop reach 

that could be classified as mobile member of the population and embodying the boldness 

characteristic. There are likely biological aspects that I was unable to measure such as 

age or general health that affect home range size. Though we had a small sample size of 
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juveniles, exclusively captured in the lowest reach of the river at Altair, a juvenile had the 

single largest home range (229 rkm). Habitat heterogeneity and the availability of 

resources, such as spawning grounds as well as daily needs like food resources are likely 

drivers of the home range pattern displayed in this Blue Sucker population, and it’s 

possible that fine-scale variables such as food limitations or Blue Sucker density may 

account for mobile-sessile portions of the adult population. Riffle habitat is important for 

sensitive macroinvertebrates such as trichopterans (Allan and Castillo 2007; Kozarek et 

al. 2010) and Blue Sucker diets from the Mississippi River largely consisted of the orders 

trichoptera and diptera, which have a wide range of habitat associations including high 

and low velocity water but generally in the benthos (Rupprecht and Jahn 1980; Allan and 

Castillo 2007). Interestingly, sand also contributed 42% of the volume and 76% of the 

weight from the gut content analysis of that study (Rupprecht and Jahn 1980). Though 

only coarse substrates are selected for in this study and sand was avoided, it appears that 

sand may be an integral aspect of their feeding behavior, but due to availability 

throughout the river, fish need not actively search for sand substrates.  

Apart from food availability, boldness, and spawning there are still other 

explanations as to why some groups of fish are residents while others have home ranges 

upwards of 200 rkm. Others such as Leggett (1977), Fraser et al. (2001), Perkin et al. 

(2010), and Booth et al. (2014) have posed similar questions, but none of these studies 

have access to complete substrate availability as I have in this study. Prior to dam 

construction it is possible that Blue Sucker on the upstream and downstream fringes of 

the population could be self-sustaining as there may have been substrate and riffle habitat 

suitable for the completion of life-history cycles. However, other Blue Sucker 
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populations that have experienced habitat fragmentation due to dam construction have 

shown decreased genetic diversity (Bessert and Ortí 2008), indicating that there are long-

term consequences that may take generations to observe in a long-lived organism which 

can ultimately lead to extirpation (Gilpin and Soule 1986; Fagan and Holmes 2006). The 

search for suitable habitat appears to be the driver of home range sizes in the lower 

Colorado River and potentially its tributaries.  

Junk et al. (1989) postulated that the mainstem of large rivers acts as a highway 

for fishes attempting to gain access to resources in the floodplain. Blue Sucker appear to 

spend their entire life within the mainstem of the river. During multiple bank-full and 

flood stages I was able to successfully relocate most fish within the boundary of the river 

at base flow. However, a portion of the tagged fish from Altair disappeared from the 

study reach. Multiple attempts to locate them in the 62 rkm below Garwood dam at 

Altair, TX did not result in successful relocations of those individuals. Those fish more 

than likely made movements into tributaries. It’s not unusual for Blue Sucker to utilize 

side channels and tributaries for spawning or other purposes. (Bio-West 2013; 

Hendrickson and Cohen 2015; Guthrey et al. 2016). These movements may be 

exploratory ones conducted by fish attempting to locate suitable habitat like that in the 

Bastrop region. This is likely because riffles, boulders, cobble, and bedrock are limited in 

this reach of the river. Several fish from this area moved into areas with higher frequency 

of coarse substrates and was the determining factor of home range size. Although, at least 

two spawning Blue Sucker have also been captured while seining in Wilbarger Creek 

(30°11’N, 97°22’W) approximately 7.5 km from the confluence with the Colorado River 

(Melissa Casarez, UT Natural History Collections, personal communication). Where 
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these fish originated is debatable as a low water crossing in Wilbarger Creek 1.5 km from 

the confluence likely impedes migrations. The confluence of this creek is well within the 

areas identified in the hotspot analysis as both high use and most likely areas for 

spawning.   

At the end of this study in 2017 a large flood came through the Colorado River, 

downstream of Smithville, likely altering the habitat availability and substrate 

composition. Future work should focus on habitat shifts, riffle density changes, food 

availability in riffle habitat within and outside the identified hotspots in this study, and 

their effect on Blue Sucker habitat use, selection, and movement patterns. Additionally, 

there has been some focus on creating instream spawning habitat and removing small 

instream barriers to restore, maintain, and increase fish populations across North America 

and these studies have shown that fish rapidly colonize area after barrier removals and 

habitat construction (Burdick and Hightower 2006; Stanley et al. 2007; Roni et al. 2008, 

2014). If Blue Sucker are isolated in Wilbarger Creek during periods of low flow, 

removal of this barrier may allow for more frequent access to possible spawning habitat. 

In addition to adding functional connectivity of habitat, constructing habitats such as 

boulder weirs and gravel addition have shown positive increases in spawning 

observations and juvenile abundances for salmonids and catostomids (Merz et al. 2004; 

Roni et al. 2008; McManamay et al. 2010; Roni and Beechie 2013). Ideally, under a 

natural flow regime, there would be little concern for riffle bed coarsening, riffle length 

reduction, and pool lengthening, however, it seems unlikely that the lower Colorado 

River will ever operate under a fully natural flow regime again, as this would be 

catastrophic to surrounding cities including Austin, Texas. Therefore, a logical 
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compromise would be maintaining connectivity between current spawning habitat and 

perhaps forming new habitat for Blue Sucker. Should stream restoration and habitat 

formation take place within the Colorado River, there should be great consideration for 

the location of these restoration activities to maximize the benefit of newly formed 

habitat.  
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Appendix 

 

A 3.1 Results from relocation attempts of adult and juvenile Blue Sucker tagged in the lower Colorado River, Texas 

2015-2017. Core area and home range sizes are in river kilometers (rkm) and assume a 60-m channel width. Fish 

captured in the Utley reach were tagged in December 2015, while all others were tagged in December 2014. 

Adults 

Tagging 

Location 

Tagging 

rkm 
Sex TL Weight 

Tag 

# 

Total 

Relocations 

Relocation 

Success 

Rate 

Core 

Area 

(rkm) 

Home 

Range 

(rkm) 

Utley (n 

= 7) 
411.1 

M 638 . 84 21 55% 127.8 127.8 

M 640 . 86 12 32% 26.0 36.1 

M 650 . 89 25 66% 74.9 82.8 

M 656 . 88 18 47% 69.5 140.2 

M 674 . 82 24 63% 18.7 24.9 

F 700 . 85 23 61% 0.5 0.8 

. . . 83 25 66% 15.4 25.9 

Bastrop 

(n = 12) 
373.5 

F 646 2.47 41 38 100% 7.9 9.2 

M 646 2.61 51 38 100% 37.3 43.9 

M 646 2.50 52 33 87% 13.9 17.5 

F 652 2.86 44 38 100% 5.5 8.9 

M 662 2.64 48 38 100% 25.4 33.4 

M 668 2.84 45 23 61% 35.6 37.4 

M 671 2.55 49 25 66% 2.0 3.3 

M 671 2.81 78 33 87% 17.6 19.5 

M 680 2.95 77 34 89% 4.6 8.2 

F 719 3.46 50 36 95% 64.3 90.5 

F 739 3.77 42 30 79% 39.7 40.1 

M 740 3.20 46 10 26% 122.1 152.3 

La 

Grange (n 

= 12) 

278.3 

F 573 1.62 64 8 21% 99.0 105.1 

M 622 2.27 62 36 95% 45.2 82.6 

M 625 2.50 57 37 97% 114.2 170.7 

M 631 2.27 63 36 95% 114.0 114.8 

F 648 2.55 61 36 95% 32.6 49.0 

M 652 2.55 55 28 74% 87.4 88.1 

M 663 2.67 58 38 100% 85.3 112.5 

M 665 2.67 59 34 89% 91.1 102.0 

M 671 3.12 54 17 45% 55.7 100.4 

M 671 2.72 65 37 97% 123.4 125.7 

M 690 3.40 56 32 84% 139.9 141.0 

F 720 2.98 60 33 87% 31.7 31.9 

Columbus 

(n = 1) 
213.8 F 703 2.91 53 34 89% 35.6 46.3 

Altair (n 

= 10) 
168.3 

M 595 1.93 69 24 63% 91.5 163.0 

M 606 2.01 71 35 92% 127.5 159.2 

M 619 2.38 68 25 66% 114.1 117.8 

F 639 2.95 72 4 11% 29.7 30.1 

M 659 2.72 76 21 55% 29.1 30.5 

F 662 2.72 74 5 13% 14.6 18.5 
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M 664 2.72 73 24 63% 120.4 121.5 

M 667 2.95 67 37 97% 35.1 35.3 

F 678 3.52 66 19 50% 112.5 113.2 

F 686 3.35 70 32 84% 26.7 32.8 

Juveniles 

La 

Grange (n 

=1) 

278.3 . 392 0.51 21 9 45% 1.0 1.3 

Altair (n 

= 6) 
168.3 

. 360 0.40 13 6 30% 40.0 52.6 

. 349 0.37 22 15 75% 1.0 1.7 

. 375 0.37 29 3 15% 1.5 2.4 

. 394 0.57 34 3 15% 3.7 4.0 

. 390 0.51 36 13 65% 229.3 231.3 

. 384 0.45 37 20 100% 14.7 15.0 
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A 3.2 Contingency analysis of Blue Sucker substrate selection and avoidance in the lower Colorado River, TX, USA, 

2015-2017. Cells marked with a ‘+’ were selected for, those marked with a ‘-‘ were avoided at an α ≤ 0.05 level and 

one degree of freedom. Substrate classes are boulder (BO), cobble (C), sand (S), gravel (G), submerged aquatic 

vegetation (SAV), other which includes large woody debris and trash, bedrock (BR), fine sediment (FS). 

