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CHAPTER ONE 

 

 

INTRODUCTION TO THESIS 

 

 

 Pallid Sturgeon Scaphirhynchus albus are an endangered species indigenous to 

the warm, turbid waters of the Yellowstone, Missouri, and Mississippi rivers. The species 

is endangered largely due to fragmentation and habitat alterations as a consequence of the 

construction and operation of dams on the large rivers they inhabit (Dryer and Sandvol 

1993, USFWS 2014). Fragmentation and subsequent habitat alterations upstream and 

downstream of dams have contributed to a lack of Pallid Sturgeon recruitment being 

observed in the upper Missouri River in the past 50 years (Webb et al. 2005; Guy et al. 

2015). Consequently, the Pallid Sturgeon population in the upper Missouri River has 

experienced a population-level decline, and as few as 50 wild Pallid Sturgeon remain in 

the upper Missouri River above Fort Peck Reservoir (USFWS 2007); however, no 

population estimates have been calculated in the last decade and actual population sizes 

may be much lower.  

The lack of natural recruitment in the upper Missouri River appears to be a result 

of anoxic conditions found in the river-reservoir transition zone (i.e., the transition 

between the river and impoundment) coupled with the extended larval drift stage in Pallid 

Sturgeon life history (Braaten et al. 2008; Guy et al. 2015). Increasing the distance 

between Pallid Sturgeon spawning locations and the transition zone to accommodate the 

larval drift requirements of the species will be important to recovery efforts. It has been 

widely hypothesized that there is a link between spring discharge and spawning 
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migrations by Scaphirynchus spp. (Keenlyne and Jenkins 1993; USFWS 2000; USFWS 

2003; Richards et al. 2014; Goodman et al. 2013), and studies have tested this hypothesis 

(DeLonay et al. 2009; Richards 2011; Goodman et al. 2013). Such a link could provide a 

management tool for increasing the distance between spawning locations and the anoxic 

transition zone to accommodate the extended larval drift stage for Pallid Sturgeon. 

Evaluating flow scenarios upstream of Fort Peck Reservoir that improve habitat 

conditions and drift rates is identified as an area of study in the updated Recovery Plan 

(USFWS 2014). To date, there is no known experimentally-demonstrated direct link 

between discharge and Pallid Sturgeon spawning migration distance or movement rate 

(DeLonay et al. 2009). However, research on the effects of regulated-river management 

on the reproductive ecology of Pallid Sturgeon has been hindered by the small sample 

size of reproductively-active (RA) fish in the wild.  

To augment the declining population, stocking of age-1 hatchery-origin Pallid 

Sturgeon produced from wild broodstock began in 1998 (1997 year-class) to prevent 

extirpation of the species in the upper Missouri River. In Russia, there is a long history of 

using captive and wild broodstock for stock enhancements of Russian Sturgeon 

Acipenser gueldenstaedtii, Stellate Sturgeon Acipenser stellatus, Beluga Sturgeon Huso 

huso, Sterlet Sturgeon Acipencer ruthenus, Amur Sturgeon Acipencer shrenckii, and 

Kaluga Sturgeon Huso dauricus populations throughout the Caspian Sea basin 

(Khodorevskaya et al. 1997; Artyuhkin et al. 1999; Chebanov and Billiard, 2001). 

Success of stocking efforts for these species is often only measured by the percent of 

stocked fish in the commercial catch (Khodorevskaya et al. 1997; Chebanov and Billiard, 
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2001) and to my knowledge no comparisons have been made between the reproductive 

ecology of stocked and wild sturgeon from stocking programs. In North America, 

conservation propagation programs utilizing wild broodstock have been used to 

supplement other declining sturgeon populations including White Sturgeon Acipenser 

transmontanus, Lake Sturgeon Acipenser fulvescens, and Shortnose Sturgeon Acipenser 

brevirostrum (Ireland et al. 2002; Jackson et al. 2002; Mann et al. 2002, BC Hydro 2016). 

Hatchery-programs are often evaluated based on survival, growth, maturation, and 

retention of characteristics from the wild population. A successful conservation 

propagation program has: 1) the ability to collect and spawn wild broodstock and rear 

progeny; 2) hatchery-origin progeny that become acclimated to the wild environment; 3) 

a sufficient number of the hatchery-origin progeny survive to sexual maturity; 4) 

hatchery-origin progeny that retain characteristics of the wild population; and 5) 

identified factors limiting recruitment (Ireland et al. 2002).  

In the upper Missouri River above Fort Peck Reservoir, previous research 

indicated that the 1997 year-class of Pallid Sturgeon had acclimated (surviving, growing, 

and utilizing habitat similarly to sympatric Shovelnose Sturgeon Scaphirynchus 

platorynchus) to the conditions present in the upper Missouri River since they were 

initially stocked (Gerrity et al. 2008). More recently, blood plasma sex steroid 

concentrations collected since 2011 show that the hatchery-origin Pallid Sturgeon 

upstream from Fort Peck Reservoir are reaching sexual maturity which provides the 

opportunity to study how the reproductive ecology of reproductively-active hatchery-

origin Pallid Sturgeon compares to wild Pallid Sturgeon in the upper Missouri River, as 



4 
 

well as ovulatory success. Additionally, the ability to conduct a large-scale manipulation 

of discharge using releases from Canyon Ferry and Tiber dams provides a unique 

opportunity to research how alterations in discharge as a result of large dams affects 

spawning associated movements and habitat use of mature hatchery-origin and wild 

Pallid Sturgeon. Larger numbers of hatchery-origin Pallid Sturgeon surviving to sexual 

maturity and added to the population will help to strengthen the conclusions that can be 

made regarding Pallid Sturgeon reproductive ecology and the effect of regulated rivers on 

recruitment failure in the upper Missouri River.  

 

Overview of Thesis 

 

 

I evaluated movement and habitat use of hatchery-origin and wild Pallid Sturgeon 

in the upper Missouri River, upstream of Fort Peck Reservoir, Montana, in order 

determine how the ecology of hatchery-origin fish changes with sexual maturation, and if 

the reproductive ecology of reproductively-active hatchery-origin Pallid Sturgeon is 

similar to the few remaining reproductively-active wild Pallid Sturgeon. I also evaluated 

the influence of the timing and magnitude of peak discharge on spawning season 

movement of reproductively-active male Pallid Sturgeon.  

In chapter two, I compared movement, blood plasma sex steroid concentrations, 

size, and habitat use of Pallid Sturgeon between different reproductive classifications of 

hatchery-origin and wild Pallid sturgeon. I compared size, sex steroid concentrations, 

total movement, home range size, median location, maximum upstream location, and 

within week movement rates between reproductive classifications during the putative 
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spawning season. Hatchery-origin fish will likely make up the entire population of Pallid 

Sturgeon (unless natural recruitment is restored) once the few remaining wild fish perish, 

and it is important to confirm that characteristics of the reproductive ecology of the wild 

fish are retained in the hatchery-origin fish. I also examined how the timing and 

magnitude of peak discharge influence total movement, home range size, median 

location, maximum upstream location, and weekly movement rates during the putative 

spawning season. I used weekly locations and movement rates to identify male 

aggregations during environmental conditions suitable for spawning. Knowledge of how 

reproductively-active Pallid Sturgeon react to variation in the magnitude and timing of 

discharge events can be used to help inform regulated river management, specifically 

how discharge influences movement relative to larval drift distances. The specific 

objectives were to: 1) compare movement between two different spring hydrographs 

(2015 and 2016) for reproductively-active Pallid Sturgeon (both wild and hatchery-

origin), 2) compare movement and habitat use between non-reproductively active 

unconfirmed hatchery-origin (i.e., sex and stage of maturity not confirmed; NRAUHO), 

reproductively-active hatchery-origin, and reproductively-active wild Pallid Sturgeon, 3) 

characterize male aggregations during suitable spawning conditions, and 4) determine the 

spawning success of wild and hatchery-origin female Pallid Sturgeon in the upper 

Missouri River. Based on the current knowledge about Pallid Sturgeon reproductive 

ecology, I hypothesized that movement and movement rates would not differ between the 

two different hydrographs for reproductively-active male Pallid Sturgeon and that 

reproductively-active hatchery-origin Pallid Sturgeon would have larger home range 
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sizes, total movement, and movement rates than NRAUHO Pallid Sturgeon, but similar 

to reproductively-active wild Pallid Sturgeon of the same sex. I also hypothesized that 

male aggregations would form on the descending limb of the hydrograph and that both 

hatchery-origin and wild female Pallid Sturgeon would successfully spawn (oviposit) in 

the upper Missouri river above Fort Peck Reservoir. 

In chapter three, I described the spawning periodicity and the age and size at first 

maturity based on blood plasma sex steroid analysis of blood samples collected from 

mature hatchery-origin Pallid Sturgeon. This chapter includes blood samples collected 

from 2010 to 2016 for hatchery-origin Pallid Sturgeon from the 1997-year-class in the 

upper Missouri River, upstream of Fort Peck Reservoir, Montana. The specific objectives 

were to: 1) determine age and size at first sexual maturity for hatchery-origin male and 

female Pallid Sturgeon and 2) determine spawning periodicity for mature male and 

female hatchery-origin Pallid Sturgeon. I hypothesized that the age and size of hatchery-

origin Pallid Sturgeon will be greater than previously calculated in captivity or estimated 

in the wild using “spawning bands” and that the spawning periodicity will be the same as 

what has been described in captivity and the wild. 

Chapter four contains a summary of the major findings from chapters 2 and 3. 

Management implications for the recovery of Pallid Sturgeon in the upper Missouri 

River, upstream of Fort Peck Reservoir, Montana, are discussed.  
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Abstract 

 

Successful recruitment of Pallid Sturgeon has not been documented in the upper 

Missouri River basin since the species was listed as endangered in 1990 due to population 

level declines caused by habitat alteration and fragmentation. The lack of recruitment is a 

result of spawning location, drift dynamics, and anoxic conditions in reservoir headwater 

habitat. Research on the reproductive ecology of Pallid Sturgeon in this highly altered 

ecosystem has been hindered by low sample size. A conservation propagation program 

was initiated in the 1990s and the oldest age class of hatchery-origin Pallid Sturgeon are 

becoming sexually mature, increasing the number of reproductively-active fish. However, 

it is currently unknown how the reproductive ecology of hatchery-origin Pallid Sturgeon 

relates to the few remaining wild fish. In the early-spring, radio-tagged Pallid Sturgeon 

were sampled and classified according to reproductive status, sex, and origin. Weekly 

relocations and habitat-use were recorded for each fish from late-May to mid-July. 

Movement and habitat use were compared among reproductive classifications and 

movement characteristics were compared for reproductively-active males between the 

2015 and 2016 hydrographs to evaluate the influence of spring discharge on movement. 

Spawning season movement characteristics and habitat use were similar for 

reproductively-active hatchery-origin and wild individuals. Mean total movement 

distances (±SE) were 104.5 km (18.9) for reproductively-active wild males, 116.0 km 

(18.1) for reproductively-active 1997-year class males, and 20.6 km (3.0) for non-

reproductively-active fish of unconfirmed sex. Movement characteristics of 

reproductively-active males did not differ between 2015 and 2016 despite a difference of 

eight days in the timing of peak discharge and a 79 m
3
/s (16.7%) in its magnitude. Male 

aggregations were observed on the descending limb of the hydrograph in 2014 and 2016 

during temperatures suitable for spawning, but all five females (two wild and three 

hatchery-origin) tracked during 2014, 2015, and 2016 underwent follicular atresia. The 

spring discharge regimes that were tested did not influence spawning movement or 

ovulatory success of females, indicating that other spawning cues may have been 

missing. Hatchery-origin Pallid Sturgeon from the conservation propagation program 

appear to have retained reproductive characteristics from the wild broodstock, a key 

finding for a population where local extirpation of the wild stock is imminent.  
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Introduction 

Pallid Sturgeon are well adapted to living in the large, free-flowing, turbid, and 

warmwater habitats historically found in the Missouri and Mississippi River basins and 

several larger associated tributaries (Jordan et al. 2016). However, habitat alterations 

have resulted in population declines due to a lack of successful recruitment and Pallid 

Sturgeon, thus the species was listed as endangered in 1990. Currently, there are 

estimated to be only 125 wild Pallid Sturgeon in the upper Missouri River from Fort Peck 

Dam downstream to Lake Sakakawea including the lower Yellowstone River (Jaeger et 

al. 2009). The most recent estimate for the wild population upstream of Fort Peck 

Reservoir is 50 individuals (USFWS 2007), although no recent population estimates have 

been calculated in the last decade and the actual population size may be much lower. 

Declines associated with habitat degradation and fragmentation as a result of the 

construction and operation of six large dams (Fort Peck, Garrison, Oahe, Big Bend, Fort 

Randall, and Gavins Point Dams) has been implicated as a primary reason for listing the 

species (Dryer and Sandvol 1993). Spawning migrations by large-bodied sturgeon 

species often cover large distances (Auer 1996), and fragmentation of riverine habitat due 

to the construction of large dams has resulted in geographically isolated populations of 

Pallid Sturgeon (USFWS 2014).  

Pallid Sturgeon larvae drift long distances downstream (245 to 530 km) during 

ontogenetic development depending on water temperature and current velocity (Braaten 

et al. 2008). Unfortunately, throughout the range of Pallid Sturgeon, 51% of the riverine 

habitat is channelized, 28% is impounded, and 21% is below dams where habitat 
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characteristics (e.g., temperature, sediment, and discharge) have been altered (Keenlyne 

1989). As a result, distances of river suitable for larval drift may not exist or are not 

utilized by reproductively-active (RA) Pallid Sturgeon. Research has generally focused 

on how dams influence Pallid Sturgeon by altering the natural hydrograph, but recent 

work has identified the downstream reservoir transition zone conditions as the 

mechanism for recruitment failure (Guy et al. 2015). Therefore, suitable habitat at 

different life stages may be reduced by altered habitat characteristics as a result of 

upstream dam operations, and maybe more importantly, by lethal conditions (during 

larval stage) in downstream reservoir transition zones. A better understanding of the 

relationship between the reproductive ecology of Pallid Sturgeon and regulated river 

management is needed to restore natural recruitment.  

Pallid Sturgeon spawning occurs in the late spring to early summer on the 

descending limb of the hydrograph when environmental conditions are optimal for 

survival of embryos and larvae (Keenlyne and Jenkins 1993; Bramblett and White 2001; 

Fuller et al. 2008). The presence of male aggregations on the descending limb of the 

hydrograph has helped researchers identify spawning sites prior to the arrival of females 

(DeLonay et al. 2016). Discharge, temperature, and photoperiod have been hypothesized 

as potential cues for oocyte maturation, migration, and ovulation (Papoulias et al. 2011; 

Webb and Doroshov 2011). Spring discharge and temperature regimes have been 

disrupted by dams and negatively influence the ecological integrity of the system (Poff et 

al. 1997). It has been widely hypothesized that there is a link between spring discharge 

and spawning migrations of Scaphirynchus spp. (Keenlyne and Jenkins 1993; USFWS 
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2000; USFWS 2003), and studies have tested this hypothesis (DeLonay et al. 2009; 

Richards et al. 2014). In support of this hypothesis, spawning by Shovelnose Sturgeon 

Scaphirhynchus platorynchus in an upper Missouri River tributary only occurred above a 

minimum threshold (Goodman et al. 2013). Conversely, Shovelnose Sturgeon spawning 

was observed in the upper main-stem Missouri River under highly varying flow regimes, 

and movement rates of spawning females did not differ between flow regimes suggesting 

discharge may not be an important spawning cue in the large rivers (Richards et al. 

2014). Evaluating flow scenarios upstream of Fort Peck Reservoir that improve habitat 

conditions and drift distances is identified as an area of study in the updated Recovery 

Plan for Pallid Sturgeon (USFWS 2014). To my knowledge, there is no known 

experimentally-demonstrated direct link between discharge and Pallid Sturgeon spawning 

success, migration distance, or movement rates. Large-scale studies manipulating 

discharge are difficult to implement due to economic and social constraints. However, 

such studies are beneficial because they allow for potential management actions to be 

tested at the proper spatial scales and with direct implications to the problem (Carpenter 

1998). I had the opportunity to conduct a large-scale manipulative study in the upper 

Missouri River to test the effects of regulated river management on Pallid Sturgeon 

reproductive ecology. 

 The low abundance of wild adult Pallid Sturgeon has complicated recovery-

related research efforts because the low sample size limits the inference space regarding 

the reproductive ecology of the species. Recovery efforts based on information gathered 

on few individuals from isolated populations may not give reliable information about the 
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true habitat requirements and life history of the species (Auer 1996). Sympatric 

Shovelnose Sturgeon are often studied simultaneously with Pallid Sturgeon to determine 

the utility of using Shovelnose Sturgeon as a surrogate to Pallid Sturgeon (Bramblett and 

White 2001; Gerrity et al. 2008; Richards 2011). Although some similarities in habitat 

and movement have been documented between the two closely related species, important 

differences between the two species exists for substrate, velocity, and macrohabitat 

selection suggesting that Shovelnose Sturgeon actually have a limited utility as a 

surrogate to Pallid Sturgeon (Bramblett and White 2001; Gerrity et al. 2008). 

Furthermore, the two species also differ in important life-history characteristics (e.g., 

larval drift dynamics, age at first maturity) as evident by continued successful recruitment 

of Shovelnose Sturgeon and failed or limited recruitment of Pallid Sturgeon when the two 

species inhabit the same altered river system. 

  In 1993, the Pallid Sturgeon Recovery Plan (Recovery Plan) identified six 

recovery-priority management areas (RPMAs) based on Pallid Sturgeon occurrence and 

suitable habitat available for the recovery of the species (Dryer and Sandvol 1993). The 

upper Missouri River between the mouth of the Marias River and the Headwaters of Fort 

Peck Reservoir was designated as Recovery-Priority Management Area 1 (RPMA1). 