Season Year 
Tagging 

Location 
BO C S G SAV Other BR FS 

Winter 2015 Altair + - - . . . . . 

Spring 2015 Altair + . . - . . + . 

Fall 2015 Altair . + . . . . + - 

Summer 2015 Altair . + . . . . . - 

Winter 2016 Altair . + . . . . . - 

Spring 2016 Altair + + . - . + . - 

Fall 2016 Altair . + . . . . . - 

Summer 2016 Altair - + . . . + . - 

Winter 2017 Altair - . + - . + . - 

Spring 2017 Altair - . + - . + . - 

Winter 2015 Bastrop + . - + . . . - 

Spring 2015 Bastrop + . - . . . . . 

Fall 2015 Bastrop . + - + . . . - 

Summer 2015 Bastrop + . - + . . . - 

Winter 2016 Bastrop . . . . . . . - 

Spring 2016 Bastrop + + - + . . . - 

Fall 2016 Bastrop + . - + . . . - 

Summer 2016 Bastrop . . . + . . . - 

Winter 2017 Bastrop + - . + . . . - 

Spring 2017 Bastrop . - . + . . . - 

Winter 2015 Columbus . . + - . . . + 

Spring 2015 Columbus + . - - . + . + 

Fall 2015 Columbus - . . - . . + + 

Summer 2015 Columbus - + . - . + . - 

Winter 2016 Columbus - . . . . . . . 

Spring 2016 Columbus - . . . . . + . 

Fall 2016 Columbus - - + . . . . - 

Summer 2016 Columbus - - - + . . . + 

Winter 2017 Columbus - - - + . . . + 

Spring 2017 Columbus - - - + . . . + 

Winter 2015 LaGrange + . - - . . + - 

Spring 2015 LaGrange + . - - + . + - 

Fall 2015 LaGrange . . - . . . + . 

Summer 2015 LaGrange - + - - + . + - 

Winter 2016 LaGrange + . - . . . + . 

Spring 2016 LaGrange . . - . . . + + 

Fall 2016 LaGrange + + - - . + + + 
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Summer 2016 LaGrange + + - - . + + + 

Winter 2017 LaGrange + + - - . + + + 

Spring 2017 LaGrange + . . - . + + . 

Winter 2016 Utley + . - . . . + . 

Spring 2016 Utley + . . . . . . - 

Fall 2016 Utley + . . . . . . - 

Summer 2016 Utley . + . . . . . - 

Winter 2017 Utley . . - . . . + . 

Spring 2017 Utley - + - . . + . . 
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A 3.3 Linear home ranges for Blue Sucker tagged in the lower Colorado River, TX. Home ranges were calculated using relocation data from 2015-2017 and represent the 

90% confidence interval of relocations.
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RIVER DISCHARGE, TEMPERATURE, AND HABITAT 

EFFECTS ON BLUE SUCKER MOVEMENTS 

Introduction 

Migration is a strategy that can ultimately increase lifetime reproductive success 

by movement to suitable habitats for completion of life-history strategies such as foraging 

and spawning (McCleave et al. 1984; Lucas and Baras 2001). Reproductive migration 

and other spawning-related movements are most often associated with a rhythmic pattern 

within an ecosystem. The repeated occurrence of abiotic drivers such as a rainy season 

which leads to foreseeable flood pulses and temperature regime results in predictable 

behavioral traits such as spawning migrations (Northcote 1984, 1992; Lucas and Baras 

2001). Highly mobile species that have developed behavioral traits cued by rhythmic 

abiotic drivers can be vulnerable to disruption in this pattern. Alterations specific to rivers 

that can change the timing or stop spawning migrations altogether include hypolimnetic 

discharge and potentially the most impactful to fishes spawning in rivers, alteration of the 

natural flow regime (Poff et al. 1997).  

The timing, duration, magnitude, intensity, and frequency of particular flow 

events have been demonstrated to be important cues in the spawning migration patterns 

of riverine fishes (Montgomery et al. 1983; Næsje et al. 1995; Lucas and Baras 2001; 

Lytle and Poff 2004). However, the current understanding of the relationships between 

abiotic factors and the phenology of spawning migrations has been derived primarily 

from the study of anadromous salmonids. Several migratory cues have been identified for 

salmonids, such as temperature, photoperiod, hydrology, and lunar cycles as well as 
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olfactory cues to return to natal or other well-known spawning grounds (Banks 1969; 

Hasler and Johnsen 1980; Stabell 1984; Hawkins and Smith 1986; Jonsson 1991; 

Northcote 1992; Dittman and Quinn 1996). Instream flow within rivers (hereafter 

referred to as ‘flow’), particularly in the western United States, has been altered from 

drawdowns, more recently, climate change, and dam and reservoir construction (Ward 

and Stanford 1983; Richter et al. 1996; Poff et al. 1997; Bunn and Arthington 2002). 

Altered flow regimes, primarily a product of mainstem reservoirs, are often implicated in 

disrupting spawning cues (Montgomery et al. 1983; Nesler et al. 1988; Freeman et al. 

2001; Poff and Zimmerman 2010). If cues to begin reproductive spawning migrations are 

altered temporally, fish will arrive at spawning grounds in an unpredictable manner 

which could lead to reduced spawning success.  

Many fluvial specialists outside of Salmonidae migrate long distances for 

spawning, which can be initiated by seasonal fluctuations in flow regimes and 

temperatures (Lucas and Baras 2001; Grabowski and Isely 2007b; Dugan et al. 2010; 

Buckmeier et al. 2013). However, different aspects of the flow regime are important to 

different species. For example, some pelagic broadcast spawners require sufficient 

distance and flow for eggs to float and develop (Perkin and Gido 2011; Wilde and 

Urbanczyk 2013; Worthington et al. 2014). While others, such as suckers, begin 

spawning migrations as discharge decreases following flood pulses, the descending limb 

of the hydrograph, in winter and spring (Bednarski and Scarnecchia 2006; Neely et al. 

2009; Booth et al. 2014). In addition to cues and egg survival, river discharge is a 

primary driver of physical habitat (Poff et al. 1997; Bunn and Arthington 2002; Allan and 

Castillo 2007). 
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Alterations to flows are a major determinant in downstream shifts of physical 

habitat type. A loss of high magnitude flows which shift and create riffle habitat coupled 

with more frequent and lower flows results in a loss of habitat for many fluvial 

specialists, because it can lead to a reduction in riffle-run habitat and a lengthening of 

pool habitat (Poff et al. 1997; Bunn and Arthington 2002). Generally, catostomids are 

considered fluvial specialists and have been identified as lithophilic spawners (Balon 

1975). They are known to migrate to specific habitats where they will deposit their eggs 

on rock, rubble, or gravel bottoms where flows are generally swifter (Balon 1975; 

Bednarski and Scarnecchia 2006; Grabowski and Isely 2007b; Neely et al. 2009). Blue 

Sucker Cycleptus elongatus, specifically, are believed to require coarse substrate, 

typically associated with riffle-run habitats, to deposit their eggs for successful spawning 

(Moss et al. 1983; Warren and Burr 2014).  

Blue Sucker are known to be long-distance migrators, and have been documented 

migrating >200 km to rocky substrates (Neely et al. 2009). The species has a large 

geographic distribution, found throughout the Mississippi River drainage and Gulf Slope 

drainages in western Louisiana and Texas (Gilbert 1980; Harris and Mayden 2001). 

However, since the early 1900s, a dramatic decrease in Blue Sucker populations has been 

observed (Coker 1930; Pflieger 1997; Vokoun et al. 2003) and this decline has continued 

even after cessation of commercial fishing in most systems (USFWS 1993; Pflieger 

1997). Today Blue Sucker are listed as a species of greatest conservation need, 

threatened, presumed extirpated, or endangered in 19 of the 23 states where they are 

known to occur (Steffensen et al. 2015). With the exception of work from Neely et al. 

(2009) and a handful of observations (Moss et al. 1983; Fisher and Willis 2000), there 
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has been little done to quantify the cues that may be driving spawning migrations for 

Blue Sucker. Without an understanding of what conditions encourage spawning for Blue 

Sucker, current management plans may be missing a key aspect of the species life-

history, particularly if the goal is to replicate necessary flows via releases from upstream 

reservoirs at key moments. 

Blue Sucker in Texas, specifically in the Colorado River, offer a unique 

opportunity to investigate how an altered flow regime effects movement and spawning 

behavior. The Colorado River has experienced altered flows since the first major dams 

were constructed in 1937 and 1941 (Mosier and Ray 1992). The status of Blue Sucker in 

Texas is unclear and attempts to elucidate the status of populations have proven difficult 

due to their life history, behavior, and difficulty of sampling them as they generally occur 

in rapids along the river. For example, an exhaustive fish sampling in the 1950s did not 

result in any Blue Sucker (Tilton 1961), but in 1979 Texas Parks and Wildlife 

Department determined it to be one the most common fishes in the river between Austin 

and Smithville, TX (Bonn et al. 1980). In Texas, they have been listed as a protected 

species since 1977 (TPWD 1977), and are currently state-threatened, an unfortunate 

classification for a fish that was once considered common (Bonn et al. 1980; Mosier and 

Ray 1992). A more recent report by Bio-West (2007) described instream flows necessary 

to maintain spawning habitat in the lower Colorado River that were later used to inform 

water policy. The 2010 Water Management Plan for the lower Colorado River prescribed 

flow requirements at or above 152 m3s-1 (500 ft3s-1) to last for at least six weeks during 

the months of March, April, and May specifically to keep Blue Sucker spawning habitat 

available. These results are consistent with Mosier and Ray (1992), but both fail to 
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address other abiotic aspects of the flow regime, temperature, and likely habitat 

availability that may be influencing the migration of Blue Sucker. 

Timing and magnitude in flow and temperature as well as habitat availability play 

some role in spawning behavior for most riverine fishes (Poff et al. 1997; Lucas and 

Baras 2001). It has long been speculated that Blue Sucker time their spawning migrations 

to seasonal fluctuations in flow and temperature like many other highly migratory species 

(Coker 1930; Pflieger 1997; Eitzmann et al. 2007). I hypothesize that flow, temperature, 

and riffle availability will best predict spawning migrations of Blue Sucker. Riffle density 

was a habitat variable I believed would be the most informative in relationship to 

spawning migrations based on field observations. The objectives of this chapter were to 

1) determine seasonal movement patterns of Blue Sucker, 2) describe the yearly flow 

characteristics of the lower Colorado River, 3) determine the abiotic drivers of Blue 

Sucker spawning migrations and, 4) determine if and to what degree temperature, flow, 

and habitat influence movements during the spawning season and non-spawning season 

in the lower Colorado River, Texas.  

Methods 

 

Study Area 

 

The Colorado River is 1,387 km long and drains a watershed that is 102,919 km2. 

Its headwaters begin in southeastern New Mexico, with perennial flow beginning in 

northwestern Texas. It flows through the Austin, Texas, metropolitan area and ultimately 

drains into Matagorda Bay. Near Austin the river has been modified by a series of small 

and large reservoirs (6,901-1.1 million acre-feet) constructed as early as 1937. The most 



Texas Tech University, Matthew R. Acre, May 2019 

115 

 

downstream and most recent is Lady Bird Lake, formerly Town Lake, a river-like 

reservoir that maintains flow into the lower Colorado River via water releases from 

Longhorn Dam (Figure 4.1). There is another small obstruction downstream of Longhorn 

Dam located at rkm 450 (Figure 4.1; Austin Weir). Since 1940, the Lower Colorado 

River Authority (LCRA) has managed water discharge below Austin to maintain rice 

farming, electrical generation, and flood control. Starting in 1965, most power generation 

shifted to fossil fuel after a power station was constructed. Though there is still some 

hydroelectric power generated, its effects on thermal regime are likely mitigated as water 

passes through two river-like reservoirs, Lake Travis and Lady Bird Lake. However, the 

number of consecutive low-flow days and frequency of low flows since operations started 

at Longhorn Dam has increased dramatically (Mosier and Ray 1992; Acre 2019c). This 

study focused on a 290-km reach of river between Austin, Texas and Garwood Dam 

(Figure 4.1). There are a few unique bedrock chute features near rkm 374 at Bastrop and 

rkm 278 at La Grange. These were formed prior to dam construction under extended 

periods of high discharge estimated at ≥9,771 m3 s-1 which is far greater than current 

conditions (Dury 1965; Baker and Penteado-Orellana 1977). Chute formations provide 

water velocity refugia and fish habitat (Zymonas and Propst 2007; Schreck 2010).
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Figure 4.1 The map depicts the study area where radio-tagged Blue Sucker were tracked from 2015-2017 in the lower Colorado River, Texas. Riffle density is portayed 

as a hotspot scale where red is high density and green is low density. Tracking events frequently started at the star (rkm 445) or at the triangle (rkm 450) when possible. 

Black circles are locations where submersible ultrasonic receivers were set. Two SUR units were set near the star, one 1.5 km in Onion Creek upstream the confluence 

with the Colorado River within and another in the mainstem of the river 2 km upstream of Onion Creek. Another is depicted underneath the tagging location at 

Columbus, Texas. A total of nine SUR units were set throughout the study area.
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Throughout this chapter I will refer to locations along the river by either river 

kilometer (rkm) and/or nearby cities where I tagged Blue Sucker (i.e. Utley, Bastrop, La 

Grange, Columbus, and Altair). The reach between Longhorn Dam to 50 rkm 

downstream of Bastrop is composed of mostly cobble and gravel substrates and the 

occasional limestone hard rock bottom with many riffle-run segments with large boulders 

dispersed throughout (Mosier and Ray 1992). As the lower Colorado continues from 50 

rkm upstream of La Grange to 20 rkm below La Grange, riffle and run habitats with large 

boulders and bedrock substrate become less common, but an increase in large woody 

debris is noticeable in this reach of the river. At La Grange (rkm 278) a unique limestone 

bedrock feature occurs with several chutes. In the reach below rkm 278, a precipitous 

decline in riffle-run habitat is noticeable. Cobble, boulder, and gravel substrates give way 

to sandy substrates as the river widens and sinuosity declines (Mosier and Ray 1992). 

Vast pool habitat extends for up to 5 rkm in some locations near Columbus and Altair, 

Texas where the study area ends at Garwood Dam. Five locations were identified where 

Blue Sucker were tagged (Figure 4.1) at Utley (n = 7), Bastrop (n = 12), La Grange (n = 

12), Columbus (n = 1), and Altair (n = 10). 

Fish Tagging and Tracking 

 

Blue Sucker were captured, tagged, and released in December 2014 and 2015 

from five sites in the lower Colorado River identified as locations where Blue Sucker had 

been observed in spawning condition in previous surveys (K. Mayes, TPWD, personal 

communication; Figure 4.1). Blue Sucker were captured using a boat-mounted 

electrofisher with settings at pulsed DC power at 60 pulses s-1 (Hz) with voltage and 

pulse width adjusted to maintain an output of approximately 8 amperes. All captured 
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Blue Sucker received a 31-gram, 16 x 73-mm combined acoustic radio transmitter 

(CART) tag model MM-RC-16-33 (Lotek Wireless Inc., Newmarket, Ontario, Canada) 

that was surgically implanted into the abdominal cavity following the procedure 

described by Grabowski and Jennings (2009). Blue Sucker were anesthetized in a 30 mg 

L-1 clove oil solution, measured to the nearest mm total length (TL), weighed to the 

nearest 10 g, and placed in a surgical cradle. Sex was determined through an examination 

of gonads during surgery when possible, the presence of tubercles, or scarring from past 

breeding tubercles. A povidone-iodine topical antiseptic was applied to the ventral 

surgery surface prior to making a 2-3 cm incision off the ventral midline approximately 

midway between the anus and the pectoral girdle. The tags were inserted into the body 

cavity through this incision. The antenna was threaded out of the body cavity through a 

small puncture 10-15 mm posterior to the incision using the shielded needle technique 

described by Ross and Kleiner (1982). Powdered oxytetracycline was placed in and 

around the cavity prior to closing the incision with a single 3-0 coated absorbable suture. 

All fish were injected with a passive integrated transponder (PIT) tag injected on the left 

side under the dorsal fin. The fish was then placed in an aerated pass-through live well 

located in the river until fully recovered. Mean (± SD) surgical time from the moment the 

fish was placed in surgical cradle to the recovery tank was 4.2 ± 1.3 minutes. Fish were 

released as close to capture location as possible. Surgeries were conducted under the 

auspices of the IACUC (protocol #13085-09). 