However, the revised recovery plan (USFWS 2014) re-designated management units and 

the management unit previously designated as RPMA 1 is now within the larger Great 

Plains Management Unit (GPMU). The GPMU encompasses fragmented reaches of the 

Missouri River formerly classified as RPMAs 1 and 2 that contain completely isolated 

populations of Pallid Sturgeon and will be referred to by the former classifications herein. 
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The original Recovery Plan prioritized the development of a propagation plan for 

stocking Pallid Sturgeon throughout their native range to augment the wild population 

(Dryer and Sandvol 1993). Stocking of hatchery-origin Pallid Sturgeon into RPMA1 

began in 1998 (1997 year class) with 732 age-1 Pallid Sturgeon being released (Gerrity et 

al. 2008). The stocking program began with the goal of hatchery-origin Pallid Sturgeon 

acclimating to the riverine environment, maturing, and ultimately contributing to 

successful recruitment and recovery of the species (Dryer and Sandvol 1993; Gardner 

1997). Previous research concluded that the 1997 year class of Pallid Sturgeon had 

acclimated to the conditions present in the upper Missouri River since they were initially 

stocked (Gerrity et al. 2008). Additionally, blood plasma sex steroid concentrations from 

hatchery-origin Pallid Sturgeon in RPMA1 collected since 2009 indicate that individuals 

are becoming sexually mature (Talbott and Webb 2014a). Currently, the hatchery-origin 

Pallid Sturgeon in RPMA1 are reaching sexual maturity and it is important to compare 

the reproductive ecology of the hatchery-origin fish to wild Pallid Sturgeon. A successful 

conservation propagation program produces fish that retain the characteristics from the 

wild broodstock and contribute to the recovery of the species (Ireland et al. 2002). In the 

lower Missouri River, three hatchery-origin female Pallid Sturgeon were reported to have 

spawned, providing evidence that the hatchery-origin fish are capable of spawning in the 

wild (DeLonay et al. 2009). Spawning in the lower Missouri River has been reported in 

the mainstem Missouri River and lower Platte River (DeLonay et al. 2016). Spawning 

has been well documented for wild Pallid Sturgeon in RPMA2 (Yellowstone and 

Missouri rivers; Fuller et al. 2008; DeLonay et al. 2016). However, Pallid Sturgeon 
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spawning has never been confirmed in RPMA1; thus, there is a need to resample 

reproductively-active female Pallid Sturgeon (both hatchery-origin and wild) following 

the putative spawning season to determine ovulatory success in this management unit. 

Furthermore, the presence of male aggregations have been used by researchers to identify 

spawning sites weeks prior to spawning activity in the Yellowstone River (Delonay et al. 

2016), but have also not previously been described for Pallid Sturgeon in RPMA1. 

The purpose of this study was to document and compare the reproductive ecology 

of Pallid Sturgeon under two different experimentally manipulated spring hydrographs 

and between reproductively-active hatchery-origin and reproductively-active wild Pallid 

Sturgeon. The specific objectives were to: 1) compare physiological, movement, and 

habitat use characteristics among non-reproductively-active unconfirmed hatchery-origin 

(i.e., sex and stage of maturity not confirmed but confirmed to be non-reproductive; 

NRAUHO), reproductively-active hatchery-origin, and reproductively-active wild Pallid 

Sturgeon; 2) compare movement between varying spring hydrographs (2015 and 2016) 

for reproductively-active Pallid Sturgeon (both wild and hatchery-origin); 3) identify sites 

where males aggregate during the spawning season, and 4) determine the ovulatory 

success of wild and hatchery-origin female Pallid Sturgeon in the upper Missouri River. I 

hypothesized that reproductively-active Pallid Sturgeon movement characteristics would 

not differ despite different hydrographs, reproductively-active Pallid Sturgeon would 

have similar movement and habitat-use regardless of origin, and reproductively-active 

hatchery-origin Pallid Sturgeon movements would differ from non-reproductively-active 

hatchery-origin Pallid Sturgeon. I also hypothesized that hatchery-origin and wild female 
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Pallid Sturgeon would successfully oviposit, and males would form aggregations during 

the descending limb of the hydrograph. 

 

Study Area 

The study area was the Missouri River upstream from Fort Peck Reservoir to the 

mouth of the Marias River (river kilometers 3010 to 3302; Figure 2.1). Several dams 

have been constructed upstream of the study area and influence the river downstream. 

Discharge in the Missouri River is regulated upstream by Canyon Ferry Dam (rkm 3626, 

completed 1954), and Tiber Dam (129 km upstream of the confluence with the Missouri 

River, completed 1956) regulates the discharge in the Marias River near Chester, 

Montana. Morony Dam, located 380 km upstream from the headwaters of Fort Peck 

Reservoir, is the most downstream of several dams near Great Falls, Montana and is a 

barrier to upstream movement by Pallid Sturgeon. In addition to Morony Dam, four other 

dams near Great Falls, Montana, are also operated as baseload run-of-river projects with 

outflows approximately equal to inflows, meaning that they are not operated as water 

storage facilities (S. Leathe, NorthWestern Energy, personal communication). Therefore, 

these dams have little influence on the hydrograph. Prior to the construction of Canyon 

Ferry Dam the peak median spring discharge at the USGS Landusky gauging station 

(06115200) was 685 m
3
/s on June 10 (1934-1954), and since the completion of the 

Canyon Ferry Dam in 1954 the peak median discharge decreased to 515 m
3
/s and 

generally occurs later (June 14). Substrate transitions from primarily dominated by sand 

(60-80%) from the transition zone (approximately river kilometer 3010) upstream to 
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approximately river kilometer 3100, and then is primarily a mixture of gravel and cobble 

upstream to approximately river kilometer 3120, and then mostly by cobble substrate for 

the remainder of the study area (Richards 2011). The operation of run-of-river upstream 

dams, lack of channelization, and influence of unregulated upstream tributaries makes 

RPMA1 less hydrologically altered than other reaches of the Missouri River (Scott et al. 

1997). 

 

Methods 

 

 

Fish Sampling  

 

From 2014 through 2016, hatchery-origin and wild Pallid Sturgeon were sampled 

or resampled in the spring (April to June) for radio-tagging and collection of important 

biological information or both. Biological information included blood samples, gonad 

samples, length, and weight. Pallid Sturgeon were sampled by drifting 45.7-m long and 

1.8-m deep trammels nets with 5.08-cm inner bar mesh and 25.4-cm outer bar mesh 

panels. Targeted netting for larger fish was conducted using 45.7-m long and 1.8-m deep 

trammel nets with 10.16-cm inner bar mesh and 25.4-cm outer bar mesh. Trammel nets 

were drifted in areas where previously radio-tagged Pallid Sturgeon were located with 

boat-mounted telemetry equipment. Angling was also used to sample a small number of 

the Pallid Sturgeon. Sampled Pallid Sturgeon were scanned for a Passive Integrated 

Transponder (PIT) tag and examined for elastomer or missing scutes to determine age 

class. Sampled Pallid Sturgeon were weighed (+ 1 g) and measured (FL, + 1 mm) prior to 
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surgery. Pallid Sturgeon were sampled and handled using the handling protocol 

developed for Pallid Sturgeon (USFWS 2012). 

 

Surgery 

 

When initially captured, Pallid Sturgeon without transmitters were biopsied to 

help determine sex and stage of maturity (techniques described below) and a transmitter 

was then implanted using techniques described below. I used internal transmitters with an 

external antenna, which is compliant with the Pallid Sturgeon tagging protocol (USFWS 

2012). Transmitters were implanted using the same incision used for conducting the 

biopsy. Transmitters (Lotek Wireless MCFT2-3A) weighed 25 g which is less than 2% of 

the body weight of all Pallid Sturgeon tagged in this study (Cooke et al. 2012). Surgery 

procedures followed those described in Fuller et al. (2008) and USFWS (2012). To 

prevent infection and irritation, all surgery tools and transmitters were disinfected using 

isopropyl alcohol (70%) and rinsed with saline solution prior to surgery.  

 

Assigning Reproductive Classifications 

 

Sturgeon species are not sexually dimorphic; thus, tools have been developed to 

determine sex and stage of maturity (Dettlaff et al. 1993; Doroshov et al. 1997; Webb et 

al. 2002; Wildhaber et al. 2005; Malekzadeh Viayeh et al. 2006; Webb and Doroshov 

2011). Sex and stage of maturity for individual sturgeon can be determined using 

combinations of minor biopsy, ultrasound, endoscopy, and blood plasma sex steroid 

concentrations (Webb et al. 2015). I used combinations of the techniques listed above to 

assign fish to reproductive classifications based on sex (male [M], female [F], or 
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unconfirmed [U]), maturity (reproductively-active [RA] or non-reproductively-active 

[NRA]), and origin (hatchery-origin [HO] or wild [W]). The reproductive classifications 

were non-reproductively-active unconfirmed sex hatchery-origin (NRAUHO), 

reproductively-active male hatchery-origin (RAMHO), non-reproductively-active male 

hatchery-origin (NRAMHO), reproductively-active female hatchery-origin female 

(RAFHO), non-reproductively-active female hatchery-origin (NRAFHO), 

reproductively-active male wild (RAMW), reproductively-active female wild (RAFW), 

and non-reproductively-active female wild (NRAFW) Pallid Sturgeon. In a given year, 

the sex steroid concentrations for NRAUHO and other non-reproductively-active 

classifications of Pallid Sturgeon were below concentrations that would indicate that they 

were in reproductively-active that season, but NRAUHO were fish that had not 

previously confirmed to be sexually mature. 

Sex steroids (testosterone [T] and estradiol-17β [E2]) concentrations in blood 

plasma were measured by radioimmunoassay (RIA) to determine sex and stage of 

maturity as well as confirm a spawning event or to identify follicular atresia when 

combined with other techniques (Webb and Doroshov 2011). Plasma sex steroids are 

non-detectable until a sturgeon becomes sexually differentiated, low but detectable until 

puberty, and elevated during spawning (Webb and Doroshov 2011). Concentrations of T 

greater than 40 ng/ml with no detectable E2 are indicative of reproductively-active Pallid 

Sturgeon males (Webb et al. 2016). Concentrations of T greater than 10 ng/ml and E2 

greater than 1 ng/ml are indicative of reproductively-active females (Talbott and Webb 

2014b). These concentrations were used to discriminated among classes of sex and stage 
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of maturity and were used in conjunction with gonadal tissue samples, ultrasound, and 

endoscopy.  

In the field, blood samples were collected from the caudal vasculature of radio-

tagged Pallid Sturgeon using a 2 ml syringe (Webb et al. 2015). After collection, blood 

samples were transferred to 7 ml lithium heparinized vacutainers and stored on ice. Blood 

samples were centrifuged at 3400 rpm for 5 minutes and then the clear plasma was 

extracted using a disposable pipet. Extracted plasma was transferred to a 1.5 ml vial and 

frozen at the field site. Frozen plasma samples were stored at -20 to -80°C prior to 

analysis in the lab. At the lab, the steroids T and E2 were extracted from thawed plasma 

following the method of Fitzpatrick et al. (1986). Briefly, 100 µL of plasma was 

extracted twice with 2 mL of diethyl ether. Tubes were vortexed vigorously with ether 

and the aqueous phase removed by snap-freezing in liquid nitrogen. Combined extracts 

were dried under a stream of nitrogen, re-suspended in 1 mL of phosphate-buffered saline 

with gelatin (PBSG), and 10 or 50 µL was assayed for each steroid. Recovery efficiencies 

for all steroids was determined by adding tritiated steroids to tubes containing plasma (n 

= 4), which was extracted as described above. All steroid assay results were corrected for 

recovery. Plasma concentrations of T and E2 were measured by RIA as described in 

Fitzpatrick et al. (1986) and modified by Feist et al. (1990). All samples were analyzed in 

duplicate. A slightly more concentrated charcoal solution (6.25 g charcoal and 4.0 g 

dextran/L PBSG) was used for all assays to reduce non-specific binding. The intra- and 

inter-assay coefficients of variation for all assays was less than 5 and 10%, respectively. 
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Steroid levels were validated by verifying that serial dilutions were parallel to standard 

curves.  

 In additional to blood plasma sex-steroid analysis, when an incision was made 

gonadal biopsies were collected after I visually examined gonads to determine sex, stage 

of maturity, and spawning readiness (Webb et al. 2015). Ovarian follicles were collected 

from ripe females for macroscopic analysis and calculation of oocyte Polarization Index 

(PI) in the laboratory. The PI was used to assess spawning readiness (Talbott et al. 2011). 

For newly captured females, a gonadal sample was collected prior to the insertion of the 

radio-transmitter and the sample was preserved in 10% phosphate-buffered formalin. In 

2014, I used ultrasonography as a non-invasive method to examine Pallid Sturgeon that 

were suspected to be ripe females. Significant ultrasound experience is needed to identify 

fish other than ripe females because males and pre-vitellogenic females can be difficult to 

differentiate (Webb et al. 2015). Therefore, I only used ultrasound to examine previously 

radio-tagged fish for ripe ovaries. This was done to avoid making unnecessary incisions. 

Females that were previously radio-tagged and were suspected to be ripe were sampled 

using the minimally invasive technique described by Candrl et al. (2010).  

When an incision was made and the gonads were not visible to the unaided eye, I 

attempted to visually inspect the gonads using an endoscope or otoscope. An endoscope 

(Vividia 2.0) was only used in 2016, and images were recorded for further inspection at a 

later time. This technique was used in an attempt to identify the sex of non-reproductive 

gonads in individuals that had not yet reached sexual maturity as well as providing 

information to pair with RIA results for higher certainty in assigning fish to reproductive 
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classifications (Webb et al. 2015). Because some individuals were tagged prior to this 

study and multiple field crews aided in performing surgeries, visual confirmation of sex 

was not always achieved and most often was inconclusive. Fish were classified as 

NRAUHO Pallid Sturgeon when sex steroid concentrations were below the 

concentrations indicative of reproductively-active male and female Pallid Sturgeon and 

there was no visual confirmation of sex or previous samples showing that sexual maturity 

had been reached. 

 

Tracking Schedules 

 

 The tracking period started and ended on similar dates in all years to facilitate 

standardized comparisons. Tracking was initiated on May 26 in 2014, May 25 in 2015, 

and May 23 in 2016 and ended on July 18 in 2014, July 17 in 2015, and July 15 in 2016. 

The initiation of tracking was intended to allow a minimum of two weeks of relocations 

to be collected prior to the historical timing of peak median discharge on June 14 (post 

Canyon Ferry Dam). 

In 2014, I primarily tracked a reproductively-active wild female Pallid Sturgeon 

(collected multiple locations throughout a day) and also relocated any reproductively-

active males Pallid Sturgeon encountered. This was done to document a specific 

spawning location and timing for Pallid Sturgeon in the Missouri River upstream from 

Fort Peck Reservoir. Intensive tracking was implemented because pinpointing the 

location and timing of spawning events likely requires many relocations between initial 

reproductive assessment and post-spawn assessment, especially when migrations patterns 

are complex. However, I was unable to locate a spawning area, and this tracking schedule 
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produced unequal sample sizes between individuals. Unequal sample sizes between 

individuals would have resulted in biased comparisons between reproductive 

classifications. The opportunity to make comparisons between wild and hatchery-origin 

during the remaining years of this study became possible because of an unexpected 

number of new RAWM Pallid Sturgeon that were sampled and radio-tagged in 2014. In 

addition, data collected in 2014 included only a small sample size for RAFW, RAMHO, 

and RAMW individual (some only for a small portion of the field season) and any 

comparisons among those classifications would have been observational. Those issues 

lead to a standardized tracking schedule for the remaining years of the study when sample 

size of reproductively-active individuals was larger. When three or more reproductively-

active males were located within a 2 km reach they were determined to be aggregated and 

the number of individuals, river kilometer, median daily discharge and temperature range 

was reported. Home range, total movement, and movement rates were summarized for 

reproductively-active Pallid Sturgeon tracked in 2014, but movement and habitat 

analyses only include data from 2015 and 2016. 

In 2015 and 2016, I attempted to relocate individual fish weekly, between river 

kilometer (rkm; distance from the confluence with the Mississippi River) 3010 

(approximately the upstream limit of the reservoir transition zone) and 3251 to facilitate 

the collection of standardized relocation data for movement and habitat use comparisons 

between hatchery-origin and wild Pallid Sturgeon and two different flow regimes. 

Weekly movement rates and locations were also used to assess clustering of males for 

describing male aggregations. When reproductively-active fish moved above rkm 3251, 
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our search area was extended upstream until they were located that week. In 2015 and 

2016, weekly tracking was initiated mid- to late-May (following recapture effort) and 

continued until mid-July when water temperatures exceeded the thermal maximum for 

larvae survival (Kappenman et al. 2013) or when the last ripe individual was determined 

to have spawned or become atretic (techniques described below).  

The study area was divided into three reaches: Reach 1) Fred Robinson Bridge 

(FRB) downstream to Fort Peck Reservoir (rkm 3010 to 3091), Reach 2) FRB to Stafford 

Ferry (rkm 3091 to rkm 3170), and Reach 3) Stafford Ferry upstream to rkm 3251 (rkm 

3170 to 3251). In 2015 and 2016, the reaches were tracked in the above order each week. 

A randomized tracking schedule was not used because the majority of Pallid Sturgeon in 

RPMA1 resided in Reaches 1 and 2, and the majority of locations could be obtained in 

the first two days of the weekly tracking schedule. Therefore, only a few fish remained to 

be located in Reach 3 and the entire upper reach did not need to be tracked if all fish were 

located prior to covering the entire reach. This schedule allowed for resources (e.g., time 

and fuel) to be dedicated to other tasks such as resampling previously radio-tagged 

individuals to gather biological information needed to assign reproductive classifications. 

The fourth and fifth day of the week were used to locate any fish that were not located 

during the previous three days.  

 

Tracking  

 

Fish locations were determined using two portable Lotek SRX 400 telemetry 

receivers (Lotek Wireless, Inc., Newmarket, ON, Canada). One receiver was connected 

to a boat-mounted four-element Yagi antenna (detection off the bow) and the other to a 
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handheld three-element Yagi antenna. When a radio-transmitter was detected, the 

presumed fish location was approached from downstream. Signal strength from the boat-

mounted antenna was used to determine proximity to the fish location. The comparative 

signal strengths from alternating starboard and port directions from the hand-held antenna 

was used to guide the boats trajectory as the boat moved upstream towards the fish 

location, until the signal strength from the boat-mounted antennae decreased and the 

signal strength of the handheld antenna was similar from the left and the right (i.e., the 

boat passed directly over the fish). This technique has been shown to produce locations 

within 6 m of the actual location based on blind tests placing transmitters in the river. 

Transmitters that were implanted into Pallid Sturgeon used one of two frequencies 

(149.800 and 149.900 MHz), and when detected by the receiver, the receiver displayed a 

unique code. The coded tags allowed for identification of individual fish. The receiver 

allowed for adjustment of “gain” which decreased or increased the detection distance. 

Additionally, when close enough to a fish for the receiver to de-code a tag, the receiver 

displayed signal strength (assumed to be inside the fish; 1-255). Reducing the “gain” 

decreased the power at a given distance from the tag. Therefore, at a lower “gain,” a 

higher power indicated close proximity to the fish. Increased depth and water 

conductivity at fish locations influenced signal strength. Locating radio-transmitters 

found at deeper depths was more difficult than shallow depths due to signal attenuation 

(Cooke et al. 2012). Once a fish was located (low gain, high power), a GPS point was 

marked, and the boat was briefly held in position using the boat motor. Macro-habitat 

measurements (described below) were collected at the fish location. Data from nine 
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autonomous land based consistently recording telemetry stations were used to fill gaps in 

the weekly relocation data. The stations were located on the bank adjacent to the river 

throughout the study area (at river kilometers 3059.4, 3089.9, 3118.1, 3146.3, 3170.4, 

3192.9, 3240.4, 3269.2 and 3299.8) and consisted of a solar powered SRX-400 Lotek 

receiver attached to two four-element yagi antennas (one facing downstream and the 

other facing upstream). Detection data from ground stations were also downloaded to a 

laptop computer in the field to aid in locating individuals that were missed in the first 

pass of the study area and to inform decisions regarding reproductively-active fish that 

had left the study area. 