One-month post-surgery, active manual radio-tracking was conducted once a 

month during the non-spawning season (June-December), and every 7-10 days during the 

spawning season (January-May). The start point for surveys was dependent upon flow 



Texas Tech University, Matthew R. Acre, May 2019 

119 

 

conditions but was most frequently started at rkm 445, but under higher flow conditions 

would start at a weir near Austin (Figure 4.1). All surveys ended at a low-head 

agricultural dam, Garwood Dam, located at river-km 163, downstream of Texas-90-

alternate crossing of the Colorado River (Figure 4.1). Fish were relocated using an SRX 

800 Lotek VHF radio receiver (Lotek Wireless Inc., Newmarket, Ontario, Canada) and 5-

elemnt Yagi antenna. While running the course of the river I maintained an average 

velocity of 32 km h-1 headed downstream until a radio tag was detected. The CART tags 

deployed could be initially heard without unique identification, roughly 500-m away 

using a 5-elemnt Yagi antenna. When a tag was detected I reduced velocity and 

maintained course while homing in on its location. The gain on the receiver would be 

lowered until I was within few meters of the tagged fish. Relocation ability was 

determined with a spare CART tag placed in the river at random locations by someone 

other than the locator. I found that tags could be relocated within 3 m using this 

technique. When certain I was within this range of a tagged fish a GPS location (±2 m) 

was recorded using a Garmin GPSMAP78 (Garmin Ltd., Olathe, KS). Therefore, I 

assumed an error of ±5 m when error was combined between the GPS and relocation. I 

then imported these locations into ArcGIS 10.3.1 (Esri, Redlands, California) and 

translated GPS locations to river kilometer (rkm).  

Nine submersible ultrasonic receivers (SUR) were mounted throughout the study 

area (Figure 4.1). These receivers passively monitor for the acoustic portion of the CART 

tags. One SUR was mounted in Onion Creek, 1.5 rkm upstream the confluence with the 

Colorado River. The upstream most SUR was 2.0 rkm upstream the confluence with 

Onion Creek in the mainstem of the Colorado River. The downstream most unit was 
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located 4.0 km upstream of Garwood Dam at rkm 163. The SUR data was used to verify 

active manual relocations and identify patterns in arrival and departure at locations 

throughout the river. State changes were identified and frequency of state change by 

location and year were recorded. A state change is defined as a movement between two 

known fixed SUR locations or leaving the field of detection for >1 day and returning to 

the same detection field. Most SUR units were located near riffle habitat excluding Onion 

Creek and a SUR located at rkm 336 near Smithville, Texas which were mounted in pool 

habitat. 

Instream Flow Analysis 

 

Principal components analysis (PCA) was used to describe instream flow 

characteristics in relation to historical flows throughout the lower Colorado River. Flow 

data were downloaded from USGS gage stations at Bastrop and La Grange (gage 

numbers 08159200 and 08160400). Gages were chosen as representatives of the upper 

and lower portion of the study area as they are located at approximately rkm 373 and 273 

respectively. Additionally, these gages were the only two that had ≥ 30 years of 

uninterrupted data available. Data from these gages were imported into the Indicators of 

Hydrologic Alteration (IHA) developed by The Nature Conservancy (Richter et al. 1996). 

This software uses daily discharge data and calculates a suite of indices that describe 

instream flow for any given gage. I used 34 variables representing five major categories 

to assess flow characteristics; i) magnitude ii) magnitude and duration of annual extreme 

conditions, iii) timing of annual extreme conditions, iv) frequency and duration of high 

and low pulses, and v) rate and frequency of changes in flow. These variables were then 
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used to characterize flows that were encountered during this study in relation to past 

flows, but post-dam construction.  

I also performed principal components analysis on the discharge data from 

Bastrop and La Grange (gage numbers 08159200 and 08160400) representing the reach 

from rkm 328-460 and rkm 168-328, respectively. The variables used were produced 

from indicators of hydrologic alteration (IHA) v. 7.1 software package (Richter et al. 

1996). Only variables that were produced for every year available were used which 

resulted in 34 variables informing the PCA analysis on discharge at Bastrop and La 

Grange. Bastrop variables were calculated from 58 years of data (1960-2017) and La 

Grange from 30 years of data (1988-2017).  

Abiotic Variable Data Collection and Development 

 

I evaluated temperature, flow, and riffle density within the study area. 

Temperature flow, and riffle density were associated with each fish’s relocation based on 

the nearest gage and nearest temperature logger and position in the river (rkm). 

Temperature was recorded to the nearest 0.01 °C at 15-minute intervals using iButton 

temperature loggers (Maxim Integrated, San Jose, CA) housed in a waterproof container 

and submerged at approximately 32-km intervals throughout the river, covering the entire 

length of the 290-km study area. A mean daily temperature was calculated from the nine 

iButton stations. Temperature variables in the following analyses represent mean, 

maximum, and minimum temperatures between relocation events. River discharge data 

was downloaded from U.S. Geological Survey (USGS) from five locations; Austin, 

Bastrop, Smithville, La Grange, and Wharton (gage numbers 08158000, 08159200, 

08159500, 08160400, and 08162000). Flow values were assigned to fish based on the 
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nearest USGS gage station where the individual was detected in the previous attempt. A 

mean, minimum, and maximum flow between relocations was created for each gage 

station and assigned based on a fish’s location in the river. Riffles were defined as areas 

with swiftly flowing water and with a high proportion of its water surface being broken, 

but ≤ 1 m in depth (Jowett 1993). I marked these sites with a Garmin GPS unit during 

multiple relocation events and compared these results with the previous attempts to 

identify riffles. Ability to identify riffles between relocation events were consistent. A 

running 5-km riffle density was calculated throughout the river to analyze the relationship 

between movement and riffle availability. All riffles were assigned to a rkm and density 

was calculated. The variable representing the change in riffle density between relocations 

was calculated as: 

 %𝛥 𝑅𝑖𝑓𝑓𝑙𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
(𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑟𝑒𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 5 𝑘𝑚 𝑑𝑒𝑛𝑠𝑖𝑡𝑦−𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑟𝑒𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 5 𝑘𝑚 𝑑𝑒𝑛𝑠𝑖𝑡𝑦)

𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑟𝑒𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 5 𝑘𝑚 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 

Data Analysis 

 

Absolute movement, displacement, and estimates of minimum daily distance 

moved were calculated for each radio-tagged Blue Sucker by relocation event and season. 

Absolute movement was defined as the absolute value of distance moved between 

relocations and calculated as |Pt+1-Pt|, where Pt is a fish’s position in rkm at time t and Pt+1 

is that same fish’s position at time t+1. Displacement, defined as the net distance moved, 

was calculated as Pt+1-Pt. A negative value represents a downstream movement and a 

positive value is an upstream movement. Minimum daily distance is a metric to 

determine how far an individual was moving each day and assumes a constant swimming 

velocity. It is calculated as |Pt+1-Pt|/tdays, where tdays is the number of days between an 
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individual’s current and previous relocation. Seasonal absolute movement and 

displacement were calculated by summing for each individual over a season. The 

hypothesis that these values differed seasonally (fixed effects) was tested with a mixed-

model analysis of variance (ANOVA). Additionally, I performed a two-way mixed-

model ANOVA to investigate differences in absolute movement by the original tagging 

location in the spawning season vs. the non-spawning season. SUR unit data is presented 

as frequency of state change occurrence, or when a fish moves between two unique SUR 

units. Only state changes are represented in the results. All means are reported ±SE 

unless otherwise noted, a significance level of α ≤ 0.05 was used to test for significance, 

and all analyses were performed in SAS v 9.4 (SAS Institute Inc., Cary, NC). 

Model Development  

 

Abiotic drivers (Table 4.1) were included in 30 identical a priori models for each 

dependent variable; absolute movement, displacement, minimum daily distance, and the 

probability of making a spawning migration. This resulted in 120 total multiple 

regression models predicting movement for Blue Sucker. It was decided a priori that 

variables with a Pearson’s correlation of ≥0.65 would not be included in the same model 

but were considered in competing models, which excludes temperature variables from 

appearing in the same model (Zar 2010). Candidate models were fit to the data and 

Akaike’s information criterion (AIC) values were calculated following Akaike’s criterion 

(Akaike 1973). I then used AIC corrected for small sample size (AICc) to select the best 

models (Burnham et al. 2004). Any model representing ≥90% of the AICc weight (wi) 

was considered as the top model. If no model was a standalone, then all models that 

summed to ≥90% were considered equally in the results (Zar 2010).  
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Table 4.1 Flow and temperature variables from the lower Colorado River, Texas used in 30 models predicting 

displacement, absolute movement, minimum daily distance, and the probability of making a spawning migration. 

βn Variable Description 

β1 Flowmax Maximum flow between relocation events 

β2 Flowµ Mean flow between relocation events 

β3 Flowmin Minimum flow between relocation events 

Β4 Tempmax Maximum temp between relocation events 

Β5 Tempµ Mean temp between relocation events 

Β6 Tempmin Minimum temp between relocation events 

Β7 Riffle Density%Δ Change in 5-km riffle density between relocation events 

 

To account for a leptokurtic movement distribution, where some members of the 

population are more mobile than others, I selected the top 15% of absolute movement 

from each fish’s relocation history. These movements could be upstream or downstream. 

Including data below the 85th percentile resulted in noise that was uninterpretable and 

models failing to converge indicating that there were too many poorly fit observations. 

Sensitivity analysis was conducted at the 90th and 80th percentile and the results from 

those models did not alter the top models selected or the final conclusions in this chapter. 

Most spawning movements were followed by a return movement to approximately the 

origin and are therefore considered migration. 

In addition to the movement criteria a temperature window known to produce 

spawning aggregations of Blue Sucker was used to identify spawning movements 

(migrations). The temperature window of 10-23°C was used to determine which 

movements could be included as spawning migrations (Rupprecht and Jahn 1980; Moss 

et al. 1983; Warren and Burr 2014). Relocations occurring in months with mean 

temperatures ± SD within this window, and a movement within top 15% of an 
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individual’s relocation history, was considered a spawning migration. Using this 

temperature criteria, movements that occur well outside of the 10-23°C temperature 

window are possible. The range of temperatures in which a movement could be a 

migration was 5.5-35.5°C and included 18 months (Table 4.2). I tested the model 

outcomes from the standard multiple logistic regression against the mixed model 

procedure with a subject effect and found no difference in the beta parameter estimates or 

the best fit model and therefore I use the results from standard logistic regression for 

spawning migrations. All other movement data account for repeated measures with a 

subject effect in the mixed-model procedure. 

Table 4.2 Mean monthly instream temperatures (±SD) collected from iButton loggers at nine locations throughout the 

lower Colorado River 2015-2017. If the mean monthly temperature (±SD) was within 10-23°C then relocations of Blue 

Sucker within those months could represent spawning relocations based on absolute distance moved by an individual.  

  2015 2016 2017 

  Tempµ σ 
Spawn 

Month 
Tempµ σ 

Spawn 

Month 
Tempµ σ 

Spawn 

Month 

January 10.45 2.48 Yes 13.50 1.30 Yes 14.83 2.33 Yes 

February 14.87 2.48 Yes 17.14 2.20 Yes 17.99 1.83 Yes 

March 18.66 3.65 Yes 20.41 1.15 Yes 20.55 2.35 Yes 

April 23.43 1.38 Yes 21.36 1.15 Yes 22.20 1.45 Yes 

May 24.40 1.31 No 22.91 2.05 Yes 25.36 1.28 No 

June 28.31 1.76 No 26.28 2.62 No 28.11 1.32 N/A 

July 30.09 1.30 No 30.12 1.44 No 31.29 0.85 N/A 

August 30.60 1.30 No 29.70 2.08 No 29.16 2.79 N/A 

September 29.07 1.27 No 28.90 1.87 No 27.77 2.12 N/A 

October 23.74 2.43 Yes 25.39 1.72 No 23.52 3.56 N/A 

November 20.21 1.87 Yes 24.05 2.42 Yes 19.45 2.65 N/A 

December 16.27 2.43 Yes 15.15 2.77 Yes 13.54 2.77 N/A 
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Results 

Radio-tagged fish (N=42) were relocated 1113 times. Fish on average (± SD) 

were relocated 27 ± 10 times from January 2015 to May 2017 over 38 relocation events. 

Mean (±SD) TL for the 13 CART-tagged females was 674 ± 44 mm, while males were 

655 ± 28 mm (N=28). Four fish presented in Figure 4.2 represent some general patterns 

seen throughout the tagged population. Many fish in the population, after making a 

movement, returned to their original locations, though a few made movements and stayed 

at the new location (Figure 4.2). Mean absolute movement (±SD) between relocations 

was 5.1 ± 18 km. However, some individuals were more mobile than others, and a post-

hoc Tukey test identified five statistically distinguishable groups (Figure 4.3). The top 

three groups of fish (Figure 4.3b; group A, AB, an ABC) ranged in absolute distance 

from 4.1-30.6 rkm (least-squared means) while the bottom two groups (Figure 4.3b; 

group BC and C) ranged from 0.1-3.6 rkm. Fish showed little synchronization in 

movements throughout this study. Though in 2015 most movements upstream were in 

February-March and spawning movements appeared to cease by April. However, during 

that same time period there were several large movements downstream occurring, and 

fish were frequently crossing paths in the river during this time. A flood in May 

prevented a tracking event, but the following tracking attempt in June showed almost all 

fish had returned to their original locations (Figure 4.4). Following June 2015, Blue 

Sucker moved in an unpredictable manner and with little synchronization discernable.  
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Figure 4.2 Results from four radio-tagged Blue Sucker (tag IDs = 55, 56, 57, 58) in the lower Colorado River, Texas 

2015-2017. Graphs on the left are the total distance moved between relocations on the y-axis and a non-chronological 

count on the x-axis representing the number of times an individual was relocated. Graphs on the right are a 

chronological representation of when, x-axis, and where (rkm) in the river, y-axis, they were relocated. The stitched 

bars in the graphs on the right represent months that were not included in the potential spawning window because mean 

monthly temperatures (± SD) were <10°C or >23° 
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Figure 4.3 Least-squared mean displacement (A) and absolute movement (B) for 42 radio-tagged Blue Sucker in the 

lower Colorado River, Texas 2015-2017. Error bars represent standard error.  
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Figure 4.4 Box plots of each month from 2015-2017 expressing distance and directionality of Blue Sucker Movements 

in the lower Colorado River, Texas. 
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There was no difference in absolute movement, displacement, minimum daily 

distance, or the probability of making a spawning migration by sex, total length, or their 

interaction (Table 4.3). Additionally, there was no significant difference in the overall 

displacement by individual fish over the course of this study (one-way ANOVA: F41,1112 

= 0.42, P = 0.99; Figure 4.3a), indicating that most fish ended up in same vicinity they 

were originally captured and tagged. However, absolute distance moved was much 

greater for some individuals than others. (one-way ANOVA: F41,1112 = 2.85, P <0.0001; 

Figure 4.3b), but there were mobile and sessile individuals in all tagging groups, except 

for Columbus where only one female was tagged. 

Table 4.3 Model results for absolute displacemnt, displacement (directional), minimum daily distance, and probability 

of making a spawning migration by sex, TL (mm), and their interaction. No models were covaried significantly by sex 

and TL.  

Model Effect DF 

Denominator 

DF F-value p-value 

Absolute 

movement 

Sex 1 1048 0.24 0.63 

TL 1 1048 1.98 0.16 

TL*Sex 1 1048 0.31 0.58 

Displacement 

Sex 1 1048 0.33 0.56 

TL 1 1048 0.03 0.87 

TL*Sex 1 1048 0.36 0.55 

Minimum Daily 

Distance 

Sex 1 1048 0.05 0.82 

TL 1 1048 3.81 0.05 

TL*Sex 1 1048 0.08 0.78 

Probability of 

Making Spawning 

migration 

Sex 1 1048 0.01 0.94 

TL 1 1048 0.11 0.74 

TL*Sex 1 1048 0.01 0.94 

 

Instream Flow Results 

The three years this study was conducted (2015-2017) represented high flow 

years relative to the full hydrologic dataset, all of which is from post dam construction. 
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The first principal component for Bastrop and La Grange accounted for 78% and 89% of 

the variation. This axis was represented mostly by one, three, and seven-day maximum 

flow. The flow conditions below rkm-278 were much more volatile with each 

consecutive year, and 2017 represented the most extreme in terms of maximum flows that 

the lower Colorado River has experienced since recording began at La Grange in 1988 

(Figure 4.5). 

  



Texas Tech University, Matthew R. Acre, May 2019 

132 

 

 

Figure 4.5 Principal componenets analysis of discharge data downloaded from USGS gages (08159200 and 08160400). 

The first principal component (PC) axis accounts for 78& and 89% of the variation and is comprised of one, three, and 

seven-day maximum flows. Bastrop PC axis 2 accounts for 8% of the variation and is represented by June mean flow 

and the thirty-day maximum flow. La Grange PC 2 accounts for 5% of the variation and is represented by February 

mean flow, the ninety-day maximum flow, and the thirty-day maximum flow. 
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Seasonal Movement Patterns  

Movements associated with spawning were more likely to occur in late winter and 

early spring, of which 55 were upstream and 45 were downstream. The probability of 

making a spawning migration within the temperature restricted dataset was greatest in 

February-April 2015 and January-February 2016 (Figure 4.6; F15,866 = 9.17, P < 0.001). 

The months that were excluded from temperature windows (Table 4.2) were not included 

in the two-way ANOVA that identified these differences.
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Figure 4.6 Radio-tagged Blue Sucker (n = 42) probability of making a spawning migration in the lower Colorado River, TX 2015-2017. Dashed rectangles indicate 

months where the monthly mean temperature (±SD) > 10-23°C and were not included in analysis predicting spawning migration probability.
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 There were differences in spawning migration patterns depending on where a fish 

was last relocated within the river. Fish relocated below rkm 278 at La Grange, 

throughout the course of this study declined in the probability of making a spawning 

migration. Spawning migration probability below rkm 278 decreased from 14% in 2015, 

to 6% in 2016, and there was 0% probability in 2017. Flow conditions below rkm 278 in 

2016 and 2017 were severe compared to 2015 and comparted to all flow data dating back 

to 1960. A similar decline in spawning migration was observed above rkm 278; however, 

it appears that some fish are making spawning migrations every year, though the 

probability still declines each year from 21% in 2015, 6% in 2016, and 5% in 2017. The 

same magnitude of flow was not seen in 2016 and 2017 above rkm 278 as most of the 

precipitation that produced extreme flow conditions occurred below Bastrop (rkm 374). 