 

Discharge and Temperature 

 

Spring flow and temperature regimes recorded at the Landusky USGS (06115200) 

gauging station were used to determine differences in flow regimes between years. The 

highest discharge from May 1 through mid-July was determined to be the peak spring 

discharge. Movement data were analyzed for all locations collected on the ascending and 

descending limb of the hydrograph until water temperatures reach 24ºC for three 

consecutive days and is hereafter referred to as the “putative spawning season.”  The 

putative spawning season included six weeks of tracking in 2015 and 2016. The water 

temperature threshold was based on the suitable thermal conditions for spawning and 

embryonic survival in Pallid Sturgeon (Kappenman et al. 2013). The timing of peak 

discharge and periods of water temperature above 24°C were used to divide the 

hydrograph into phases. The pre-spawn phase began at the initiation of tracking and 

ended at peak discharge, the spawn phase began at peak discharge and continued until 
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water temperatures reached the temperature threshold described above, and the post-

spawn phase of the hydrograph was the remaining weeks of tracking until mid-July 

(weeks 7 and 8 in both years). Locations obtained during the post-spawn period were not 

included in the analysis of movement for the putative spawning season, but were included 

the analysis of habitat-use, movement rates, and Multi-Distance Spatial Cluster Analysis. 

 

Movement 

 

In 2014, I calculated total movement, home range size, and mean location (rkm) 

during the putative spawning season, and hourly total and net movement rates between 

sequential relocations for individual reproductively-active fish. Data collected in 2015 

and 2016 was used for movement comparisons between reproductive classifications and 

flow regimes. Fish with less than six weekly relocations (out of eight weeks) were 

excluded from the analysis to avoid bias associated with the positive relationship between 

then number of relocations and movement characteristics. Total movement (km), home 

range size (km), maximum upstream location, and median location (rkm) were calculated 

for each fish during the putative spawning season and compared among reproductive 

classifications and between spring hydrographs. I also calculated weekly total movement 

rates (km/w), weekly net movement rates (km/w), and maximum upstream location (rkm) 

to compare among weeks in response to weekly patterns in discharge and temperature. 

Total movement was calculated by summing all distances moved between sequential 

locations. Home range was calculated as the distance (km) between the most upstream 

and most downstream location for an individual fish. Net weekly movement rates (km/w) 

were calculated as the difference in rkm for successive weekly relocations divided by the 
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duration of time between locations such that positive rates indicate upstream movement 

and negative rates indicate downstream movement, and rates were then converted to the 

appropriate time interval that was reflective of data collection (hourly in 2014, weekly for 

2015 and 2016). Total movement rates were calculated as the distance (km) between 

subsequent relocations divided by the appropriate time interval that was reflective of data 

collection. All movement data is presented as a minimum because additional movement 

likely occurs between locations. The maximum upstream location (rkm) was recorded as 

the most upstream location during the putative spawning season and were interpreted 

relative to larval drift distances. Median location (rkm) was calculated for each fish 

during the putative spawning season and was used to measure the most frequently used 

river reach by individual Pallid Sturgeon. 

 

Habitat Use 

 

In 2015 and 2016, habitat measurements were collected at all fish locations. 

Depth (m) was recorded by an onboard electronic depth finder (Humminbird 899ci HD 

GPS/sonar unit) and in shallower areas an incrementally marked metal conduit was used 

to validate depths. Channel width (m) was recorded using a handheld range finder. 

Surface water temperature was measured with the temperature sensor on the sonar 

transducer.  

Fish locations within 500 m of an island or alluvial bar were recorded as using 

that habitat type, and when neither islands nor alluvial bars were present, the location was 

recorded as the fish using neither. Islands and alluvial bars were defined in a similar way 

as Gerrity et al. (2008), but island complexes were not further classified into subgroups 
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based on complexity. The proportion of locations within 500 m of an island, alluvial bar, 

or neither was calculated for individual Pallid Sturgeon. Channel type at Pallid Sturgeon 

locations was classified as main channel, split channel, or secondary channel habitat and 

was also designated similar to Gerrity et al. (2008). The main channel was defined as the 

main course of the Missouri River containing the thalweg. Split channel was defined as 

multiple channels where it was difficult to interpret which channel contained the thalweg 

(i.e., locations in either channel are classified as split channel). Secondary channel was 

defined as channels flowing around islands and connected to the main channel but not 

containing the thalweg. The proportion of locations in main, secondary, and split channel 

habitat was calculated for individual Pallid Sturgeon. Three habitat types were delineated: 

outside bend (OSB), inside bend (ISB), and channel crossover (CO). Outside bend habitat 

began at the outside bend shoreline and extended to the middle of the river, and generally 

contained the thalweg and fast velocity. Inside bend extended from the inside bend 

shoreline to the middle of the river, and generally consisted of shallow, slow velocity. 

Channel crossover habitat was the entire width of the river centered longitudinally at the 

inflection point between bends where the thalweg was crossing from one side of the river 

to the other, and generally consisted of intermediate velocity and also contained the 

thalweg. If habitat type was indistinguishable in the field, multiple habitat types were 

recorded and aerial photographs were used at a later time to better discern habitat type. 

The proportion of locations at CO, OSB, and ISB were calculated for individual Pallid 

Sturgeon.  
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Characterizing Male Aggregations 

 

In 2015 and 2016, I used summaries of weekly locations, movement rates, and 

Multi-Distance Spatial Cluster Analysis (described below) for reproductively-active male 

Pallid Sturgeon to identify male aggregations during the spawning season. Additionally, 

when three or more males were relocated within a 3 km reach supplementary relocations 

were recorded throughout the week to achieve better temporal resolution (i.e., extra 

locations were recorded in addition to weekly relocations). Weeks with a small spread of 

weekly locations (rkm), net movement rates (km/w) near zero, and spatial clustering at 

small distances were identified as male aggregations. The date, river kilometers, number 

of males, origin of males, water temperature, and discharge were described for dates 

where male aggregations were identified. 

In 2014, the presence of male aggregations was noted when three or more males 

were relocated within a 3 km reach. A weekly tracking schedule was not used in 2014, 

and multiple locations per day were recorded for all males at an aggregation. The river 

kilometers, number of males, origin of males, water temperature, and discharge were 

described for dates when male aggregations were identified. 

 

Assessing Ovulatory Success 

 

Females were resampled in late June or early July to assess ovulatory success 

when water temperatures exceeded 24ºC for three consecutive days or when they 

exhibited a change in movement behavior (Fuller et al. 2008). Female Pallid Sturgeon 

have been observed to decrease in weight by 12-22% after spawning (Fuller et al. 2008; 

Webb and Doroshov 2011); therefore, significant weight loss relative to pre-spawning 



34 
 

weights provided evidence of successful spawning. However, a decrease in weight can 

also be observed for female sturgeon that have undergone follicular atresia (Webb and 

Doroshov 2011). Consequently, a gonadal biopsy was performed (preserved as described 

above) to collect a sample for visual and histological analysis to determine ovulatory 

success in females with a large decrease in weight. In addition, blood samples were 

collected from females at time of post-spawn assessment. Concentrations of T and E2 

have been shown to decreased prior to the detection of macroscopic or histological signs 

of follicular atresia in sturgeon (Talbott et al. 2011). Using a combination of blood 

plasma sex steroid concentration changes, body-weight change, and gonadal biopsy 

allowed for higher certainty when determining spawning success (Webb and Doroshov 

2011). This was advantageous over assessing spawning success solely from an observed 

decrease in blood plasma concentrations because atretic females will experience a 

decrease in plasma steroid concentrations but will maintain at pre-atresia weight for up to 

two weeks (Webb and Doroshov 2011). 

 

Data Analysis  

 

Individual Pallid Sturgeon were the experimental unit for all statistical tests. To 

reduce the chance of making a type II error, α=0.1 was set a priori for all statistical 

analyses. Due to sample size constraints, statistical analyses only included NRAUHO, 

RAMHO, and RAMW Pallid Sturgeon. Normality was assessed using residual and 

normality plots. Levene’s Test for Homogeneity was conducted to test the assumption of 

equal variances. Analysis of variance (ANOVA) was used to analyze data that met the 

assumptions of equal variances and normality. Analysis of variance was used to test the 
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hypothesis that weight in 2015 and 2016, and mean maximum upstream locations 

differed between NRAUHO, RAMHO, and RAMW Pallid Sturgeon. When the 

assumptions of ANOVA were violated, a Kruskal-Wallis non-parametric analysis of 

variance was used. Kruskal-Wallis tests were used to test the hypothesis that there were 

no differences in proportion habitat-use, testosterone concentrations, 2015 lengths, 2016 

lengths, total movement, home range sizes, and median location (rkm) use among 

NRAUHO, RAMHO, and RAMW categories. When conducting post-hoc multiple 

comparisons for significant Kruskal-Wallis tests, I used a Bonferroni adjustment of P-

values to control for family-wise error rates. Pairwise comparisons were reported for the 

comparison between NRAUHO and RAMHO to examine changes in reproductive 

ecology of hatchery-origin fish associated with being RA. I also reported the comparison 

between RAMHO and RAMW to examine potential differences in the reproductive 

ecology of reproductively-active males from different origins. Welch’s t-tests were used 

to test the hypothesis that spawning season total movement, home range size, and median 

location, and maximum upstream location of reproductively-active male Pallid Sturgeon 

did not differ between 2015 and 2016.   

Repeated measures ANOVA was used to test the hypothesis that mean river 

kilometers used and mean movement rates did not differ between wild and hatchery-

origin males, and if no difference was detected males were pooled to test whether 

movement rates differed among weeks. Individual Pallid Sturgeon were the repeated 

measure. Bonferroni multiple-comparisons test was used to control the family-wise error 

rate for making multiple comparisons following ANOVAs with significant main effects. 
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Multi-Distance Spatial Cluster Analysis (Ripley’s K-function) was used to evaluate 

clustering and dispersion during specific weeks in 2015 and 2016 for reproductively-

active males and NRAUHO Pallid Sturgeon. To assess male aggregations and migration 

patterns, the results of the weekly analysis of location, movement rates, and Multi-

Distance Spatial Cluster Analysis were visually compared to weekly summaries of 

median daily temperatures, discharges, and changes in discharge between relocations 

during the weeks and weekly intervals that locations were collected. All statistical 

analyses were performed using R (R Development Core Team). The Multi-Distance 

Spatial Cluster Analysis (Ripley’s K-function) was conducted using the riverdist package 

in R (Tyers 2016). 

 

Results 

 

 

 In 2015, 45 Pallid Sturgeon were sampled with trammel nets. Of the 45 Pallid 

Sturgeon, 33 were classified as NRAUHO, three as RAMHO, four as RAMW, two as 

NRAMHO, and one each as RAFW, RAFHO, and NRAFW (Table 2.1). No NRAFHO 

Pallid Sturgeon were sampled in 2015.  

In 2016, 59 Pallid Sturgeon were sampled with trammel nets. Of the 59 Pallid 

Sturgeon, 41 were classified as NRAUHO, eight as RAMHO, six as RAMW, two as 

RAFHO, and one each as NRAFW, and NRAFHO (Table 2.1). Zero NRAMHO and 

RAFW Pallid Sturgeon were sampled in 2016. Three RAMW Pallid Sturgeon were 

removed from the river and were used in the wild broodstock spawning program; 

therefore, size and steroid concentrations from these fish are included in the analysis to 
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increase sample size, but data for these fish were removed from all movement and 

habitat-use analysis.  

 

Discharge and Temperature 

 

Peak median daily discharge occurred on June 4 in 2014 (572 m
3
/s), on June 6 in 

2015 (473 m
3
/s; 18.4°C), and on May 29 in 2016 (394 m

3
/s; 16.9°C) (Figure 2.2).  The 

duration of peak discharge was brief in all three years. In addition, the timing of peak 

median discharge was 4 to 11 days earlier than the timing of the peak before the 

construction of Canyon Ferry Dam (median discharge peak occurred on June 10; 1934-

1953), and the peak magnitude was 113 to 293 m
3
/s lower than the median pre-Canyon 

Ferry Dam magnitude (685 m
3
/s; 1934-1953). The timing of peak discharge occurred 

earlier than expected in both years, shortening the duration of time on the ascending limb 

when tracking was conducted. At the initiation of tracking, the median daily water 

temperature and discharge were 15.6°C and 270 m
3
/s in 2015, and 13.8°C and 331 m

3
/s 

in 2016 (Figure 2.2). At the completion of tracking, the median daily water temperature 

and discharge were 18.8 °C and 182 m
3
/s in 2015, and 21.3°C and 179 m

3
/s in 2016 

(Figure 2.2). Median daily water temperature reached 24°C for the third consecutive day 

on June 30 in 2015 and on July 2 in 2016, marking the end of the suitable spawning 

period (Figure 2.2). Daily water temperature was not recorded at the Landusky gauging 

station in 2014, but was recorded in 2015 and 2016. The 2015 and 2016 spring water 

temperature regimes were similar and provided a pseudo-controlled water temperature 

regime. In 2015, weeks 1 (May 25 to 31) and 2 (June 1 to 7) were during the pre-spawn 

phase (ascending limb), weeks 3-6 (June 8 to July 6) were during the spawn phase 
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(descending limb prior to temperature threshold), and weeks 7 (July 6 to 12) and 8 (July 

13 to 19) were during the post-spawn phase (after temperature threshold). In 2016, week 

1 (May 23 to May 29) was during the pre-spawn phase (ascending limb), weeks 2-6 (May 

30 to July 3) were during the spawn phase (descending limb prior to temperature 

threshold), and weeks 7 (July 4 to 10) and 8 (July 11 to 17) were during the post-spawn 

phase (after temperature threshold).  

 

Hatchery-Origin and Wild Pallid Sturgeon 

 

Size. In 2015 and 2016, wild Pallid Sturgeon were heavier and longer than 

hatchery-origin Pallid Sturgeon, and on average the lengths (FL) and weights were larger 

for hatchery-origin fish that reached sexual maturity than for fish that were not confirmed 

to be sexually mature (NRAUHO, Table 2.1). There was strong evidence that the 

distribution of lengths differed among the three reproductive categories (NRAUHO, 

RAMHO, RAMW) in both years (Table 2.1). Strong statistical evidence existed for a 

difference between length distribution between NRAUHO and RAMHO Pallid Sturgeon 

sampled in 2015 (Z = -2.35, P = 0.03) and in 2016 (Z = -2.65, P = 0.012); however, there 

was little to no evidence that the length distributions differed between RAMHO and 

RAMW Pallid Sturgeon sampled in 2015 (Z = -0.54, P = 0.88), or in 2016 (Z = -1.58, P = 

0.17). 

Body weight differed among the three reproductive categories in both years  

(Table 2.1). There was strong evidence that mean weight differed between NRAUHO and 

RAMHO Pallid Sturgeon sampled in 2015 (t = 3.15, P = 0.01) and 2016 (t = 3.96, P < 

0.001). The mean weight of RAMHO Pallid Sturgeon was estimated to be 2691 g (896 to 
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4484 g, 90% CI) heavier than the mean weight for NRAUHO Pallid Sturgeon in 2015 

and 2358 g (1119 to 3597 g, 90% CI) heavier in 2016. The evidence also strongly 

supported that mean weights differed between RAMHO and RAMW Pallid Sturgeon in 

2015 (t = 7.46, P < 0.001) and 2016 (t = 9.46, P < 0.001). It was estimated that the mean 

weight for RAMW Pallid Sturgeon was 8087 g (5814 to 10359 g, 90% CI) heavier than 

the mean weight for NRAUHO Pallid Sturgeon in 2015 and 7866 g (6134 to 9569 g, 90% 

CI) heavier in 2016. 

Sex Steroids. Testosterone concentrations were lowest for non-reproductively-

active Pallid Sturgeon, low for reproductively-active females, and highest for 

reproductively-active males (Table 2.2). There was strong evidence that the distribution 

of T concentrations differed among the three reproductive categories, and the distribution 

of T concentrations differed between NRAUHO and RAMHO Pallid Sturgeon (Z = -5.7, 

P < 0.001), but there was no evidence of a difference between RAMHO and RAMW 

Pallid Sturgeon (Z = 0.56, P = 0.87).  

Estradiol concentrations were non-detectable to low (below pre-determined 

concentrations for maturity) for all NRAUHO, RAMHO, and RAMW Pallid Sturgeon, 

but were elevated for female Pallid Sturgeon (Table 2.2). No statistical tests were 

conducted because elevated E2 concentrations were only detected in female 

classifications that had small sample sizes (Table 2.2). 

Movement. Median total movement was higher for reproductively-active 

classifications than for non-reproductively-active classifications, and was similar between 

RAMHO and RAMW Pallid Sturgeon (Figure 2.3). There was strong evidence that the 
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distribution of total movement (km) differed among the three reproductive categories (χ
2

2 

= 31.46, P < 0.001), where total movement (km) differed between NRAUHO and 

RAMHO Pallid Sturgeon (Z = -4.61, P < 0.001), but did not differ between RAMHO and 

RAMW Pallid Sturgeon (Z = 0.07, P = 1.0). Four NRAUHO Pallid Sturgeon exhibited 

large total movements (from 110 to 140 km), which were as large as movements made by 

to reproductively-active fish (Figure 2.3). Total movement distances by reproductively-

active Pallid Sturgeon (with multiple individuals) were more variable than non-

reproductively-active classifications. 

Median home range size was larger for reproductively-active Pallid Sturgeon than 

for non-reproductively-active Pallid Sturgeon and similar home ranges sizes were 

observed for RAMHO and RAMW fish. Home range varied from 0.3 to 137.6.0 km 

(median 11.4 km; N = 72) for NRAUHO fish, from 27.0 to 155.5 km (median 74.4 km, 

N=11) for RAMHO, and from 24.8 to 122.6 km (median 96.1 km; N = 7) for RAMW 

Pallid Sturgeon. The distributions of home range size differed among the three 

reproductive categories (χ
2

2 = 30.33, P < 0.001). There was strong evidence that the 

distribution of home range size differed between NRAUHO and RAMHO Pallid 

Sturgeon (Z = -4.62, P < 0.001), and between NRAUHO and RAMW fish (Z = -3.49, P < 

0.001).  Additionally, there was lack of evidence that the distribution of home range size 

differed between RAMHO and RAMW Pallid Sturgeon (Z = 0.23, P = 1.0). Home ranges 

sizes were 8.5, 48.0, and 223.1 km for RAFHO Pallid Sturgeon (N = 3), 70.3 km for 

RAFW (N = 1), 11.7 and 70.0 km for NRAMHO (N = 2), 48.3 km for NRAFHO (N = 1), 
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and 16.7 for NRAFW Pallid Sturgeon (N = 1) during the putative spawning season in 

2015 and 2016. 

Mean maximum upstream locations (rkm) were further upstream for 

classifications of Pallid Sturgeon that were confirmed to have reached sexual maturity 

than for NRAUHO fish (Figure 2.4). There was strong evidence that the mean maximum 

upstream location (km) differed among the three reproductive categories (F2,87 = 9.15, P 

< 0.001), with the mean maximum upstream location differing between NRAUHO and 

RAMHO Pallid Sturgeon (t = 3.38, P = 0.003), but no evidence of a difference between 

RAMHO and RAMW Pallid Sturgeon (t = 0.18, P = 1.0). It was estimated that the mean 

upstream location achieved by RAMHO Pallid Sturgeon during the putative spawning 

season was 48.5 km (18.9 to 78.1 km, 90% CI) upstream of the mean maximum upstream 

location achieved by NRAUHO Pallid Sturgeon. In 2016, a RAFHO female had a 

maximum upstream location of rkm 3297.5 (Figure 2.4), and was the only 

reproductively-active fish to be relocated more than 245 km (> rkm 3255) upstream of 

the reservoir transition zone during the study. 

Median river kilometer used was further upstream for reproductively-active and 

non-reproductively-active Pallid Sturgeon than for NRAUHO fish, but there was 

considerable overlap among the distributions (Figure 2.5). Median river kilometer used 

by NRAUHO Pallid Sturgeon was more variable than for the other classifications (Figure 

2.5). There was strong evidence that the distribution of median river kilometer used by 

Pallid Sturgeon differed among the three reproductive categories (χ
2

2 = 8.12, P = 0.02) 

with moderate evidence supporting a difference between the distributions of median 
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location for NRAUHO and RAMHO Pallid Sturgeon (Z = -2.06, P = 0.06), and between 

NRAUHO and RAMW Pallid Sturgeon (Z = -2.18, P = 0.04). The distribution of median 

river kilometer used did not differ between RAMHO and RAMW Pallid Sturgeon (Z = -

0.41, P = 1.0). 

Habitat Use. The highest mean proportion of relocations were in the main 

channel, not within 500 m of islands or alluvial bars, and in channel habitat containing 

the thalweg (outside bend or channel crossover habitats) (Table 2.3). Habitats containing 

alluvial bars, secondary channel or split channels were used infrequently. There was no 

evidence that the distribution of proportions of use of specific habitats within channel 

habitat, island habitat, or channel habitat type use differed among the three reproductive 

classifications (Table 2.3). There was no evidence that the distribution of proportions of 

island and no islands (None) habitats used by Pallid Sturgeon differed among the three 

reproductive classifications (Table 2.3). Channel width did not differ among the three 

reproductive classifications analyzed, but there was strong evidence of a difference in the 

distribution of depths used by the three reproductive classifications of Pallid Sturgeon 

(Table 2.3). The distribution of depths at RAMHO locations differed from NRAUHO 

locations (Z = -2.74, P = 0.01), but did not differ from the depth at RAMW locations (Z = 

-1.40, P = 0.24).  

 

Discharge and Reproductively-Active Male Spawning Movement 

 

 Total movement, home range, median river kilometer, and maximum upstream 

location (rkm) for reproductively-active males (hatchery-origin and wild pooled) did not 

differ between 2015 and 2016 (Table 2.4), despite a difference of eight days in the timing 
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of peak discharge and a difference of 79 m
3
/s in the peak magnitude. Males were pooled 

because results from the previous section demonstrated similar movement by 

reproductively-active hatchery-origin and wild males during the putative spawning 

season. 

 

Characterizing Male Aggregations 

 

Weekly Locations and Movement Rates. Reproductively-active male Pallid 

Sturgeon progressively moved upstream during the tracking period in 2015 and 2016, 

with mean locations (km) being furthest downstream during the first two weeks of 

tracking in both years, within one week of peak discharge (Figure 2.6). Mean locations 

(rkm) were most upstream during the last two weeks of the tracking period when 

discharge was low and water temperature was decreasing (Figure 2.6). Mean river 

kilometer (i.e., Location) did not differ between RAMW and RAMHO Pallid Sturgeon in 

2015 (F1,11 = 0.49, P = 0.50) or in 2016 (F1,9 = 0.43, P = 0.53), thus males from those two 

groups were pooled. When reproductively-active males were pooled, mean river 

kilometer differed among weeks in 2015 (F7,39=2.64, P = 0.03) and in 2016 (F7,69 = 9.14, 

P < 0.001). In 2015, the spread of reproductively-active male Pallid Sturgeon locations 

(rkm) was the smallest in week 2 (June 1-7) when locations varied from rkm 3069.0 to 

3123.9 (Figure 2.6). However, only two of the seven reproductively-active males were 

located < 3 km apart during this time period, indicating that reproductively-active males 

were most likely not aggregated at a potential spawning site during this time. The spread 

of reproductively-active male locations was the smallest in week 3 of 2016 (Figure 2.6), 

with 8 out of 11 individuals being located between rkm 3082.2 and 3093.0. 
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Hatchery-origin and wild male Pallid Sturgeon had similar net movement rates 

within each week and when both classifications of males were pooled together the most 

rapid downstream (negative) net movement rates were from relocations collected in the 

early weeks of the tracking schedule when discharge was rising or peaked and 

temperature was rising, during both years (Figure 2.7). In 2016, mean net movement rates 

were near zero for movement between week 3 and week 4 relocations, with 7 of the 11 

male Pallid Sturgeon moving less than ~10 km between weekly locations (Figure 2.7).  

Mean net movement rate did not differ between RAMW and RAMHO Pallid Sturgeon in 

2015 (F1,5 = 0.07, P = 0.80) or in 2016 (F1,9 = 0.18, P = 0.68), and therefore males were 

pooled in both years for weekly analysis of net movement rates (Figure 2.7). When 

reproductively-active males were pooled, mean net movement rate did not differ among 

weekly intervals in 2015 (F6,33 = 0.68, P = 0.66), but did differ among weekly intervals in 

2016 (F6,59 = 1.92, P=0.09; Figure 2.7). 

Mean total movement rates were variable among weeks and did not appear to 

have a relationship with the change in discharge or date (photoperiod) for either year 

(Figure 2.7). Mean total movement rate did not differ between RAMW and RAMHO 

Pallid Sturgeon in 2015 (F1,5 = 0.22, P = 0.65) or in 2016 (F1,9 = 0.27, P = 0.62), thus 

males were pooled for weekly analysis (Figure 2.7). When reproductively-active males 

were pooled, mean total movement rate differed among weekly intervals in 2015 (F6,33 = 

3.09, P = 0.02) and in 2016 (F6,59 = 2.12, P = 0.06). 

Multi-Distance Spatial Cluster Analysis. In 2015, reproductively-active male 

Pallid Sturgeon locations were statistically clustered (solid line is above the grey 90% 
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confidence envelope) during weeks 1 and 2, and were statistically dispersed (solid line is 

outside and below the grey 90% confidence envelope) in week 3 (Figure 2.8). Locations 

of radio-tagged reproductively-active male Pallid Sturgeon were clustered at the shortest 

distances in week 2 (Figure 2.8) during a period of rising/peak discharge (median daily 

discharge from 382 to 472 m
3
/s) and increasing temperature (median daily temperature 

from 16.7 to 19.7°C). The distribution of reproductively-active male Pallid Sturgeon 

locations were not different from random in weeks 4 through 8 (Figure 2.9). 

In 2016, reproductively-active male Pallid Sturgeon were strongly spatially 

clustered in week 3, with weaker degrees of clustering in weeks 1, 4, 5, and 6, and had 

strong evidence of spatial dispersion in weeks 7 and 8 (Figure 2.9). Strong evidence of 

spatial clustering in week 3 (June 6 to 12) occurred at short distances indicating that the 

observed number of reproductively-active males within a short distance of other 

individuals was greater than the expected number of reproductively-active males within a 

short distance of other individuals at random (Figure 2.9), suggesting that a male 

aggregation had formed. The presence of the male aggregation on June 6 was identified 

during data collection and supplemental locations were recorded for reproductively-

active fish that were present in the aggregation. On June 6, six reproductively-active 

males (1 wild and 5 hatchery-origin) were relocated between river kilometer 3091.4 and 

3093.0 (near Fred Robinson Bridge) when water temperatures varied from 21.7 to 23.0°C 

and a median daily discharge was 281.2 m
3
/s (on descending limb).  On June 7, four 

RAMHO Pallid Sturgeon were aggregated between river kilometer 3090.6 and 3091.4, 

with three of the four being located at river kilometer 3091.4. Water temperature was 
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between 21.0 and 23.0°C, and median daily discharge was 271.6 m
3
/s. On June 8, our 

weekly tracking schedule (tracking Reach 3) resulted in no locations being recorded at 

the male aggregation site, but on June 9, three RAMHO, one RAMW, and a ripe RAFHO 

were located between river kilometer 3089.3 and 3093.2 with a median daily temperature 

of 23.1°C. Additional reproductively-active males (one wild and three hatchery-origin) 

were within 6 km upstream or downstream of the aggregation. The following week (week 

4 [June 13 to 19]) on June 14, four RAMHO, 3 RAMW, and a ripe RAFHO Pallid 

Sturgeon were located between river kilometer 3096.6 to 3116.5 representing a wider 

spatial clustering of reproductively-active fish than observed in week 3, but fish were still 

clustered based on the Multi-Distance Spatial Cluster Analysis. Reproductively-active 

male locations were dispersed during weeks 7 and 8 (Figure 2.9) after five consecutive 

days (June 30 to July 4) where median daily water temperatures exceeded 24°C.  

2014 Male Aggregations. Aggregations of reproductively-active male Pallid 

Sturgeon were identified during intensive tracking of a reproductively-active wild female 

in 2014 and formed on the descending limb of the hydrograph. Only six reproductively-

active males (three hatchery-origin and three wild) were tracked during the putative 

spawning season in 2016, but two of the reproductively-active wild males were initially 

sampled late in the spawning season (June 16 and June 26) and were not useful for 

identifying male aggregations. On June 13 (7 days after peak discharge), three 

reproductively-active males were relocated between river kilometer 3076.3 and 3077.1 

when water temperatures were between 17.5°C and 18.5°C, and discharge was 322.8 

m
3
/s. The following day (June 8, 8 days after peak discharge), the same three males were 
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still aggregated, but moved upstream to the reach between river kilometer 3091.1 and 

3091.6 (near Fred Robinson Bridge) when water temperatures were from 17.6°C to 

18.0°C and median daily discharge was 320 m
3
/s. No aggregations were then observed 

until June 23 (19 days after peak discharge), when three reproductively-active males were 

located at rkm 3091.1 (at Fred Robinson Bridge), and the reproductively-active wild 

female was also present at the site during a period when water temperatures were suitable 

for spawning (19.1°C to 21.4°C) and median daily discharge was 320 m
3
/s.  

 

Ovulatory Assessment  

 

 In 2014, one wild female Pallid Sturgeon was assessed in the spring (May 8) and 

the summer (July 4; Table 2.5). The polarization index (CV) from the ovarian samples 

decreased from spring to summer (Table 2.5). Although the female had decreased 

estradiol concentrations from spring to the summer, the testosterone concentrations were 

higher in the summer than the concentrations in the spring (Table 2.5). The sex steroid 

concentrations had not decreased below concentrations indicative of initiation of 

follicular atresia and body weight changes were not indicative of a post-spawn female. 

The ripe wild female tracked in 2014 was resampled in the spring of 2015, and visual 

inspection of the ovary indicated that atresia had occurred.  

 In 2015, two female Pallid Sturgeon were sampled—one was wild and one was 

hatchery-origin (Table 2.5). The PI (CV) from the ovarian samples for both females 

decreased between spring and summer (Table 2.5). The wild female weighed 1.5% (250 

g) more in the summer than in the spring and the hatchery-origin female weighed 5.6% 

(380 g) less in the summer compared to the spring, indicating that neither female had 
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oviposited (Table 2.5). Both females experienced large decreases in sex steroid 

concentrations (T and E2) from spring to summer, providing early indications of the 

onset of follicular atresia (Table 2.5).  

  In 2016, two hatchery-origin female Pallid Sturgeon were sampled in the spring 

and again in the summer. Female 1 weighed 5.1% (360 g) less when resampled on June 3 

than in the spring and Female 2 weighed 5.6% (360 g) less when sampled in the summer 

compared to the spring sample, indicating that neither female had oviposited (Table 2.5). 

Polarization index was not calculated from the summer sample for either female because 

the follicles were breaking down and were unsuitable for cutting. Female 1 in 2016 was 

accidentally recaptured earlier in the season than planned (June 3), and interestingly 

already had steroidogenic indications of follicular atresia at that time. Both females 

experienced large decreases in sex steroids to non-detectable concentrations of T and E2 

between sampling dates, which provide additional evidence of follicular atresia (Table 

2.5).  

 

2014 Intensive Tracking  

 

 In 2014, I intensively tracked one RAFW Pallid Sturgeon (multiple locations per 

day) and collected locations for three RAMHO and three RAMW Pallid Sturgeon when 

encountered (Table 2.6) from May 26 to July 6, which is the same time period that total 

movement and home range was calculated in 2015 and 2016. The intensive tracking 

schedule used in 2014 led to large total movements being recorded for reproductively-

active fish during the putative spawning season (Table 2.6). The RAFW Pallid Sturgeon 

had a moved a total distance of 534.3 km in the 6 week period (May 26 to July 18) and 



49 
 

home range size of 82.4 km (Table 2.6). The female was never located downstream of 

river kilometer 3043.4 or upstream of river kilometer 3125.8 during the putative 

spawning season. Two of the RAMW were implanted with transmitters in mid- and late-

June and quickly left the reach inhabited by the reproductively-active wild female; thus, a 

low number of relocations were recorded for those fish (Table 2.6).  

 

Discussion 

 

 

In general, reproductively-active hatchery-origin male Pallid Sturgeon had similar 

physiological, habitat-use, and movement characteristics to reproductively-active wild 

male Pallid Sturgeon, but dissimilar to non-reproductively-active Pallid Sturgeon. 

Differences in the timing and magnitude of peak spring discharge between years did not 

result in a change of movement characteristics for reproductively-active male Pallid 

Sturgeon (hatchery-origin and wild pooled). Finally, despite potential spawning 

aggregations of reproductively-active males forming on the descending limb of the 

hydrograph in 2014 and 2016, all five reproductively-active females (three hatchery-

origin and two wild) failed to successfully oviposit—experienced follicular atresia during 

this study. 

Reproductively-active hatchery-origin males and reproductively-active wild males 

had similar sex steroid concentrations, spawning season movements, and proportion 

macrohabitat use. Evaluations of the performance of hatchery-origin Pallid Sturgeon in 

the wild have focused on the movements, habitat-use, or both of juvenile hatchery-origin 

Pallid Sturgeon (Jordan et al. 2006; Gerrity et al. 2008; Richards 2011), and were often 
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directly compared to wild Pallid Sturgeon (Richards 2011) or sympatric shovelnose 

sturgeon (Gerrity et al. 2008; Richards 2011), but none of these studies compared 

reproductively-active hatchery-origin Pallid Sturgeon and reproductively-active wild 

Pallid Sturgeon. This study is also among the first studies to quantify and contrast 

reproductive and movement characteristics between confirmed reproductively-active 

hatchery-origin and reproductively-active wild fish of any sturgeon species; thus, truly 

evaluating the influence of origin on the reproductive ecology of the species.  This 

approach fully evaluates the efficacy of the Pallid Sturgeon conservation propagation 

program. The paucity of such studies in the literature is likely because sturgeon are a late 

maturing species combined with the relatively short duration of time since the 

development of conservation propagation programs that have produced and stocked 

marked individuals (i.e., hatchery fish have not reached maturity in other sturgeon 

populations).  

Reproductive Pallid Sturgeon moved greater distances and had larger home range 

sizes than non-reproductive fish, similar to what has been shown for Shovelnose 

Sturgeon (DeLonay et al. 2009; Richards et al. 2014) and Gulf Sturgeon Acipenser 

oxyrinchus desotoi (Fox et al. 2000). Migratory behavior of Atlantic Sturgeon Acipenser 

oxyrinchus was also influenced by reproductive status with reproductive fish being 

located further upstream (Van Eenennaam et al. 1996).  All sturgeon species generally 

have multi-year reproductive cycles and confirming that reproductively-active sturgeon 

move greater distances than non-reproductively-active sturgeon during the spawning 

season highlights the need for knowing the reproductive status of all tagged-individuals 
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in movement studies. For example, Richards (2011) found that wild adult Pallid Sturgeon 

moved 5 times greater distances than hatchery-origin juveniles, a similar ratio to what we 

observed between RAMHO and RAMUHO, however Richards (2011) did not confirm 

the reproductive status of individuals; thus, unlike for our study the difference in 

movements could not be attributed to spawning. Smaller movements during the putative 

spawning season by non-reproductive fish is expected because the motivation to migrate 

large distances associated with spawning is absent. Several NRAUHO Pallid Sturgeon 

had large total movements which were more typical for reproductive fish than non-

reproductive fish. It is unclear what the stimulus was for such large movement by the 

NRAUHO Pallid Sturgeon. It is possible that these individuals were reproductively-

active males, but when assessed in the spring, circulating sex steroids were below the 

concentrations indicative of reproductively-active male or female Pallid Sturgeon.  

However, all four NRAUHO individuals that exhibited large total movement were in 

2016 and none of them were ever observed at the male aggregation, providing further 

evidence (in addition to blood plasma sex steroid concentrations) of a non-spawning 

motivation for moving large distances. 

Overall, RAMHO, NRAUHO, and RAMW Pallid Sturgeon used similar habitats. 

Pallid Sturgeon were most often located in deep, main channel habitats, and were not in 

close proximity (<500 m) to islands or alluvial bars. The majority of Pallid Sturgeon 

locations were in reaches without islands or alluvial bars, a finding similar to that of 

Gerrity et al. (2008), but different from what was reported for adult Pallid Sturgeon in 

Yellowstone River (Bramblett and White 2001) and middle Mississippi Rivers (Hurley et 
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al. 2004) where Pallid Sturgeon selected for reaches with frequent islands and avoided 

reaches with no islands (Bramblett and White 2001) and selected for island tips (Hurley 

et al. 2004). Reaches containing islands and island tips are shallower and may not have 

provided suitable depths for Pallid Sturgeon in the upper Missouri River. Pallid Sturgeon 

found in the main channel were primarily located in outside bends or channel crossovers 

indicating a preference for deep water—corroborating the conclusions made by others 

that Pallid Sturgeon use depths greater than 75% cross sectional depth in the main 

channel (Jordan et al. 2006; Gerrity et al. 2008; Wanner et al. 2007). The mean water 

depths (2.31-2.45) and channel widths (137-153) used by juvenile Pallid Sturgeon 

described by Gerrity et al. (2008) were similar to the depths and channel widths used by 

Pallid Sturgeon in this study. However, the observed water depths were shallower than 

reported for Pallid Sturgeon in the mainstem Missouri and Mississippi rivers throughout 

the species range (Hurley et al. 2004; Jordan et al. 2006; Wanner et al. 2007;; Koch et al. 