Absolute movement in general was greater in the winter of 2015 followed by Spring 

2015, and a post-hoc Tukey test identified 4 groupings (Figure 4.7B; F9,334 = 6.13, P < 

0.0001). However, upstream movements (positive mean displacement) were greater in 

winter 2015 and 2016 than any other season and were statistically indistinguishable from 

one another in their magnitude (Figure 4.7A). Downstream movements were greater in 

spring and summer 2015, and in summer 2016, however, spring 2015 was greater in 

magnitude than any other season in any year suggesting return movements after spawning 

(Figure 4.7A & B). 
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Figure 4.7 Blue Sucker least squared mean seasonal displacement (A) and absolute movement (B) patterns from 42 

radio-tagged Blue Sucker in the lower Colorado River, Texas from 2015-2017. Error bars represent stadard error.  
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Blue Sucker displayed high site fidelity as half the relocations were within 5 rkm 

of their original tagging location. During the spawning window there is a slight decline in 

site fidelity and only 40% of the tagged fish are within 5 rkm of their tagging location. 

This is likely due to some of the Blue Sucker leaving for spawning purposes. However, 

this value is slightly skewed as fish tagged in Bastrop were 2.5x more likely (77%) to 

stay within this range than any other tagging group, and the next nearest value was La 

Grange at 30% during the spawning season. Fish tagged in Bastrop were the only ones 

that were more likely to be in the 5-rkm range than any other tagging location during the 

spawning season (non-spawning season: 67% - spawning season:78%). Fish tagged at 

rkm 168 near Altair, TX were the most likely to leave the area during the spawning 

season (non-spawning season:48% - spawning season:23%). Overall, there was a 

significant interaction by original tagging location during the spawning season and non-

spawning season determining the absolute distance fish moved (Figure 4.8; F42,1112 = 

26.80, P <0.004). Fish tagged in Bastrop had the smallest movements during the 

spawning season. That reach of river near Bastrop consists of the highest riffle density 

throughout the entirety of the 290-km study area (Figure 4.1) and likely has an effect on 

the distance fish moved.
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Figure 4.8 Least-sqaured mean absolute movement during the non-spawning and spawning season for 42 radio-tagged Blue Sucker in the lower Colorado River, Texas 

2015-2017. Fish were grouped by originial tagging locations at Utley, Bastrop, La Grange, Columbus, and Altair. Error bars represent stadard error.
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SUR Analysis 

SUR units detected CART tags 248,392 times from 2015-2017, and state changes 

represent 0.00003% of the detections (n = 70). Data is skewed to 2015 with 76% of state 

changes while the remaining state changes were split relatively evenly between 2016 and 

2017 with 13% and 10% of the state changes, respectively. These 70 state changes are 

represented by only 57% of the CART-tagged Blue Sucker. There is a slight overlap of 

arrival and departure of fish at La Grange (rkm 279) and at Bastrop (rkm 376) from 

February-April of 2015 (Figure 4.9). Fish were never detected in groups (>2 fish) outside 

of their individual tagging locations past April 2015. The estimates of mean absolute 

movement from the manual tracking events are likely underestimated. The SUR units 

detected movements and returns outside the window of tracking events. A unique 

example is a male tagged in La Grange (tag ID = 56), he moved from La Grange to 

Onion Creek in about seven days from January 25-February 1, 2015 which happened to 

be in between two manual relocation events. He averaged 13.7 km day-1 over this time 

span, and he was not relocated during the manual tracking until March 25, 2015 because 

he was moving in and out of the detection field within Onion Creek. He was likely 

moving upstream and downstream within the creek itself because he was never manually 

relocated in seven attempts prior to his first manual relocation on March 25, 2015. 
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Figure 4.9 Relocations of Blue Sucker at SUR unit locations throughout the lower Colorado River, Texas 2015-2017. 

Points represent state changes only, or where a fish moved from one SUR to another. Different shapes represent 

individual fish and are semi-transparent to allow visual representation of when fish moved to similar locations at 

similar times.  
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Model Selection 

 

The 30 a priori models were completed for the four dependent variables; absolute 

movement, displacement (directional), minimum daily distance, and spawning 

migrations. Table 4.4 shows the top five models for each dependent variable. Minimum 

and maximum flow appear in many of the top models regarding movements patterns. 

However, minimum daily distance between relocations was best explained solely by 

change in riffle density. The parameter estimates suggest the faster and further an 

individual moved, the more likely they were to be found in an area with high riffle 

density and best explains the movement patters seen at Bastrop (rkm 373) where most 

fish stayed within that reach of river. Riffle density is a key independent variable 

describing movement patterns in general as it appears in all top models selected in AICc 

weight ranking process (e.g., Σwi ≥90%). Models describing movements associated with 

daily activity such as displacement and absolute movement all contained maximum flows 

between relocation. However, displacement, which can contain negative numbers for 

downstream movements, did not produce viable models according to the chi-squared 

results and should be interpreted with caution (Table 4.5). Absolute movement between 

relocations considers movement regardless of directionality and is representative of a 

fish’s entire 2.5-year relocation history. All potential flow variables describing absolute 

movement are present in the top model, stressing the importance of all components of the 

hydrograph in the life-history of Blue Sucker.  
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Table 4.4 AICc weights for the top models for each movement category (dependent variable), where n is the number of samples, K is the number of parameters, AICc is 

the value as calculated by SAS v 9.4, ∆AIC is the change in AICc value from the top model, L is the log likelihood of the model, wi is the weight of the model, and 

cumulative wi is the sum of the weights.  

Dependent 

Variable 
Model n K AICc ∆AIC L wi 

Cumulative 

wi 

Absolute 

movement 

Flowmax+Flowµ+Flowmin+Tempmax+Riffle Density%Δ 1113 4 9481.8 0 1 0.48 0.48 

Flowmax+Tempmax+Riffle Density%Δ 1113 2 9483 1.2 0.55 0.26 0.74 

Flowmax+Flowµ+Flowmin+Tempµ+Riffle Density%Δ 1113 4 9484.9 3.1 0.21 0.1 0.84 

Flowmax+Tempµ+Riffle Density%Δ 1113 2 9485.3 3.5 0.17 0.08 0.93 

Flowmax+Tempmin+Riffle Density%Δ 1113 2 9487.5 5.7 0.06 0.03 0.96 

Displacement 

(Directional) 

Flowmax+Tempµ+Riffle Density%Δ 1113 2 9534.8 0 1 0.39 0.39 

Flowmax+Tempmin+Riffle Density%Δ 1113 2 9535.3 0.5 0.78 0.31 0.7 

Flowmax+Tempmax+Riffle Density%Δ 1113 2 9535.5 0.7 0.7 0.28 0.98 

Flowmax+Flowµ+Flowmin+Tempµ+Riffle Density%Δ 1113 4 9543.1 8.3 0.02 0.01 0.99 

Flowmax+Flowµ+Flowmin+Tempmin+Riffle Density%Δ 1113 4 9543.3 8.5 0.01 0.01 0.99 

Minimum Daily 

Distance 

Riffle Density%Δ 1113 1 3154.3 0 1 0.79 0.79 

Flowµ+Tempmax+Riffle Density%Δ 1113 2 3157.9 3.6 0.17 0.13 0.92 

Flowmax+Tempmax+Riffle Density%Δ 1113 2 3159.9 5.6 0.06 0.05 0.97 

Flowmin+Tempµ+Riffle Density%Δ 1113 2 3161.2 6.9 0.03 0.03 0.99 

Flowµ+Tempµ+Riffle Density%Δ 1113 2 3164.8 10.5 0.01 0 1 

Probability of 

Making 

Spawning 

migration 

Flowmin+Tempmax+Riffle Density%Δ 1113 2 279.7 0 1 0.91 0.91 

Flowmin+Tempmax 1113 1 284.7 5 0.08 0.07 0.99 

Flowmin+Tempµ+Riffle Density%Δ 1113 2 288.1 8.4 0.01 0.01 1 

Tempmax 1113 1 296.1 16.4 0 0 1 

Flowmin+Tempµ 1113 1 297.4 17.7 0 0 1 
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Table 4.5 Beta parameter estimates for the top five models based on AICc weights. Χ2 values are used for absolute movement, displacement, and minimum daily distance 

models while an F-value is reported for the logistic regression models predicting the probability of making a spawning migration. 