2012; Herrala et al. 2014; Hintz et al. 2016). The use of deeper water by Pallid Sturgeon 

further downstream is likely a function of water depth increasing longitudinally as was 

suggested by Bramblett and White (2001).  

The mean depth used by NRAUHO Pallid Sturgeon was deeper than used by 

RAMHO Pallid Sturgeon, potentially indicating a difference related to spawning 

migrations. In the Yellowstone River, reproductively-active wild Pallid Sturgeon 

migration pathways included variable habitats, but were observed utilizing inside bends 

of the main channel and sometimes used short side channels (Braaten et al. 2015), both 

habitat types are expected to be shallower than locations in or near the thalwag. 
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Therefore, the observed difference in depth could be explained by NRAUHO Pallid 

Sturgeon being relatively sedentary and residing in the reach near or downstream of Fred 

Robinson Bridge, where deep pools are more common, while RAMHO Pallid Sturgeon 

moved larger distances, presumably using inside bends and side channel habitat while 

migrating through shallower upstream reaches.  

Spawning season movement characteristics were similar in 2015 and 2016, 

despite a difference of 79 m
3
/s in peak magnitude and 8 days in the timing of peak 

discharge. It has been widely hypothesized that there is a link between spring discharge 

and spawning migrations of Scaphirynchus spp. (Keenlyne and Jenkins 1993; USFWS 

2000; USFWS 2003) and that discharge, temperature, and photoperiod serve cue 

migration (Papoulias et al. 2011; Webb and Doroshov 2011). Interestingly, temperature 

regimes between the two years were similar, and tracking was conducted over the same 

time period in both years, which resulted in a pseudo-controlled temperate regime and 

photoperiod. Unfortunately, the combined effects of low snowpack and needs of 

stakeholders within the Missouri River basin limited the ability to have large 

manipulations of spring discharge between years and the flow regimes that were tested 

may not have been biologically relevant to Pallid Sturgeon. For example, in years when 

Pallid Sturgeon spawning events have been recorded in the Yellowstone River, peak 

discharges at the Sidney USGS streamflow gauging site have been a minimum of twice 

the magnitude of the peak discharges observed during this study and the period of high 

discharge was more protracted. The highest peak discharge recorded in this study was 

572 m
3
/s in 2014, during that same spring the magnitude of peak discharge was 
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approximately 2000 m
3
/s in the Yellowstone River and remained higher than 570 m

3
/s for 

two months. The difference of 79 m
3
/s between years may have been two small to 

influence spawning migrations of Pallid Sturgeon. However, other studies have found that 

flow regimes that differed greatly between years also had little influence on spawning 

related movement by Scaphirhynchus spp. (DeLonay et al. 2009; Richards et al. 2014) 

and Paddlefish Polyodon spathula (Firehammer and Scarnecchia 2007).  Alternatively, 

manipulating discharge could have little effect of spawning movement because upstream 

habitat is insufficient for spawning. I did not measure spawning habitat suitability, but 

recommend it be evaluated and contrasted with Pallid Sturgeon spawning habitat in 

where spawning is known to occur. 

Upstream and downstream movement by reproductively-active males was 

observed during the ascending limb (including the week of peak discharge in both years), 

the most upstream locations were recorded after the putative spawning season, indicating 

that male Pallid Sturgeon moved downstream to spawn. Peak discharge occurred early in 

2015 and 2016 relative to the historical peak discharge resulting in a shorter duration of 

time where data was collected on the ascending limb of the hydrograph. Additional 

weeks of tracking during the ascending limb would have allowed more certainty in the 

conclusion that Pallid Sturgeon move downstream to spawn, but anecdotal evidence and 

the upstream locations of reproductive fish during the recapture effort corroborates this 

conclusion. Pallid Sturgeon spawning movements are hypothesized to be cued and occur 

on the ascending limb of the hydrograph with spawning taking place on the descending 

limb of the hydrograph (Fuller et al. 2008), which has been documented in the 
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Yellowstone River (Fuller et al. 2008; DeLonay et al. 2016). Pallid Sturgeon spawning 

has not been documented in RPMA1 and the timing of spawning relative to peak 

discharge is unknown. The observation of downstream spawning migrations differ from 

what has been suggested to occur in the lower Missouri River (DeLonay et al. 2016) and 

in the upper Missouri River and lower Yellowstone River downstream of Fort Peck 

Reservoir (Fuller et al. 2008; DeLonay et al. 2016). Anadromous sturgeon spp. migrated 

upstream from the ocean during spawning migrations (Shortnose Sturgeon Acipenser 

brevirostrum, Buckley and Kynard 1985; Gulf Sturgeon, Fox et al. 2000; Green Sturgeon 

Acipenser medirostris, Erickson et al. 2007), but White Sturgeon in the fragmented upper 

Columbia River have exhibited downstream movement (Hildebrand et al. 1999) similar 

to the Pallid Sturgeon in RPMA1. Interestingly, other species in RPMA1 have exhibited 

downstream spawning migrations including Shovelnose Sturgeon (Richards et al. 2014), 

Sauger (Sander canadensis), and Walleye (Sander vitreus; Bellgraph et al. 2008). 

Shovelnose Sturgeon males typically had downstream movements when discharge was 

increasing and upstream movement when discharge was decreasing (Richards et al. 

2014), a similar pattern to what I observed (i.e., downstream movement on the ascending 

limb). Downstream spawning movement in RPMA1 is a behavioral response by Pallid 

Sturgeon and other species to suitable spawning habitat occurring downstream of habitat 

used during the non-spawning season. 

The furthest upstream locations for reproductively-active male Pallid Sturgeon 

were typically 150 km above the transition zone between the river and Fort Peck 

Reservoir, regardless of flow regime. It has been described that Pallid Sturgeon larvae 
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need at least 245 km of free flowing river before they settle out of the drift (Braaten et al. 

2008). Drifting larvae that hatched less than 245 km from the transition zone are 

predicted to drift into anoxic conditions at the transition zone and die (Guy et al. 2015).  

The only reproductively-active Pallid Sturgeon to be relocated more than 245 km from 

the transition zone was a hatchery-origin female in late-June of 2016, but this female 

experienced follicular atresia. The flow regimes that were tested may not have been 

biologically relevant to Pallid Sturgeon, or suitable spawning habitat is not present in the 

upper reaches of RPMA1 and reproductively-active Pallid Sturgeon will not spawn at 

upriver sites regardless of spring discharge. Pallid Sturgeon moved downstream to 

aggregation sites near Fred Robinson Bridge during the ascending limb and progressively 

returned to upstream locations following peak discharge (during the putative spawning 

season); thus, most upstream locations were typically achieved near the end of the 

putative spawning season. Any potential influence of discharge on migration could be 

negated by spawning site fidelity as was described for Paddlefish in the Yellowstone 

River (Firehammer and Scarnecchia 2007), or a lack of suitable spawning habitat 

upstream. Several of the same males that were present at the male aggregations (Fred 

Robinson Bridge area) in 2014 were also present at the 2016 aggregation suggesting that 

spawning site fidelity could be a possible explanation for the results presented here, 

although spawning was not confirmed at the aggregation sites.  

Male aggregations formed on the descending limb of the hydrograph during 

suitable water temperatures, but the presence of a gravid female at the aggregation (near 

Fred Robinson Bridge) in both 2014 and 2016 did not elicit a spawning event (i.e., for 
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radio-tagged females). Only 80 km of free-flowing riverine habitat are available 

downstream for larval drift downstream of this site; 165 km less than the minimum 

distance hypothesized to be needed for survival of Pallid Sturgeon larvae (Braaten et al. 

2008). Male aggregations formed on the descending limb of the hydrograph is 

corroborated by similar observations in the Yellowstone River (Fuller et al. 2008; 

DeLonay et al. 2016) and has assisted in identifying where gravid female Pallid Sturgeon 

will engage in spawning activity. Male Pallid Sturgeon also arrive earlier and stay longer 

at the spawning sites in the Yellowstone River (Fuller et al. 2008; DeLonay et al. 2016), 

and is similar to what has been described for Lake Sturgeon (Bruch and Binkowski 

2002), Gulf Sturgeon (Fox et al. 2000),  Shortnose Sturgeon (Buckley and Kynard 1985), 

Atlantic Sturgeon (Van Eenennaam et al. 1996), and White Sturgeon (Paragamian and 

Kruse 2001), but the specific timing and duration of spawning appears to be dependent 

on females and is likely cued by the presence of optimal spawning conditions and the 

presence of a suitable mate (Webb and Doroshov 2011). Water temperature has been 

suggested as the most likely short-term spawning cue for females to initiate spawning 

activity (Papoulias et al. 2011; Wildhaber et al. 2011; Richards et al. 2014), but water 

temperature was within the described spawning temperatures (Kappenman et al. 2013; 

DeLonay et al. 2016) while females were at the male aggregation and the females still 

failed to spawn. This suggests that other necessary short-term spawning cues were 

lacking.   

Spawning failure (atresia) occurred in all RAFHO and RAFW Pallid Sturgeon, 

indicating a similar response for hatchery-origin and wild females to unfavorable 



58 
 

spawning conditions; thus, providing further evidence that characteristics of the 

reproductive ecology of wild broodstock have been retained in mature hatchery-origin 

Pallid Sturgeon. Atresia being observed in all five females was an unexpected and 

alarming finding—the cause is unknown. Follicular atresia is believed to be a mechanism 

for long-lived species, such as sturgeon, to cope with unfavorable spawning conditions 

(Webb and Doroshov 2011). Reproductive cycles take multiple years to complete for 

females and atresia allows the reproductive effort to be “rolled” into the next cycle rather 

than spawning during an unfavorable year when the survival of progeny would be low. 

Spawning failure (atresia) by sturgeon may be due to the absence of necessary short-term 

spawning cues including optimal water temperature, optimal discharge, available/suitable 

mates, and/or access to suitable spawning habitat (substrate, velocity, depth etc.). 

Portions of the Pallid Sturgeon’s geographic range where spawning has been shown to 

occur can serve as a comparative template for the conditions that are conductive to 

spawning relative to the conditions that lead to females undergoing follicular atresia in 

this study. 

Elevated water temperature during ovarian follicle maturation has been linked to 

follicular atresia in sturgeon (Linares-Casenave et al. 2002; Webb et al. 2001), but the 

thermal conditions present in this study suggest that water temperature is likely not the 

cause of follicular atresia. Water temperature fluctuations in early- to mid-June of 2015 

and 2016 were outside of optimal conditions (16-20°C), but did not exceed the 24°C 

threshold associated with high larval mortality for Pallid Sturgeon (Kappenman et al. 

2013) until the last week of June in both years. Atresia was determined to have been 
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initiated for one hatchery-origin female prior to either period of elevated water 

temperature in 2016. Additionally, water temperature was only elevated for a period of 

days in both years, but water temperatures were elevated for several months when 

temperature induced follicular atresia was observed for White Sturgeon in culture 

(Linares-Casenave et al. 2002; Webb et al. 2001). Given the timing and short duration of 

elevated water temperatures observed, and other studies documenting spawning events 

under a similar thermal regime (DeLonay et al. 2016), it seems unlikely that water 

temperature was the lone mechanism that led to follicular atresia in all five females. 

Missing spawning cues could be related to the discharge regimes we tested. An 

evolutionary response to low discharge might be expected given that low discharge is 

often coupled with elevated water temperatures, and female reproductive physiology and 

larval development and survival rates are fundamentally influenced by water temperature 

(Papoulias et al. 2011; Kappenman et al. 2013). Even in years when suitable and optimal 

spawning water temperatures were available, Shovelnose Sturgeon spawning in a 

Missouri River tributary was not observed if discharge was below a low threshold 

(Goodman et al. 2013). A minimum discharge threshold for spawning has also been 

suggested for Kootenai River White Sturgeon (Paragamian and Wakkinen 2002). For 

Shovelnose Sturgeon, spawning occurred in the adjacent Missouri River during the same 

years (Goodman 2009; Richards et al. 2014) and it is assumed that Shovelnose Sturgeon 

did not remain in the tributary and undergo follicular atresia, but instead moved into the 

mainstem Missouri River where discharge was suitable and spawned. Pallid Sturgeon 

have not been shown to use small tributaries (with low discharge relative to the 



60 
 

mainstem) for spawning, apart from an unconfirmed event in the Powder River, Montana 

in 2014 (DeLonay et al. 2016). If a minimum discharge threshold for Pallid Sturgeon 

spawning exists in the mainstem Missouri River, atresia would occur in RPMA1 as a 

response to low discharge conditions that are not conducive to spawning, because unlike 

the Shovelnose Sturgeon in Goodman (2009), Pallid Sturgeon in the mainstem do not 

have the option to move into another river to find suitable discharge and associated 

conditions (e.g., temperature, depth, and velocity). Further research needs to be 

conducted in the Missouri River upstream of Fort Peck Reservoir to address whether a 

discharge threshold exists and therefore influences spawning success.  

The presence of suitable mates during conducive spawning conditions has been 

suggested as a necessary short-term spawning cue (Papoulias et al. 2011; Webb and 

Doroshov 2011). There are low numbers of both wild and mature hatchery-origin fish in 

the upper Missouri River upstream of Fort Peck Reservoir compared to the upper 

Missouri River below Fort Peck Reservoir (Jaeger et al. 2009) and in the lower Missouri 

River (Steffenson et al. 2012), and spawning has been documented in both sections with 

larger populations (Fuller et al. 2008; DeLonay et al. 2016). It is unknown if hatchery-

origin and wild fish will engage in spawning activity, but male aggregations included 

both wild and hatchery-origin males demonstrating that fish of both origins will use the 

same sites. If hatchery-origin and wild fish do not engage in spawning activity, it could 

be due to mate selection as a function of size. For some fishes, there is evidence that 

sperm production is a limiting factor for males (Warner 1997), although there is no 

evidence of this in sturgeon. Larger ripe males would be expected to have larger testes 
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and produce a larger volume of sperm relative to smaller ripe males. Spawning with a 

large male could be beneficial for a large female, given that broadcast spawning likely 

occurs in fast flowing water where fertilization success could be dependent on the 

quantity of sperm released. Therefore, given that the average wild female Pallid Sturgeon 

were much larger than hatchery-origin males, females may go atretic rather than 

spawning with a smaller male, further reducing the availability of mates. Successful 

spawning would be expected to occur in the future as the number and size of mature 

hatchery-origin Pallid Sturgeon increases. Continued monitoring for spawning events 

through intensive tracking of reproductively-active Pallid Sturgeon, combined with larval 

sampling efforts downstream of confirmed spawning sites can be used to genetically 

confirm Pallid Sturgeon spawning events (Eichelberger et al. 2014), and also to confirm 

if hatchery-origin and wild Pallid Sturgeon will engage in spawning activity. 

 Spawning habitat may be limited in the Missouri River upstream of Fort Peck 

Reservoir, but I did not collect appropriate micro-habitat data for characterizing spawning 

habitat. Possibly, spawning never occurred in the river reach above Fort Peck Reservoir 

and downstream migration from the upper Missouri River to the middle Missouri River 

was common prior to fragmentation by dam construction. Sturgeon can exhibit follicular 

atresia or reduced embryo survival when precluded from reaching spawning sites due to 

barriers or other unfavorable environmental conditions (Artyukhin et al. 1978; Veshchev 

and Novika 1983, 1988). Male aggregations near Fred Robinson Bridge indicate that 

suitable spawning habitat could exist in RPMA1; however, the use of a specific habitat 

type in an altered environment does not necessarily indicate that habitat is optimal and 
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spawning by females was not documented at this site. Further research should focus on 

measuring habitat at male aggregations in RPMA1 for comparisons with habitat at 

documented Pallid Sturgeon spawning sites and at sites in the upper reaches of RPMA1 

where a suitable distance of free-flowing river would be available for larval drift. 

 Female hatchery-origin Pallid Sturgeon that have been retained in the captive 

broodstock program have been documented to undergo follicular atresia in their first 

reproductive cycle (referred to as a “dummy run”). It is unknown if the three RAFHO 

Pallid Sturgeon that were assessed and tracked were in their first cycle. With both wild 

females also undergoing follicular atresia, it seems likely that hatchery-origin and wild 

females underwent follicular atresia in response to a factor or multiple factors described 

above. This would provide further evidence that ecological characteristics of the wild 

broodstock are retained in the hatchery-origin fish. Continuing to assess spawning 

success for the hatchery-origin females used in this study will greatly improve our 

understanding of how follicular atresia is influenced by the lack of short-term spawning 

cues compared to “dummy runs.” 

In summary, this study is the first to directly compare the reproductive 

physiology, movement, and habitat use characteristics of reproductively-active hatchery-

origin Pallid Sturgeon with wild Pallid Sturgeon, and found that the reproductive ecology 

is similar between hatchery-origin and wild fish. Manipulating spring discharge did not 

influence spawning related movement and reproductively-active Pallid Sturgeon were 

rarely observed far enough upstream to provide adequate larval drift distances, in 

addition to all females undergoing follicular atresia. Hatchery-origin Pallid Sturgeon 
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retaining characteristics from the wild broodstock is a success for the hatchery program, 

but conservation propagation programs must be coupled with ecosystem restoration to 

address the cause of recruitment failure (Anders 1997).  Investigating potential 

management actions for restoring natural recruitment has previously been hindered by a 

low sample size, but the number of reproductively-active individuals (primarily hatchery-

origin) will increase dramatically in the coming years resulting in stronger conclusions 

regarding how environmental conditions and altered habitat characteristics affects natural 

recruitment. 

 Future research should focus on identifying potentially unfavorable environmental 

conditions or missing spawning cues that led to females becoming atretic, in addition to 

characterizing potential spawning habitat in upstream reaches and contrasting with 

habitat at the male aggregation sites near Fred Robinson Bridge. Additionally, where 

Pallid Sturgeon spawning occurs could be used as a comparative template for conditions 

that are suitable for spawning in RPMA 1. These recommendations are based on the 

hypothesis that suitable spawning habitat, spawning cues, or both for Pallid Sturgeon may 

not exist in the upper reaches of RPMA1; therefore, successful spawning will not occur 

in the upper reaches regardless of flow regime.  
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Tables 

 

Table 2.1. Mean (SE), median, minimum, and maximum values for fork length (mm) and weight in 2015 and 2016 for eight 

reproductive classifications of Pallid Sturgeon. Individuals were classified as non-reproductively-active unconfirmed sex hatchery-

origin (NRAUHO), reproductively-active male hatchery-origin (RAMHO), reproductively-active female hatchery-origin 

(RAFHO), reproductively-active male wild (RAMW), reproductively-active female wild (RAFW), non-reproductively-active male 

hatchery-origin (NRAMHO), non-reproductively-active female hatchery-origin (NRAFHO), and non-reproductively-active female 

wild (NRAFW). Reproductive classifications were assigned based on an individuals sex steroid concentrations relative to 

concentrations indicative of a reproductively-active male or female Pallid Sturgeon, as well as previous history of individual fish 

(see Methods). 

a denotes classification included in statistical analysis 

Year Variable 

Summary 

Statistic 

Reproductive Classification 

Test
a
  NRAUHO

a 
RAMHO

a
 RAMW

a
 RAFHO NRAMHO RAFW NRAFHO NRAFW 

2015  N 33 3 4 1 2 1 0 1 

Kruskal-Wallis 

χ
2
 = 16.05 

P < 0.001 

 Length Mean(SE) 967(17) 1114 (6) 1370(13) 1070 1109(8) 1415  1372 

  Median 970 1112 1365  1109    

  Minimum 776 1105 1349  1101    

  Maximum 1146 1124 1402  1116    

 Weight Mean(SE) 3853(256) 6543(318) 14630(641) 6820 7000(260) 16200  15160 ANOVA 

  Median 3770 6750 15180  7000    F2,37=104.5 

  Minimum 1850 5920 12720  6740    P < 0.001 

  Maximum 6825 6960 15440  7260     

2016  N 41 8 6 2 0 0 1 1  

 Length Mean(SE) 1013(15) 1125(19) 1382(24) 1120(20)   1106 1405 

Kruskal-Wallis 

χ
2
 = 22.80 

P< 0.001 

  Median 1017 1118 1405 1120     

  Minimum 828 1037 1280 1100     

  Maximum 1151 1198 1435 1140     

 Weight Mean(SE) 4652(256) 7009(442) 14875(401) 6670(270)   6495 13600 ANOVA 

  Median 4370 6960 15150 6670     F2,52=117.1 

  Minimum 1900 5120 13550 6400     P< 0.001 

  Maximum 7960 8700 15920 6940      
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Table 2.2. Mean (SE), median, minimum, and maximum values for testosterone (T) and estradiol (E2) concentrations (ng/ml) for 

eight reproductive classifications of Pallid Sturgeon. Individuals were classified as non-reproductively-active unconfirmed sex 

hatchery-origin (NRAUHO), reproductively-active male hatchery-origin (RAMHO), reproductively-active female hatchery-origin 

(RAFHO), reproductively-active male wild (RAMW), reproductively-active female wild (RAFW), non-reproductively-active male 

hatchery-origin (NRAMHO), non-reproductively-active female hatchery-origin (NRAFHO), and non-reproductively-active female 

wild (NRAFW). Reproductive classifications were assigned based on an individuals sex steroid concentrations relative to 

concentrations indicative of a reproductively-active male or female Pallid Sturgeon, as well as previous history of individual fish 

(see Methods). 

a denotes classification included in statistical analysis 

 

 

 

 

Variable 

Summary 

Statistic 

Reproductive Classification 

Kruskal-Wallis
a
  NRAUHO

a 
RAMHO

a
 RAMW

a
 RAFHO NRAMHO RAFW NRAFHO NRAFW 

 N 74 11 10 3 2 1 1 2  

T Mean(SE) 3.3(0.5) 128.2(11.5) 93.6(4.8) 48.9(8.9) 38.4(0.7) 5.0(NA) 29.7(NA) 1.2(0.5) 

χ
2
 = 49.03 

df = 2 

 Median 1.6 114.7 92.9 52.4 38.4   1.21 P < 0.001 

 Minimum 0.0 73.7 71.0 32.1 37.6   0.5  

 Maximum 24.7 195.8 117.7 62.2 39.1   1.95  

E2 Mean(SE) 0.0(0.0) 0.0(0.0) 0.0(0.0) 1.7(0.5) 0.0(0.0) 1.9(NA) 0.0(NA) 0.0(0.0) NA 

 Median 0.0 0.0 0.0 1.83 0.0   0.0  

 Minimum 0.0 0.0 0.0 0.67 0.0   0.0  

 Maximum 0.2 0.0 0.0 2.55 0.0   0.0  
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Table 2.3. Mean proportion (SE) of habitat use for channel habitat (channel crossover [CO], outside bend [OSB], and inside bend 

[ISB]), island habitat, and channel type categories for eight reproductive classifications of Pallid Sturgeon Individuals were 

classified as non-reproductively-active unconfirmed sex hatchery-origin (NRAUHO), reproductively-active male hatchery-origin 

(RAMHO), reproductively-active female hatchery-origin (RAFHO), reproductively-active male wild (RAMW), reproductively-

active female wild (RAFW), non-reproductively-active male hatchery-origin (NRAMHO), non-reproductively-active female 

hatchery-origin (NRAFHO), and non-reproductively-active female wild (NRAFW). Reproductive classifications were assigned 

based on an individuals sex steroid concentrations relative to concentrations indicative of a reproductively-active male or female 

Pallid Sturgeon, as well as previous history of individual fish (see Methods). 

a denotes classification included in statistical analysis 

 

 

N 

Proportion Channel Habitat Use Proportion Island Habitat Use Proportion Channel Use   

CO OSB ISB None Island Alluvial Bar Main Secondary Split Width (m) Depth (m) 

NRAUHO
a 

72 0.32(0.03) 0.43(0.03) 0.24(0.02) 0.72(0.03) 0.26(0.02) 0.02(0.01) 0.98(0.00) 0.01(0.00) 0.00(0.00) 155(3) 2.45(0.07) 

RAMHO
a 

11 0.38(0.08) 0.37(0.06) 0.26(0.04) 0.64(0.05) 0.32(0.05) 0.03(0.02) 0.98(0.02) 0.02(0.02) 0.00(0.00) 158(5) 1.99(0.09) 

RAMW
a
 7 0.32(0.03) 0.42(0.05) 0.19(0.06) 0.68(0.04) 0.31(0.05) 0.02(0.02) 0.96(0.02) 0.02(0.02) 0.02(0.02) 168(7) 2.25(0.10) 

RAFHO 3 0.25(0.07) 0.41(0.08) 0.33(0.04) 0.54(0.18) 0.41(0.18) 0.04(0.04) 0.96(0.04) 0.00(0.00) 0.04(0.04) 167(12) 1.94(0.08) 

NRAMHO 2 0.56(0.19) 0.25(0.13) 0.19(0.06) 0.81(0.06) 0.19(0.06) 0.00(0.00) 1.00(NA) 0.00(0.00) 0.00(0.00) 

184.4(22

) 2.33(0.10) 

RAFW 1 0.25 0.50 0.25 0.88 0.13 0.00 0.88 0.00 0.13 169 2.29 

NRAFW 1 0.25 0.50 0.25 1.00 0.00 0.00 1.00 0.00 0.00 158 2.55 

NRAFHO 1 0.25 0.63 0.13 1.00 0.00 0.00 1.00 0.00 0.00 157 2.54 

D.F.  2 2 2 2 2 2 2 2 2 2 2 

χ
2 

 χ
2
 = 1.63 χ

2
 =0.94 χ

2
 =0.78 χ

2
 = 3.60 χ

2
 = 2.97 χ

2
 =1.26 χ

2
 = 1.30 χ

2
 = 2.94 χ

2
 = 2.1 χ

2
 =1.89 χ

2
 =7.56 

P-value  P= 0.44 P = 0.63 P = 0.68 P = 0.17 P = 0.23 P =0.53 P = 0.52 P = 0.23 P = 0.35 P =0.39 P = 0.02 
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Table 2.4. Mean (SE), median, minimum, and maximum values for total movement (km), 

home range (km), maximum upstream location (river kilometer [rkm]), and median 

location (rkm) during the putative spawning season for male Pallid Sturgeon (hatchery-

origin and wild pooled) for 2015 and 2016. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable 

Summary 

Statistic 

Year Welch’s 

2015 2016 T-Test 

 N 7 11  

Total movement Mean(SE) 115.5(21.7) 109.0(17.0) t12.8=0.23 

 Median 107.8 101.1 P = 0.82 

 Minimum 50.7 27.0  

 Maximum 220.0 217.7  

Home range Mean(SE) 79.6(17.7) 79.3(9.3) t9.3 =0.02 

 Median 58.7 82.1 P = 0.97 

 Minimum 24.8 27.0  

 Maximum 155.5 121.3  

Median rkm Mean(SE) 3131.5(14.8) 3111.2(9.0) t9.6 =1.20 

 Median 3120.3 3101.7 P = 0.26 

 Minimum 3092.3 3088.8  

 Maximum 3197.6 3184.5  

Maximum rkm Mean(SE) 3159.3(17.0) 3153.9(8.5) t9.0 =0.28 

 Median 3152.4 3155.4 P = 0.80 

 Minimum 3102.0 3115.5  

 Maximum 3230.9 3196.0  



 

                  7
6
 

 
Table 2.5. Paired samples for five female Pallid Sturgeon that were monitored during 2014, 2015, or 2016. Samples include weight 

(g), polarization index (CV), and blood plasma sex steroid concentrations (testosterone and estradiol [ng/ml]).  The two samples 

were collected before the putative spawning season (spring sample) and after (summer sample).  

 

 

 

 

 

 

 

 

 

 

 

  
a 
denotes that the 2014 wild female was resampled in the spring of 2015 and visual inspection of ovaries indicated follicular atresia occurred in 2014. 

 

 

 

 

 

 

 

 

 

Female PIT Tag 

Sample Date Polarization Index  Weight (g) T (ng/ml) E2 (ng/ml) 

Spring Summer Spring Summer Spring Summer Spring Summer Spring Summer 

2014 Wild ♀
a 

6C00040979 5/8/14 7/4/16 0.15(17%) 0.06(20%) 16800 18040 32.8 41.2 9.3 0.4 

2015 HO ♀ 414D490E09 5/19/15 7/1/16 0.13(12%) 0.10(19%) 6820 6440 62.2 1.7 0.7 nd 

2015 Wild ♀ 462C7B2F49 4/27/16 7/10/16 0.12(34%) 0.10(9%) 16200 16450 5.0 0.6 1.9 nd 

2016 HO ♀ 1 414D643B15 4/19/16 6/3/16 0.10 (16%) NA 6940 6580 52.4 nd 1.8 nd 

2016 HO ♀ 2 4C3C0F4033 4/20/16 7/14/16 0.13(18%) NA 6400 6040 32.1 nd 2.6 nd 



 

                  7
7
 

 
Table 2.6. Fish ID, origin (H = hatchery; W = wild), sex, number of relocations, mean (SE) location (river kilometer[rkm]), home 

range size (km), total movement (km), mean (SE) total movement rate (km/h), mean (SE) net movement rate (km/h), minimum net 

movement rate (km/h), and maximum net movement rate (km/h) for reproductively-active Pallid Sturgeon in the upper Missouri 

River upstream of Fort Peck Reservoir, Montana, during the putative spawning season in 2014. 

 

 

 

 

 

 

ID 

 

Relocations Mean(SE) rkm Home range Total movement 

Total movement rate  Net movement rate 

Origin/sex Mean (SE)  Mean (SE) Minimum Maximum 

8_73 W/♀ 284 3084.8(0.8) 82.4 534.3 0.75(0.04)  0.09(0.06) -4.48 1.72 

8_74 H/♂ 35 3087.1(2.8) 60.0 243.5 0.42(0.06)   0.03(0.10) -1.18 1.29 

9_03 H/♂ 68 3080.2(1.2) 41.4 133.6 0.27(0.06)  -0.01(0.07) -3.43 0.84 

9_04 W/♂ 85 3088.1(0.7) 32.8 228.7 0.31(0.05)  -0.08(0.06) -2.93 0.80 

9_05 W/♂ 3 3090.5(5.5) 17.9 17.9 0.35(0.13)  0.35(0.13) 0.22 0.48 

9_07 W/♂ 3 3122.7 (0.8) 2.5  4.5 0.19(0.17)  -0.17(0.19) -0.36 0.02 

9_12 H/♂ 58 3089.8(1.2) 49.1  226.3 0.34(0.08)  -0.07(0.09) -3.36 0.77 
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Figure Captions 

 

 

Figure 2.1. Map of the study area. 

Figure 2.2. Spring hydrographs (median daily discharge m
3
/s) for 2014-2016 and spring 

temperature regime (median daily temperature °C) for the upper Missouri River in 2015 

and 2016. Discharge and temperature data were recorded at the Landusky USGS guaging 

station. Temperature was not recorded at the Landusky guaging station in 2014. 

Figure 2.3. Total movement (km, * denotes mean) during the putative spawning season 

for Pallid Sturgeon tracked in the upper Missouri River by reproductive classification. 

Individuals were classified as non-reproductively-active unconfirmed sex hatchery-origin 

(NRAUHO), reproductively-active male hatchery-origin (RAMHO), reproductively-

active female hatchery-origin (RAFHO), reproductively-active male wild (RAMW), 

reproductively-active female wild (RAFW), non-reproductively-active male hatchery-

origin (NRAMHO), non-reproductively-active female hatchery-origin (NRAFHO), and 

non-reproductively-active female wild (NRAFW). Reproductive classifications were 

assigned based on an individuals sex steroid concentrations relative to concentrations 

indicative of a reproductively-active male or female Pallid Sturgeon, as well as previous 

history of individual fish (see Methods). Similar letters indicate no significant difference 

between reproductive classifications 

Figure 2.4. Maximum upstream location (rkm, * denotes mean) during the putative 

spawning season for Pallid Sturgeon tracked in the upper Missouri River by reproductive 

classification. Individuals were classified as non-reproductively-active unconfirmed sex 

hatchery-origin (NRAUHO), reproductively-active male hatchery-origin (RAMHO), 
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reproductively-active female hatchery-origin (RAFHO), reproductively-active male wild 

(RAMW), reproductively-active female wild (RAFW), non-reproductively-active male 

hatchery-origin (NRAMHO), non-reproductively-active female hatchery-origin 

(NRAFHO), and non-reproductively-active female wild (NRAFW). Reproductive 

classifications were assigned based on an individuals sex steroid concentrations relative 

to concentrations indicative of a reproductively-active male or female Pallid Sturgeon, as 

well as previous history of individual fish (see Methods). Similar letters indicate no 

significant difference between reproductive classifications. 

Figure 2.5. Median location (rkm, * denotes mean) during the putative spawning season 

for Pallid Sturgeon tracked in the upper Missouri River by reproductive classification. 

Individuals were classified as non-reproductively-active unconfirmed sex hatchery-origin 

(NRAUHO), reproductively-active male hatchery-origin (RAMHO), reproductively-

active female hatchery-origin (RAFHO), reproductively-active male wild (RAMW), 

reproductively-active female wild (RAFW), non-reproductively-active male hatchery-

origin (NRAMHO), non-reproductively-active female hatchery-origin (NRAFHO), and 

non-reproductively-active female wild (NRAFW). Reproductive classifications were 

assigned based on an individuals sex steroid concentrations relative to concentrations 

indicative of a reproductively-active male or female Pallid Sturgeon, as well as previous 

history of individual fish (see Methods). Similar letters indicate no significant difference 

between reproductive classifications. 

Figure 2.6. Weekly summary of discharge (top panels), water temperature (middle 

panels), and location (rkm [river kilometer], bottom panels) of reproductively-active male 
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Pallid Sturgeon (wild and hatchery-origin combined) during 2015 (left panels) and 2016 

(right panels) in the upper Missouri River, Montana. Discharge and water temperature 

were summarised from daily median measurements recorded at the Landusky USGS 

guaging station. In 2015, the week of tracking corresponded with the following dates; 

(Week 1) May 25-31, (Week 2) June 1-7, (Week 3) June 8-14, (Week 4) June 15-21, 

(Week 5) June 22-28, (Week 6) June 29-July 5, (Week 7) July 6-12, and (Week 8) July 

13-19. In 2016, the week of tracking corresponded with the following dates; (Week 1) 

May 23-29, (Week 2) May 30-June 5, (Week 3) June 6-12, (Week 4) June 13-19, (Week 

5) June 20-26, (Week 6) June 27-July 3, (Week 7) July 4-10, and (Week 8) July 11-17. 

Similar letters indicate no significant difference between weeks. 

Figure 2.7. Daily median discharge change between weekly relocations for individual 

fish (top panels), total movement rate (middle panel), and net movement rate (bottom 

panels) between weekly locations for reproductively-active male Pallid Sturgeon (wild 

and hatchery-origin pooled) during 2015 (left panels) and 2016 (right panels), in the 

upper Missouri River, Montana. Change in discharge was the difference in daily median 

measurements recorded at the Landusky USGS guaging station between two sequential 

weekly locations for individual fish. In 2015, the week of tracking corresponded with the 

following dates; (Week 1) May 25-31, (Week 2) June 1-7, (Week 3) June 8-14, (Week 4) 

June 15-21, (Week 5) June 22-28, (Week 6) June 29-July 5, (Week 7) July 6-12, and 

(Week 8) July 13-19. In 2016, the week of tracking corresponded with the following 

dates; (Week 1) May 23-29, (Week 2) May 30-June 5, (Week 3) June 6-12, (Week 4) 
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June 13-19, (Week 5) June 20-26, (Week 6) June 27-July 3, (Week 7) July 4-10, and 

(Week 8) July 11-17. Similar letters indicate no significant difference between weeks. 

Figure 2.8. Weekly Multi-Distance Spatial Cluster Analysis for reproductively-active 

male Pallid Sturgeon (hatchery-origin and wild pooled) in 2015. The solid line represents 

the observed percentage of individuals within a given distance to another individual, the 

dashed line represents the average expected percentage of individuals within a given 

distance to another individual based on 1000 random simulations of the weekly 

relocations, the grey envelope represents a 90% confidence interval of the expected 

value. Observed values above the confidence envelope represent statistically significant 

clustering at a given distance, and observed values below the confidence envelope 

represent statistically significant dispersion.  In 2015, the week of tracking corresponded 

with the following dates; (Week 1) May 25-31, (Week 2) June 1-7, (Week 3) June 8-14, 

(Week 4) June 15-21, (Week 5) June 22-28, (Week 6) June 29-July 5, (Week 7) July 6-

12, and (Week 8) July 13-19 

Figure 2.9. Weekly Multi-Distance Spatial Cluster Analysis for reproductively-active 

male Pallid Sturgeon (hatchery-origin and wild pooled) in 2016. The solid line represents 

the observed percentage of individuals within a given distance to another individual, the 

dashed line represents the average expected percentage of individuals within a given 

distance to another individual based on 1000 random simulations of the weekly 

relocations, the grey envelope represents a 90% confidence interval of the expected 

value. Observed values above the confidence envelope represent statistically significant 

clustering at a given distance, and observed values below the confidence envelope 
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represent statistically significant dispersion. In 2016, the week of tracking corresponded 

with the following dates; (Week 1) May 23-29, (Week 2) May 30-June 5, (Week 3) June 

6-12, (Week 4) June 13-19, (Week 5) June 20-26, (Week 6) June 27-July 3, (Week 7) 

July 4-10, and (Week 8) July 11-17 
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Abstract 

 

 

Pallid sturgeon are an endangered species that have experienced declines due to 

the construction and operation of large dams on the Missouri River. A conservation 

propagation program was initiated in the 1990s to augment Pallid Sturgeon populations 

that had experienced decline and the oldest age class of hatchery-origin fish are 

beginning to reach sexual maturity. Currently, the majority of the information available 

on the age and size at first maturity and spawning periodicity for Pallid Sturgeon in the 

upper basin is from captive hatchery-origin Pallid Sturgeon (i.e., age and size at first 

maturity and spawning periodicity) or from wild Pallid Sturgeon artificially spawned in 

the propagation program (i.e., spawning periodicity). Age and size at first maturity 

information collected from Pallid Sturgeon that reach sexual maturity in the wild rather 

than in a hatchery is currently unavailable for the upper Missouri River. Radio-tagged 

Pallid Sturgeon were sampled in the early-spring and assigned to reproductive 

classifications based on sex-steroid concentrations and when possible, by visual 

examination of the gonads. The youngest reproductively-active male hatchery-origin 

Pallid Sturgeon sampled was 14.5 years old and the youngest female was 18. Hatchery-

origin males were observed having annual (N=3) and biennial (N=2) reproductive cycles. 