Dependent 

Variable 
Model Flowmax Flowµ Flowmin Tempmax Tempµ Tempmin 

Riffle 

Density%Δ 

Χ2/F-

value 
P-value 

Absolute 

movement  

Flowmax+Flowµ+Flowmin+Tempmax+Riffle 

Density%Δ 
0.011 0.033 -0.063 -0.310 - - 3.128 26.00 <0.0001 

Flowmax+Tempmax+Riffle Density%Δ 0.009 - - -0.295 - - 3.574 25.30 <0.0001 

Flowmax+Flowµ+Flowmin+Tempµ+Riffle 

Density%Δ 
0.011 

-

0.033 
-0.057 - - - 3.251 25.91 <0.0001 

Flowmax+Tempµ+Riffle Density%Δ 0.009 - - - -0.237 - 3.660 25.33 <0.0001 

Flowmax+Tempmin+Riffle Density%Δ 0.009 - - - - -0.185 3.732 25.24 <0.0001 

Displacement 

(Directional) 

Flowmax+Tempµ+Riffle Density%Δ -0.007 - - - -0.202 - 11.214 0.00 1 

Flowmax+Tempmin+Riffle Density%Δ -0.007 - - - - -0.185 11.247 0.00 1 

Flowmax+Tempmax+Riffle Density%Δ -0.007 - - -0.193 - - 11.210 0.00 1 

Flowmax+Flowµ+Flowmin+Tempµ+Riffle 

Density%Δ 
-0.009 0.027 -0.036 - -0.194 - 11.297 0.00 1 

Flowmax+Flowµ+Flowmin+Tempmin+Riffle 

Density%Δ 
-0.009 0.029 -0.036 - - -0.186 11.330 0.00 1 

Minimum 

Daily 

Distance 

Riffle Density%Δ - - - - - - 0.452 18.77 <0.0001 

Flowµ+Tempmax+Riffle Density%Δ - 0.000 - -0.025 - - 0.423 19.18 <0.0001 

Flowmax+Tempmax+Riffle Density%Δ 0.000 - - -0.026 - - 0.421 18.57 <0.0001 

Flowmin+Tempµ+Riffle Density%Δ - - -0.002 - -0.018 - 0.423 19.28 <0.0001 

Flowµ+Tempµ+Riffle Density%Δ - 0.000 - - -0.018 - 0.432 18.97 <0.0001 

Probability 

of Making 

Spawning 

migration 

Flowmin+Tempmax+Riffle Density%Δ - - -0.003 -0.016 - - 0.071 48.22 <0.0001 

Flowmin+Tempmax - - -0.003 -0.017 - - - 64.72 <0.0001 

Flowmin+Tempµ+Riffle Density%Δ - - -0.003 - -0.014 - 0.076 44.14 <0.0001 

Tempmax - - - -0.017 - - - 102.86 <0.0001 

Flowmin+Tempµ - - -0.003 - -0.015 - - 57.72 <0.0001 
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Table 4.6 The mean minimum, maximum, and mean flows (m3/s) between relocation events for movements identified 

as spawning migrations 

Year Flowmin SE Flowmax SE Flowmean SE 

2015 13.96 ±0.74 206.35 ±26.10 33.85 ±2.90 

2016 17.85 ±1.09 209.27 ±43.85 38.34 ±4.41 

2017 30.45 ±4.76 105.30 ±28.60 48.78 ±7.94 

 

Table 4.6 shows the means of the minimum, maximum, and mean flows between 

relocations by year for only those movements identified as spawning migrations. 

Therefore, these flow data are not necessarily representative of conditions throughout the 

entire lower Colorado River, because fish in the lowest reaches of the study area were 

much less likely to make spawning migrations in 2016 and likely made no spawning 

migrations in 2017. Thus, flow data is necessarily excluded from the results in Table 4.6. 

Using beta parameter estimates from the top model predicting the probability of making a 

spawning migration, estimates of riffle density change, flow, and temperature can be 

made. There was a 30% increase in riffle density when a spawning migration was 

detected (F1,1070 = 26.06, P < 0.0001), indicating that there were directed movements to 

riffle habitat for spawning. Additionally, the linear predictor from the logistic regression 

model identified a narrow temperature window between 13.5-18°C that these movements 

were most likely to have occurred. This is a narrow range of temperatures relative to the 

overall temperature range of 5-38°C that occurred during this study. The flows associated 

with those movements were also relatively well defined given the range of discharge was 

2.5-2624 m3 s-1 (Figure 4.10). The model predicts flows between approximately 8-65 

m3s-1 were the most probable flows for a spawning migration to have occurred.
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Figure 4.10 Linear predictor of flow and temperature predicting the probability of a spawning migrations occuring for Blue Sucker in the lower Colorado River, Texas 

2015-2017.
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Discussion 

 

Several abiotic factors were drivers for Blue Sucker movements and spawning 

migration. Temperature and discharge (flow) have been identified as likely drivers of 

freshwater migration (Northcote 1984; Lucas and Baras 2001), and in addition to habitat 

availability, appear to influence spawning migrations and seasonal movement patterns of 

Blue Sucker. A potential limitation to our understanding of migration in this paper is it 

incorporates both upstream and downstream movements. I am not attempting to 

determine the start of spawning runs but most movements associated with spawning. 

Throughout this study synchronization in spawning migrations was not apparent, and 

large-scale spawning migrations likely did not occur in the last two years of the study. 

Fluctuations in the hydrograph are known to cue spawning migrations (Northcote 

1984; Lucas and Baras 2001). Those fish that made spawning migrations returned to 

original locations, but at different times throughout the year. Many species, including 

salmonids and catostomids, have been recorded spawning and making large movements 

after sharp declines in the hydrograph (Northcote 1984; Gido and Propst 1999; 

Grabowski and Isely 2007a; Kiernan et al. 2012). However, alterations to natural flow 

regimes have been implicated in disrupting spawning cues, which can lead to reduced 

spawning success for fish that have critical life-history events linked to flow regime 

(Nesler et al. 1988; Junk et al. 1989; Bunn and Arthington 2002). Atlantic Salmon Salmo 

salar have been known to postpone spawning migrations under too much flow (Jonsson 

1991), and are more likely to migrate under decreasing flow conditions (Trepanier et al. 

1996). There were likely no spawning migrations in the bottom half of the river and 

minimal spawning movements in the upper half in two of the three years of this study. 
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While high flow conditions occurred in 2015, when most spawning movement was 

detected, high flows were mostly isolated to May and October. In 2016 and 2017 high 

flow conditions began earlier in the year and was greater in duration. The results from 

this study suggest that as minimum flows decrease on the descending leg of a flood pulse, 

the probability of a spawning migration increases. This result is consistent with other 

telemetry work done with catostomids across the United States (Grabowski and Isely 

2007a; Neely et al. 2009). The lack of a sharp descending leg on the hydrograph is a 

likely suspect in the reduced and/or interrupted migration pattern. However, discharge is 

only a single factor and there is mounting evidence that cues may influence one another, 

which can modify a fish’s reaction to another cue (Jonsson 1991). 

While discharge is one factor, temperature is just as likely to have an effect on 

spawning migrations depending on the species (Northcote 1984; Lucas and Baras 2001). 

The specific reason is unknown but has been attributed to thermal dependence of 

swimming speed and endurance. The thermal maximum at which a fish can move is 

largely dependent on the critical swimming speed, or the maximum sustained swimming 

velocity, which decreases as temperature increases (Beamish 1978; Penghan et al. 2014). 

Others have found that Blue Sucker are most likely to spawn between 10-23° C 

(Rupprecht and Jahn 1980; Neely et al. 2009; Warren and Burr 2014).  In this study, the 

temperatures that produce spawning migrations were between 13.5-18.0° C. However, 

unlike other telemetry studies on Blue Sucker (Neely et al. 2009) the timing of 

temperatures between 13.5-18.0° C is vastly different in the Colorado River of Texas. In 

the middle Missouri River, these temperatures occur in April and May, whereas not a 

single day past mid-March is within this temperature window. The timing of these 
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temperatures is likely partially a product of geography but also related to water release 

strategies from hydropower dams.  

Dams are known to alter the physical and biotic structure downstream, including 

habitat availability and thermal ranges (Ward and Stanford 1983). Depending on the 

location within a river and water release strategy of a particular dam, thermal regimes 

may be homogenized or experience greater extremes at both the warmest or coldest end 

of the temperatures range (Ward and Stanford 1983). There is a paucity of data on 

historic instream temperatures in the lower Colorado River. However, two large 

reservoirs in north Austin, Mansfield and upstream of Austin, Buchanan, were 

constructed in 1937 and 1940, respectively, both of which are hydropower dams and have 

hypolimnetic releases (Mosier and Ray 1992). Therefore, Blue Sucker in the lower 

Colorado River have been experiencing altered flow and thermal regimes for a minimum 

of 80 years (Mosier and Ray 1992; Bio-West 2008). However, in the 1960s the city of 

Austin met most of the energy need through fossil fuel and hydropower was decreasingly 

utilized to meet power demand (Mosier and Ray 1992). This reduced the amount of 

hypolimnetic water in the system but did not eliminate the need for hydropower 

altogether. Water from the two hydropower dams is then passed through two river-like 

reservoirs in Austin which controls flow into the lower colorado River. Therefore, it is 

very likely that temperatures have been homogenized throughout the system (Maheu et 

al. 2016; Ling et al. 2017). Altered thermal regimes can disrupt spawning cues and 

change the timing of arrival at spawning locations. In other altered systems Blue Sucker 

have been recorded making almost synchronous movements upstream that clearly define 

the start of spawning migrations and returns that signal the end of spawning (Neely et al. 
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2009). However, Blue Sucker in this system did not make synchronous movements, nor 

did they make clear spawning migrations every year. Frequently during this study, fish 

appeared to be passing each other in opposite directions during the spawning season 

moving between what is believed to be limited spawning habitat (Acre 2019a).  

River discharge and temperature only partially explained when, and possibly if, 

the majority of Blue Sucker make spawning migrations. The percent change in riffle 

density was the most influential variable in the model predicting probability of spawning 

migrations. This suggests that individuals that spend most of their life in riffle poor areas 

are most likely to make movements to riffle dense areas for spawning. Therefore, 

migration patterns of Blue Sucker are tightly linked to reproductive needs as opposed to 

feeding and refuge migrations as identified by Northcote (1984). A key component of 

habitat creation within riverine systems are large flood pulses. They are known to shape 

rivers and have the ability to create riffle-run habitat (Poff et al. 1997; Bunn and 

Arthington 2002). The Colorado River suffers from the same flow alterations that many 

large rivers near human populations have experienced. The flow regime has not been in a 

natural state within the Colorado River for roughly 80 years, or likely 5-6 generations 

assuming Blue Sucker live 20-30 years (Vokoun et al. 2003; Bednarski and Scarnecchia 

2006). Prior to dam construction in the lower Colorado River, instream flow was closely 

linked to precipitation resulting in higher late winter flows, early spring flows, and a 

steep decline in flow during dry summer months (Mosier and Ray 1992). Since the first 

permanent dam, that pattern has been drastically altered. This is a likely contributor to the 

sporadic spawning behavior noted in the Bio-west report (Bio-West 2007) and the results 

from this study. Additionally, the Colorado River has experienced a reduction in the 
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magnitude of large floods post dam construction in 1939. While this is generally positive 

for human populations downstream, flows downstream have been homogenized and lack 

natural extremes that can create habitat and cue certain life-history events, such as 

spawning (Northcote 1984; Poff et al. 1997; Lucas and Baras 2001; Lytle and Poff 2004). 

Given the predictability of other catostomid migrations and spawning aggregations, it 

would seem that the periodic spawning migrations recorded throughout the lower 

Colorado River is unusual (Jenkins 1970; Childress et al. 2014; Warren and Burr 2014). 

It is increasingly likely that spawning cues are either missing entirely or are 

occurring at the wrong time. Individual movement patterns as well as the spawning 

migration probabilities by month seems to suggest that an annual flow cue is not timed 

properly with temperature. Additionally, it appears too much water will reduce the 

magnitude of spawning migrations or stop them altogether. There is at least one other 

possible explanation to the movement pattern seen in relation to flow. Given that 2016 

and 2017 were extreme flow years relative to the past 40 years of data, it is possible their 

local spawning grounds, e.g., the closest few riffles are adequate for reproduction. 

Therefore, in years with greater flow there is no need to make long-distance spawning 

migrations. That would support the movement patterns observed post-2015. Although, 

even if spawning occurred on a local scale without migrations, there was no evidence of 

successful recruitment during this study. 

Notably, habitat availability was found to be an important metric describing 

movement patterns of Blue Sucker. Habitat availability coupled with the right flow 

conditions are likely leading to spawning migrations throughout the river. Those 

individuals inhabiting the river upstream of La Grange are more likely to make spawning 
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migrations even when flow conditions are not ideal. To get all members of the population 

moving and mixing for spawning purposes flow and temperature conditions need to be 

synched. Extreme flow conditions experienced in 2016 and 2017 coupled with slightly 

warmer winters appear to stall or eliminate Blue Sucker spawning migrations. Though 

the extreme flows may not be that unusual pre-anthropogenic alteration, as the frequency 

and magnitude of high flow events have been drastically reduced since 1937 (Mosier and 

Ray 1992; Bio-West 2008). As this study was concluding a large flood, associated with 

the 2017 Hurricane Harvey storm system, occurred downstream Smithville, TX (rkm 

338). Future work should focus on riffle density shifts associated with this flood pulse. 

Additionally, several fish near Altair disappeared during this study and were actively 

sought after in the 80 km downstream of Garwood dam without success on multiple 

occasions. It is currently unknown where those fish went, but it is assumed they made 

movements into larger tributaries as has been reported in other studies (Pflieger 1997; 

Bednarski and Scarnecchia 2006). Blue Sucker in the system have been documented in 

spawning condition in tributaries of the Colorado River downstream of Austin 

(Hendrickson and Cohen 2015). Future research should incorporate tributaries, or 

specifically focus on them for the purposes of spawning as most of them likely have flow 

regimes closer to historical flows.  

The 2010 water management plan has a flow rubric to maintain habitat 

availability based on inundation of rocky outcrops. However, flow homogenization is 

likely a poor metric to cue spawning migrations for Blue Sucker. Our results suggest 

more variation is needed to first produce spawning migrations before Blue Sucker will 

even arrive at rocky outcrops, and that directed movement to spawning habitat is not 
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guaranteed. However, this work was conducted under high flow years, relative to post-

dam construction flows, and may not be completely representative of current flow 

conditions. Understanding how a long-lived species such as Blue Sucker respond to 

various flow conditions will require more research focused on various flow regimes and 

thorough investigation of the tributaries. In addition to those that went missing near 

Altair, we noted multiple fish passing into Onion Creek and collections of spawning 

adults in Wilbarger Creek, near Bastrop, Texas, suggest there are aspects of this 

population occurring well outside the mainstem of the lower Colorado River. An 

assessment of the population in the tributaries will be key to developing conservation 

strategies for the species.
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Appendix 

A 4.1 Metadata associated with 42 radio-tagged adult and seven juvenile Blue Sucker in the lower Colorado River, 

Texas 2015-2017. 

Adults 

Tagging 

Location 

Tagging 

rkm 
Sex TL Weight 

Tag 

# 

Total 

Relocations 

Relocation 

Success 

Rate 

Utley (n 

= 7) 
411.1 

M 674 . 82 24 96% 

. . . 83 25 100% 

M 638 . 84 21 84% 

F 700 . 85 23 92% 

M 640 . 86 12 48% 

M 656 . 88 18 72% 

M 650 . 89 25 100% 

Bastrop 

(n = 12) 
373.5 

F 646 2.47 41 38 100% 

F 739 3.77 42 30 79% 

F 652 2.86 44 38 100% 

M 668 2.84 45 23 61% 

M 740 3.20 46 10 26% 

M 662 2.64 48 38 100% 

M 671 2.55 49 25 66% 

F 719 3.46 50 36 95% 

M 646 2.61 51 38 100% 

M 646 2.50 52 33 87% 

M 680 2.95 77 34 89% 

M 671 2.81 78 33 87% 

La 

Grange (n 

= 12) 

278.3 

M 671 3.12 54 17 45% 

M 652 2.55 55 28 74% 

M 690 3.40 56 32 84% 

M 625 2.50 57 37 97% 

M 663 2.67 58 38 100% 

M 665 2.67 59 34 89% 

F 720 2.98 60 33 87% 

F 648 2.55 61 36 95% 

M 622 2.27 62 36 95% 

M 631 2.27 63 36 95% 

F 573 1.62 64 8 21% 

M 671 2.72 65 37 97% 

Columbus 

(n = 1) 
213.8 F 703 2.91 53 34 89% 
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Altair (n 

= 10) 
168.3 

F 678 3.52 66 19 50% 

M 667 2.95 67 37 97% 

M 619 2.38 68 25 66% 

M 595 1.93 69 24 63% 

F 686 3.35 70 32 84% 

M 606 2.01 71 35 92% 

F 639 2.95 72 4 11% 

M 664 2.72 73 24 63% 

F 662 2.72 74 5 13% 

M 659 2.72 76 21 55% 

Juveniles 

La 

Grange (n 

=1) 

278.3 . 392 0.51 21 9 45% 

Altair (n 

= 6) 
168.3 

. 360 0.40 13 6 30% 

. 349 0.37 22 15 75% 

. 375 0.37 29 3 15% 

. 394 0.57 34 3 15% 

. 390 0.51 36 13 65% 

. 384 0.45 37 20 100% 
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A 4.2 Least-squares mean absolute distance by tag and tagging location.  
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A 4.3 Relocations of all 42 radio-tagged Blue Sucker from January 2015 – May 2017 in the lower Colorado River, Texas. The left axis is the location in the river 

represented as river kilometer. The right axis represents river discharge (m3 s-1) which is displayed behind the relocations.  

 