The observed spawning periodicity was similar to what has been reported elsewhere for 

the species. The youngest mature fish in this study are older and larger than what has 

been reported for those retained in captivity, indicating that body size alone is not a 

reliable predictor of maturity for Pallid Sturgeon. 
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Introduction 

 

 

The Pallid Sturgeon Scaphirhynchus albus is a federally endangered species 

(Dryer and Sandvol 1993) native to the Mississippi and Missouri river basins. Pallid 

Sturgeon are well adapted to living in the large, free-flowing, turbid and warmwater 

habitats historically found in these rivers and associated tributaries (Kallemeyn 1983), but 

population declines due to the apparent lack of successful natural production of offspring 

(hereafter termed recruitment) led to Pallid Sturgeon being listed as an endangered 

species on September 6, 1990 under the Endangered Species Act of 1973 (Dryer and 

Sandvol 1993). The most recent population estimate for Pallid Sturgeon in the upper 

Missouri River above Fort Peck Reservoir suggested that as few as 50 wild Pallid 

Sturgeon remained (USFWS 2007); however, no population estimates have been 

performed in the last decade and actual population sizes may be much lower.  

The Recovery Plan prioritized the development of a propagation plan for stocking 

Pallid Sturgeon throughout their native range to augment the wild population (Dryer and 

Sandvol 1993). Stocking of hatchery-origin Pallid Sturgeon above Fort Peck Reservoir 

began in 1998 (1997 year-class) with 732 age-1 Pallid Sturgeon released (Gerrity et al. 

2008). The overarching objective was to produce hatchery-origin Pallid Sturgeon capable 

of acclimating to the riverine environment, maturing, and ultimately contributing to 

successful recruitment and recovery of the species (Dryer and Sandvol 1993; Gardner 

1997). Previous research showed that the 1997 year-class had acclimated (surviving, 

growing, and utilizing habitat similarly to sympatric Shovelnose Sturgeon 

Scaphirhynchus platorynchus) to the conditions present in the upper Missouri River since 
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they were initially stocked (Gerrity et al. 2008). Additionally, blood plasma sex steroid 

concentrations analyzed from hatchery-origin Pallid Sturgeon blood samples collected by 

Montana Fish Wildlife and Parks (MTFWP) since 2009 indicate that individuals above 

Fort Peck Reservoir are becoming sexually mature (Talbott and Webb 2014a). 

Now that the hatchery-origin fish upstream of Fort Peck Reservoir are reaching 

sexual maturity, monitoring the reproductive biology of the hatchery-origin Pallid 

Sturgeon is a priority. Quantifying population demographics within each management 

unit is outlined in the updated Recovery Plan (USFWS 2014) as a primary strategy for 

recovery. This includes determining spawning periodicity and the age and size at first 

sexual maturity for hatchery-origin Pallid Sturgeon that have been stocked into the 

management unit. A review of the Recovery Plan recommended a population dynamics 

model be developed for the Upper Missouri River Basin (Webb et al. 2005), and 

information on the hatchery-origin Pallid Sturgeon reproductive biology is vital to 

achieving this task given that the hatchery-origin fish will contribute to future natural 

recruitment for this population. The remaining wild Pallid Sturgeon in the upper basin are 

estimated to be greater than 50 years (y) of age (Braaten et al. 2015); therefore, 

information about first maturity in wild individuals is unknown because maturation 

occurred prior to the initiation of conservation efforts. Information that is currently 

available on the age and size at first maturity and spawning periodicity for Pallid 

Sturgeon in the upper basin is from captive Pallid Sturgeon (i.e., age and size at first 

maturity) or wild animals artificially spawned in the propagation program (i.e., spawning 

periodicity). Age and size at first maturity information collected from Pallid Sturgeon 
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that reach sexual maturity in the wild rather than in a hatchery has been currently 

unavailable for the upper Missouri River.  

Reported size and age at sexual maturity for Pallid Sturgeon varies among studies 

due to differences in assessment techniques and whether or not individuals were captive 

or in the wild. Environmental conditions present in a hatchery vary greatly from the wild, 

and age and size at first maturity is expected to differ between the two environments. In 

captivity at the Bozeman Fish Technology Center (BFTC), Montana, Pallid Sturgeon 

females maintained at 16-20°C matured at 6 y. These fish were on average 1.7 kg and 76 

cm fork length (FL) (Jordan et al. 2016). At Gavins Point National Fish Hatchery 

(GPNFH), South Dakota, where the captive Pallid Sturgeon brood population for the 

upper Missouri River resides, the youngest females to be spawned were 9 y of age (3.3 ± 

0.4 kg; range was 2.0-3.7 kg) and the youngest males were 4 y of age (1.2 ± 0.3 kg; range 

0.7-2.1 kg) (Jordan et al. 2016). Known age fish that were marked at the time of stocking 

provide the unique opportunity to determine age and size at first maturity for Pallid 

Sturgeon that have become sexually mature in the wild rather than in captivity.  

Hatchery-origin male and female Pallid Sturgeon released in the lower Missouri 

River were first documented in spawning condition in 2006 at 9-14 y (DeLonay et al., 

2009). In the upper Missouri River, the youngest released hatchery-origin Pallid Sturgeon 

male to reach reproductive maturity was 10 y of age and 1.8 kg and was captured 

downstream of Fort Peck Reservoir (Jordan et al. 2016). This fish was from the 2001 

year-class and was sampled in the fall of 2011 (Webb et al. 2016b). The youngest mature 

hatchery-origin fish that were sampled in the wild were considerably older than fish that 
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reached maturity at GPNFH and BFTC, reflecting differences in maturity in the wild and 

in captivity for hatchery-origin fish. 

For wild Pallid Sturgeon, age at first maturity has been back-estimated using 

“spawning bands.” (Keenlyne and Jenkins 1993; George et al. 2012). These “spawning 

bands” are narrow annuli formed in hard structures such as fin rays from the leading 

pectoral fin of Pallid Sturgeon. Narrow annuli are presumed to be formed during 

spawning years as a result of energy being shunted from growth to reproduction. 

However, the use of “spawning bands” has never been validated with known age 

sturgeon in the wild. Additionally, the aging of some sturgeon species using pectoral fin 

rays becomes inaccurate following changes in annuli width associated with sexual 

differentiation (Bruch et al. 2009), so the use of “spawning bands” is likely inaccurate to 

estimate age and length at maturity. Furthermore, determing the age of long-lived 

sturgeon species is highly uncertain (Whiteman et al. 2004); thus, using “spawning 

bands” to estimate age at first maturity should be avoided. Given the known differences 

in first maturity between captive Pallid Sturgeon and hatchery-origin Pallid Sturgeon in 

the wild, combined with the inaccuracies of “spawning bands,” maturity information 

needs to be gathered from known age hatchery-origin fish that reach maturity in the wild. 

Spawning periodicity information for Pallid Sturgeon appears to be fairly constant 

across studies and with other sturgeon species. Sturgeon spawn intermittently with the 

shortest maturation cycle most commonly being 1 y in males and 2 y in females (Webb 

and Doroshov 2011). The only known exception is a single female Pallid Sturgeon at 

GPNFH which ovulates annually (Webb and Talbott 2013). Male Pallid Sturgeon at 
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GPNFH have shown evidence of both annual and biennial reproductive cycles (Webb and 

Talbott 2013). Circulating sex steroid concentrations of female wild Pallid Sturgeon 

suggests that individual wild females spawn every 2-3 y in the Yellowstone River (Fuller 

et al. 2008). Similar spawning periodicity has been observed for wild females used as 

broodstock in the hatchery conservation propagation program (Rob Holm, U.S. Fish and 

Wildlife Service, unpublished data). Less information is available on the periodicity of 

males in the wild, likely due to most research efforts being focused on females. To my 

knowledge, periodicity has never been published for hatchery-origin Pallid Sturgeon that 

have reached sexual maturity in the wild. 

The ultimate goal of the conservation propagation program is for hatchery-origin 

Pallid Sturgeon to survive to sexual maturity, successfully spawn in the wild, and 

contribute to future generations. To date, spawning has not been documented by 

hatchery-origin or wild Pallid Sturgeon in upper Missouri River upstream of Fort Peck 

Reservoir. However, hatchery-origin female Pallid Sturgeon have been documented to 

have spawned in the lower Missouri River (DeLonay et al. 2009) and in captivity 

(hormonally induced) at GPNFH (Webb and Talbott 2014b). Collectively, these studies 

show that Pallid Sturgeon produced by the hatchery program are capable of spawning. 

The purpose of this study was to document age and size at first maturity and 

spawning periodicity of known age hatchery-origin Pallid Sturgeon in the upper Missouri 

River upstream of Fort Peck Reservoir. The specific objectives were to determine age and 

size at first sexual maturity for hatchery-origin male and female Pallid Sturgeon, and 

determine spawning periodicity for mature male and female hatchery-origin Pallid 
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Sturgeon. I hypothesized that the age and size of hatchery-origin Pallid Sturgeon will be 

greater than previously calculated in captivity or estimated in the wild using “spawning 

bands” and that the spawning periodicity will be the same as what has been described in 

captivity and the wild. 

 

Study Area 

 

 

The study area was the Missouri River upstream from Fort Peck Reservoir to the 

mouth of the Marias River (river kilometers 3,010 to 3,302). Several dams have been 

constructed upstream of the study area and influence the river downstream. Discharge is 

regulated upstream by Canyon Ferry Dam (rkm 3626) and Tiber Dam on the Marias 

River (rkm 129) near Chester, Montana. Morony Dam, located 380 km upstream from the 

headwaters of Fort Peck Reservoir, is the most downstream of five dams near Great Falls, 

Montana and is a barrier to upstream movement by Pallid Sturgeon; although it has little 

effect on discharge. Five dams near Great Falls as well as Hauser and Holter Reservoirs 

are operated as baseload run-of-river projects with outflows approximately equal to 

inflows, meaning they are not operated as water storage facilities (S. Leathe, Bureau of 

Reclamation, personal communication). Therefore, these dams have little influence on 

the hydrograph. Since the completion of Canyon Ferry Reservoir in 1949, the mean daily 

discharge at USGS Landusky station (06115200) varies from a low of 172 m
3
/s in late 

September to a high 524 m
3
/s in the middle of June. The operation of run-of-river 

upstream dams, lack of channelization, and influence of unregulated upstream tributaries 
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makes this reach less hydrologically altered than other sections of the Missouri River 

(Scott et al. 1997). 

 

Methods 

 

 

Fish Sampling  

 

From 2011 to 2016, hatchery-origin Pallid Sturgeon were sampled or resampled 

in the spring (April-June) for radio-tagging, collection of important biological 

information, of both. From 2011-2013, samples were collected by MTFWP during 

standardized sampling efforts. The 2014-2016 samples were collected during spring and 

were used to assign reproductive status for a concurrent radio-telemetry movement and 

habitat-use study (see Chapter 2). Biological information included blood samples, gonad 

samples, length, and weight. Pallid Sturgeon were sampled by drifting 45.7-m long and 

1.8-m deep trammel nets with 5.08-cm inner bar mesh and 25.4-cm outer bar mesh 

panels. Larger fish were sampled with 45.7-m long and 1.8-m deep trammel nets with 

10.16-cm inner bar mesh and 25-cm outer bar mesh. Trammel nets were drifted in areas 

where previously radio-tagged Pallid Sturgeon were located with boat mounted telemetry 

equipment. Angling was also used to sample a small number of the Pallid Sturgeon used 

in this study. Pallid Sturgeon were scanned for a Passive Integrated Transponder (PIT) 

tag and examined for elastomer or missing scutes to determine age class. Pallid Sturgeon 

were weighed (+ 1 g) and measured (FL, + 1 mm) prior to surgery. Pallid Sturgeon were 

sampled and handled using the handling protocol developed for Pallid Sturgeon (USFWS 

2012). 
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Reproductive Assessment 

 

Sturgeon species are not sexually dimorphic, so tools have been developed to 

determine sex and stage of maturity (Dettlaff et al. 1993; Doroshov et al. 1997; Webb et 

al. 2002; Wildhaber et al. 2005; Malekzadeh Viayeh et al. 2006; Webb and Doroshov 

2011). Sex and stage of maturity for individual sturgeon can be determined using 

combinations of minor biopsy, ultrasound, endoscopy, and/or blood plasma sex steroid 

concentrations (Webb et al. 2015). When possible, I used a combination of techniques 

listed above to assign fish to reproductive classifications based on sex, maturity, and 

origin. Fish were classified as mature males, mature females, and non-reproductive based 

on sex steroid concentrations. Mature males and females were fish that had reached 

sexual maturity and were reproductively-active during the course of the study. Fish 

classified as non-reproductive had sex steroid concentrations below the concentrations 

indicative of reproductively-active males and females in all years they were sampled. It is 

possible that some fish in this classification had reached sexual maturity but plasma and 

gonad were collected during a reproductively inactive time. 

Sex steroids (testosterone [T] and estradiol [E2]) concentrations in blood plasma 

were measured by radioimmunoassay (RIA) to determine sex and stage of maturity as 

well as confirm a spawning event or to identify follicular atresia when combined with 

other techniques (Webb and Doroshov 2011). Plasma sex steroids are non-detectable 

until a sturgeon becomes sexually differentiated, low but detectable until puberty, and 

elevated during spawning (Webb and Doroshov 2011). Concentrations of T greater than 

40 ng/ml with no detectable E2 are indicative of reproductively-active Pallid Sturgeon 
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males (Webb et al. 2016b). Concentrations of T greater than 10 ng/ml and E2 greater than 

1 ng/ml are indicative of reproductively-active females (Talbott and Webb 2014b). These 

concentrations were used to discriminate among classes of sex and stage of maturity and 

were used in conjunction with gonadal tissue samples, ultrasound, and endoscopy.  

In the field, blood samples were collected from the caudal vasculature of radio-

tagged Pallid Sturgeon using a 2 ml syringe (Webb et al. 2015). After collection, blood 

samples were transferred to 7 ml lithium heparinized vacutainers and stored on ice. At the 

end of the collection day, blood samples were centrifuged at 3400 rpm for 5 minutes and 

then the clear plasma was extracted using a disposable pipet. Extracted plasma was 

transferred to a 1.5 ml vial and then frozen at the field site. Frozen plasma samples were 

stored at -20 to -80°C prior to analysis in the lab. At the lab, the steroids T and E2 were 

extracted from thawed plasma following the method of Fitzpatrick et al. (1987). Briefly, 

100 µL of plasma was extracted twice with 2 mL of diethyl ether. Tubes were vortexed 

vigorously with ether and the aqueous phase removed by snap-freezing in liquid nitrogen. 

Combined extracts were dried under a stream of nitrogen, re-suspended in 1 mL of 

phosphate-buffered saline with gelatin (PBSG), and 10 or 50 µL was assayed for each 

steroid. Recovery efficiencies for all steroids were determined by adding tritiated steroids 

to tubes containing plasma (n = 4), which was extracted as described above. All steroid 

assay results were corrected for recovery. Plasma concentrations of T and E2 were 

measured by RIA as described in Fitzpatrick et al. (1986) and modified by Feist et al. 

(1990). All samples were analyzed in duplicate. A slightly more concentrated charcoal 

solution (6.25 g charcoal and 4.0 g dextran/L PBSG) was used for all assays to reduce 
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non-specific binding. The intra- and inter-assay coefficients of variation for all assays 

was less than 5 and 10%, respectively. Steroid levels were validated by verifying that 

serial dilutions were parallel to standard curves.  

 Internal radio-transmitters were surgically implanted for the concurrent radio-

telemetry study, and when the incision was made we attempted to confirm sex by visually 

inspecting the gonad and if possible collecting a gonadal biopsy. When an incision was 

made and the gonads were not visible to the unaided eye, an attempt was made to visually 

inspect the gonads using an endoscope or otoscope. An endoscope (Vividia 2.0) was only 

used in 2016, and images were recorded for further inspection at a later time. This 

technique was used in an attempt to identify the sex of individuals that had not yet 

reached sexual maturity or were not reproductively-active. Visual inspection for stage of 

maturity was not always achieved and most often was inconclusive because some 

individuals were tagged prior to this study and multiple field crews aided in performing 

surgeries. 

In 2014, ultrasonography was used as a non-invasive way to examine Pallid 

Sturgeon that were suspected to be ripe females. Significant ultrasound experience is 

needed to identify fish other than ripe females because males and pre-vitellogenic 

females can be difficult to differentiate (Webb et al. 2015). Therefore, ultrasound was 

only used to examine previously radio-tagged females for ripe ovaries to avoid making 

unnecessary incisions.  
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First Maturity and Reproductive Periodicity 

 

I attempted to resample all previously radio-tagged hatchery-origin Pallid 

Sturgeon each spring and collect blood plasma samples and measure the length (mm) and 

weight (g) of each fish. Because these fish were of hatchery-origin and were PIT tagged 

at release, age was known, and age at first maturity was easily calculated. Serially 

sampling each fish and determining maturity based on the blood plasma sex steroid 

concentrations allowed for the construction of reproductive histories for all hatchery-

origin Pallid Sturgeon in this study. Spawning periodicity was calculated from annual 

patterns in the reproductive status of hatchery-origin individuals from spring reproductive 

assessments, and only calculated for individuals that were sampled in successive springs. 

 

Results  

 

 

Periodicity 

 

 I observed three hatchery-origin males with annual reproductive cycles (Fish 3, 

Fish 4, Fish 5; Table 3.1), two males with biennial cycles (Fish 1, Fish 2), and five males 

that have an unknown reproductive cycle (Fish 9-13; Table 3.1). Two females were only 

sampled in 2016 (Fish 7, Fish 8; Table 3.1); therefore, have an unknown reproductive 

periodicity. One female was sampled two consecutive years and was reproductively-

active the first year and not reproductively-active the second year indicating a 2+ y 

reproductive cycle (Fish 6, Table 3.1). 
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Maturity 

 

Thirteen individual hatchery-origin Pallid Sturgeon were classified as mature 

between 2011 and 2016 (Table 3.1) based on blood plasma sex steroid concentrations 

indicative of mature male or female Pallid Sturgeon. One exception was the 2014 sample 

for Fish 3; sperm was expressed from this individual when it was sampled in late June; 

therefore, it was determined to be a reproductively-active male despite a T concentration 

(38.10 ng/ml) below the 40 ng/ml cutoff. It is likely that this male was near the 

completion of spermiation and T concentrations were decreasing as gonadal 

recrudescence had begun. The youngest and shortest mature male observed in this study 

was sampled in the autumn of 2011 and was 14.5 y and 1011 mm FL (Fish 5, Table 3.2). 

Fish 5 was assumed to have been reproductively active the following spring (2012) at the 

age of 15 given the sex steroid concentrations the previous autumn. Two other males 

were classified as reproductively-active at 15 y in the spring of 2012 (Fish 12 and Fish 

13, Table 3.2) with one being the lightest observed mature male at 4848 g (Fish 13, Table 

3.2). Neither of those fish were sampled again for the remainder of the study. The 

youngest mature female was sampled in the spring of 2015 at 18 y, 1070 mm FL, and 

6820 g (Fish 6, Table 3.2). The lightest mature female was sampled in the spring of 2016 

and weighed 6400 g (Fish 8, Table 3.2). 

There were a wide range of sizes for 1997-YC pallid sturgeon sampled, and the 

average mature males and females were larger than non-reproductive fish, although a 

wide range of sizes were observed for the non-reproductive classification (Table 3.3 and 

3.4). At 19 y (2016), 80% (N=44) of the sampled 1997-YC (N=55) were classified as 
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non-reproductive fish and they varied in size from 776 to 1151 mm and from 1550 to 

7950 g (Table 3.3 and 3.4). Ten out of the 44 classified as non-reproductive in 2016 were 

sampled in three consecutive years (2014-2016) and classified as non-reproductive. The 

typical spawning periodicity for wild Pallid Sturgeon males and females is less than 3 y 

(R. Holm, unpublished data); thus these ten fish were likely immature (i.e., had not 

reached sexual maturity; rather than three consecutive “off-years” of a multi-year cycle). 

In 2016, length of the immature fish varied from 862 to 1144 mm (mean [SE] = 1035 

[498]) and weight varied from 2350 to 7060 g (mean = 5096[498]), similar to the size 

distribution of all the non-reproductive classified fish.  Additionally, the larger of the 

immature fish were longer and heavier than many of the mature fish from the 1997-YC.  

 

Discussion 

 

 

The first sexually mature male and female hatchery-origin Pallid Sturgeon 

sampled in RPMA1 were older and larger than hatchery-origin fish that matured in the 

hatchery (Webb and Talbott 2013, Jordan et al. 2016) and hatchery-origin fish that were 

released into other management units and matured in the wild (DeLonay et al. 2009, 

Jordan et al. 2016). These results highlight the need for quantifying age and size at first 

maturity for known age Pallid Sturgeon in specific management units rather than relying 

on estimates from captive populations, which has important implications for age- and 

size-structured population models. Spawning periodicity for males was similar to what 

has been reported for the captive broodstock (Webb and Talbott 2013; Powell, J. 
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USFWS, Yankton, SD, pers. comm.) and for other sturgeon species (Webb and Doroshov 

2011; Haxton et al. 2016).  

Age at maturity can differ between populations due to differences in 

environmental conditions (Moyle and Cech 2004). The youngest mature male from our 

study was greater than three times older than the youngest mature male at GPNFH (4 y), 

and the youngest mature female was three times older than was reported for hatchery-

origin Pallid Sturgeon retained at BFTC (6-y old) and two times older than females at 

GPNFH (9 y).  Additionally, four-year-old hatchery-origin Pallid Sturgeon retained in the 

captive broodstock program were typically four times larger than fish from the same 

year-class released into the upper Missouri River above Fort Peck Reservoir (Webb and 

Talbott 2013). Clearly, differences in age and size at first maturity exist between 

individuals that reach maturity in captivity and those that reach maturity in the wild. 

Therefore, the estimates of the age and size at first maturity from captive fish are of 

limited use for understanding and modeling wild populations because of significant 

differences in first maturity as a result of rearing conditions, namely temperature regime 

and food availability.  

Early maturation as a result of faster growth under hatchery conditions inherently 

assumes that maturity is dependent on body size, but does not appear to be the case for 

Pallid Sturgeon. I observed hatchery-origin Pallid Sturgeon in the wild that were still 

classified as non-reproductive even after reaching body weights three to seven times 

heavier than the youngest mature males (0.7 to 2.1 kg) in captivity and up to three times 

heavier than the youngest mature females (2.0 to 3.7 kg) retained in captivity at GPNFH. 
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Conversely, female White Sturgeon Acipenser transmontanus reached sexual maturity at 

the same size (35 kg) for wild (DeVore et al. 1995) and captive individuals (Doroshov et 

al. 1997) regardless of age. First maturity for wild female White Sturgeon varied from 

16-35 y (median 24 y; DeVore et al. 1995), but captive female White Sturgeon reached 

first maturity from 6-14 y (median 8 y; Doroshov et al. 1997). Age varied between the 

two studies, but first maturity occurred at the same size, presumably due to the optimal 

conditions found in a hatchery allowing captive females to reach 35 kg (and therefore 

maturity) at a younger age. An explanation for the difference between the species could 

be that some of the non-reproductive Pallid Sturgeon were only sampled during one year, 

which may have been during an off-year in a multi-year cycle but had previously reached 

sexual maturity at a younger age and smaller size. However, immature (3+ years of non-

reproductive samples) had a similar size range to the non-reproductive classification as a 

whole (~7 kg). These results indicate that body size alone is not an accurate predictor of 

sexual maturity in Pallid Sturgeon. 

In addition to body size, accumulated energy, including lipid reserves play a role 

in the onset of maturation, when the energy is converted from growth of somatic to 

reproductive tissues (Webb and Doroshov 2011). The diet provided at GPNFH and BFTC 

is probably higher in fat and a larger ration than the diet of hatchery-origin Pallid 

Sturgeon in their natural environment, and the lipid-rich diet in the hatchery may have 

contributed to sexual maturity at much smaller body sizes than in the wild. Additionally, 

hatchery-origin fish that have been released into the wild have to allocate more energy to 

food acquisition, avoiding predation, and navigating a lotic ecosystem than those that are 
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retained in the hatchery, and as a result will not be able to store as much energy to be 

converted to reproductive tissues. Unfortunately, the relationship between the metabolic 

and reproductive endocrine axis and its influence on puberty is largely unknown for 

sturgeon (Webb and Doroshov 2011). 

Interestingly, 80% of the 55 1997-YC Pallid Sturgeon that were sampled in 2016 

were not reproductively-active at age 19. In the captive broodstock program, 37% of the 

individuals from the 1997, 1998, 1999 year-classes (N=75) are sexually immature 

(Powell, J. USFWS, Yankton, SD, pers. comm.). Immature individuals in the captive 

broodstock program were reared under the same optimal conditions as the 63% that 

reached sexual maturity at 4 y for males and 9 y for females. This indicates that a wide 

range of ages at first maturity for the hatchery-origin Pallid Sturgeon might be expected 

for fish that were stocked into the upper Missouri River upstream of Fort Peck Reservoir 

where growing conditions are less optimal than in the hatchery. There is evidence of this 

for the hatchery-origin Pallid Sturgeon in the wild given the wide range in sizes present 

in the 1997 year-class. Continued repeated sampling of hatchery-origin individuals in the 

wild is needed to further describe the distribution of age and size at first maturity. 

Male hatchery-origin Pallid Sturgeon exhibited annual and biennial male 

reproductive cycles, which is similar to what has been reported for wild Pallid Sturgeon 

and from hatchery-origin Pallid Sturgeon retained in the captive broodstock program at 

GPNFH (Webb and Talbott 2013; Powell, J. USFWS, Yankton, SD, pers. comm.) and for 

other sturgeon species (Webb and Doroshov 2011; Haxton et al. 2016). Female Pallid 

Sturgeon are often the focus of studies assessing spawning behavior and all males are 
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assumed to be RA, which ignores that some Pallid Sturgeon males have multi-year 

reproductive cycles and movement characteristics of non-reproductive males differ from 

reproductive males (see Chapter 2).  

The reproductive periodicity of hatchery-origin female Pallid Sturgeon was not 

defined because the study duration was insufficient to cover multiple spawning years. 

Likewise, a spawning interval greater than two years was not observed for hatchery-

origin males, but may have been observed if this study was conducted over a greater 

number of years. However, to my knowledge, this study is the first attempt to serially 

sample radio-tagged hatchery-origin Pallid Sturgeon of known age in the wild to 

determine spawning periodicity. Continued sampling and assessment of reproductive 

stage of radio-tagged fish each spring will accomplish this goal and further develop our 

understanding of the spawning interval for hatchery-origin Pallid Sturgeon that reached 

maturity in the wild. 

Age and size at maturity appears to differ between hatchery-origin Pallid 

Sturgeon that mature in the wild and individuals that mature in captivity, in addition to 

potential differences among management units. Age and size at first maturity and 

spawning periodicity are necessary parameters for assessing the recovery of an 

endangered species that is relying on conservation propagation to support the population. 

Age at first maturity information should be quantified for individual populations in order 

to provide more accurate age-structured models, rather than relying on information from 

captive populations. Additionally, Pallid Sturgeon have multi-year reproductive cycles; 
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therefore, I recommend that all Pallid Sturgeon used in reproductive studies are assessed 

in the spring to identify if individuals are reproductively active.  
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Tables 

Table 3.1. Sex steroid concentrations (testosterone (T) and estradiol (E2) ng/ml) by year 

for thirteen hatchery-origin (HO) Pallid Sturgeon (1997 year-class) that were classified as 

mature between 2011 and 2016. Bold font denotes reproductively-active individuals. 

*denotes first spring with transmitter implanted 

a - HO males with a biennial reproductive cycle 

b - HO males with an annual reproductive cycle 

c - Youngest HO Pallid Sturgeon to be classified as a reproductively active male (age 14.5) in RPMA1 

d - Youngest HO Pallid Sturgeon to be classified as a reproductively active female (age 18) in RMPA1 

e - Sex steroids concentration from a fall sample (considered reproductively-active the following spring) 

 

Fish PIT ID Sex Variable 

Year 

2011 2012 2013 2014 2015 2016 

Fish 1
a 

414D464E58
 

9-03 ♂ T  

 

 139.4* 37.6
 

177.2 

    E2    0.1* nd
 

nd 

Fish 2
a
 4063672A09 9-12 ♂ T  

 
 82.7 39.1 105.1 

    E2  
 

 nd nd nd 

Fish 3
b
 45297D3165 8-74 ♂ T  

  
38.1

 
98.87 146.2 

    E2  
  

nd
 

nd nd 

Fish 4
b 

414D402518
 

8-78 ♂ T  

 

 

 
195.8* 168.2 

    E2     Nd* nd 

Fish 5
bc 

414D490E09
 

8-66 ♂ T 153.0
e * 224.7  104.08 73.7 

    E2 nd
e * nd  nd nd 

Fish 6
d 

6C00040907
 

8-86 ♀ T   

 

 62.2*
 29.7 

    E2     0.7*
 nd 

Fish 7
 

414D643B15 9-160
 
♀ T 

 

 

 

 

 
52.4* 

    E2      1.8* 

Fish 8 4C3C0F4033 9-161 ♀ T     

 
32.1* 

    E2      2.6* 

Fish 9 414D575870 9-162 ♂ T      121.3* 

    E2      nd* 

Fish 10 452A646C21 9-166 ♂ T      105.5* 

    E2      nd* 

Fish 11 414D574F03 8-68 ♂ T   6.2* 4.7  114.7 

    E2   nd* nd  nd 

Fish 12 414D476104 8-72 ♂ T  128.8*     

    E2  nd*     

Fish 13 414D577D4A    ♂ T  374.5*     

    E2  nd*     
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Table 3.2. Fork length (mm) and weight (g) by year for thirteen individual hatchery-

origin (HO) Pallid Sturgeon (1997 year-class) that were classified as mature between 

2011 and 2016. Bold font denotes reproductively-active individuals. 

*denotes first spring with transmitter implanted 

a - HO males with a biennial reproductive cycle 

b - HO males with an annual reproductive cycle 

c - Youngest HO Pallid Sturgeon to be classified as a reproductively active male (age 14.5) in RPMA1 

d - Youngest HO Pallid Sturgeon to be classified as a reproductively active female (age 18) in RMPA1 

e - Fall sample (considered reproductively-active the following spring) 

 

 

Fish PIT ID Sex Metric 

Year 

2011 2012 2013 2014 2015 2016 

Fish 1
a 

414D464E58
 

9-03 ♂ FL  

 

 1081* 1116 1124 

    Wt.    5770* 6740 6225 

Fish 2
a
 4063672A09 9-12 ♂ FL  

 
 1097 1101 1105 

    Wt.  
 

 7060 7260 7710 

Fish 3
b
 45297D3165 8-74 ♂ FL  

  
1080 1105 1187 

    Wt.  
  

5550 5920 5920 

Fish 4
b 

414D402518
 

8-78 ♂ FL  

 

 

 
1112* 1140 

    Wt.     6750* 7080 

Fish 5
bc 

414D490E09
 

8-66 ♂ FL 1011
e * 1070  1124 1112 

    Wt. 4971
e * 5940  6960 6840 

Fish 6
d 

6C00040907
 

8-86 ♀ FL   

 

 1070* 1106 

    Wt.     6820* 6495 

Fish 7
 

414D643B15 9-160
 
♀ FL 

 

 

 

 

 
1140* 

    Wt.      6940* 

Fish 8 4C3C0F4033 9-161 ♀ FL     

 
1100* 

    Wt.      6400* 

Fish 9 414D575870 9-162 ♂ FL      1198* 

    Wt.      8480* 

Fish 10 452A646C21 9-166 ♂ FL      1194* 

    Wt.      8700* 

Fish 11 414D574F03 8-68 ♂ FL   958* 1015  1037 

    Wt.   3805* 4530  5120 

Fish 12 414D476104 8-72 ♂ FL  1170*     

    Wt.  7380*     

Fish 13 414D577D4A    ♂ FL  1048*     

    Wt.  4848*     
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Table 3.3. Mean (SE), median, minimum, and maximum fork length (mm) by year 

sampled for hatchery-origin (HO) Pallid Sturgeon that were classified as non-

reproductive, mature males, or mature females. Individuals were assigned to 

classifications based on sex steroid concentrations relative to concentrations indicative of 

a reproductively-active male or female Pallid Sturgeon, as well as previous history of 

individual fish. 

 

Classification 

Summary 

Statistic 

Year 

2012 2013 2014 2015 2016 

Non-reproductive N 9 13 15 33 44 

 Mean 809(22) 881(34) 993(18) 961(17) 1004(15) 

 Median 817 891 978 967 1007 

 Min. 729 630 861 776 766 

 Max. 909 1070 1125 1146 1151 

Mature males N 3* 1  3 5 8 

 Mean 1076(48) 1070 1086(6) 1112(4) 1125(19) 

 Median 1048  1081 1112 1118 

 Min. 1011  1080 1101 1037 

 Max. 1170  1097 1124 1198 

Mature females N 0 0 0 1 3 

 Mean    1070 1115(12) 

 Median     1106 

 Min.     1100 

 Max.     1140 

All 1997-YC N 12 14 18 39 55 

 Mean 876(40) 894(34) 1008(17) 983(17) 1028(14) 

 Median 843 894 1002 992 1046 

 Min. 729 630 861 776 766 

 Max. 1170 1070 1125 1146 1198 
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Table 3.4. Mean (SE), median, minimum, and maximum weight (g) by year sampled for 

hatchery-origin (HO) Pallid Sturgeon that were classified as non-reproductive, mature 

males, or mature females. Individuals were assigned to classifications based on sex 

steroid concentrations relative to concentrations indicative of a reproductively-active 

male or female Pallid Sturgeon, as well as previous history of individual fish. 

Classification 

Summary 

Statistic 

Year 

2012 2013 2014 2015 2016 

Non-reproductive N 9 13 15 33 44 

 Mean 2027(191) 2667(319) 3899(233) 3818(259) 4509(254) 

 Median 2025 2580 3650 3770 4262.5 

 Min. 1335 860 2300 1850 1550 

 Max. 2950 4795 6045 6825 7960 

Mature males N 3* 1  3 5 8 

 Mean 5733(824) 5940 6120(474) 6726(223) 7009(442) 

 Median 4971  5750 6750 6960 

 Min. 4848  5550 5920 5120 

 Max. 7380  7060 7260 8700 

Mature females N 0 0 0 1 3 

 Mean    6820 6612(166) 

 Median     6495 

 Min.     6400 

 Max.     6940 

All 1997-YC N 12 14 18 39 55 

 Mean 2954(534) 2900(377) 4269(287) 4268(279) 4987(249) 

 Median 2122 2692.5 3915 3950 4730 

 Min. 1335 860 2330 1850 1550 

 Max. 7380 5940 7060 7260 8700 
*  one mature male sample was from prior fall and assumed to be reproductively-active in the spring 
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CHAPTER FOUR 

 

 

CONCLUSIONS 

 

 

 The objectives of this research were to compare the reproductive ecology of 

reproductively-active wild Pallid Sturgeon with the reproductive ecology of 

reproductively-active hatchery-origin Pallid Sturgeon, investigate the influence of spring 

discharge on movements by reproductively-active male Pallid Sturgeon, assess spawning 

success by female Pallid Sturgeon, and quantify spawning periodicity, age, and size at 

first sexual maturity for hatchery-origin Pallid Sturgeon. In chapter two, I compared 

movements, blood plasma sex steroid profiles, and habitat-use of Pallid Sturgeon among 

different reproductive classifications of hatchery-origin and wild Pallid sturgeon during 

the putative spawning season and examined how spring discharge influences spawning 

season movement. The specific objectives were to: 1) compare movement between two 

different spring hydrographs (2015 and 2016) for reproductively-active Pallid Sturgeon 

(both wild and hatchery-origin), 2) compare movement and habitat use between non-

reproductively-active unconfirmed hatchery-origin (NRAUHO), reproductively-active 

hatchery-origin, and reproductively-active wild Pallid Sturgeon, and 3) determine the 

spawning success of wild and hatchery-origin female Pallid Sturgeon in the upper 

Missouri River. I found evidence in support of my hypotheses that movement and 

movement rates would not differ between the two different hydrographs for 

reproductively-active male Pallid Sturgeon. I also found evidence in support of my 

hypothesis that reproductively-active hatchery-origin Pallid Sturgeon would have larger 
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home range sizes, total movement, and movement rates than NRAUHO Pallid Sturgeon, 

but similar to that of similar sex reproductively-active wild Pallid Sturgeon. However, I 

found no evidence to support my hypothesis that both hatchery-origin and wild female 

Pallid Sturgeon would successfully spawn. In chapter three, we described the spawning 

periodicity and the age and size at first maturity based on blood plasma sex steroid 

analysis of mature hatchery-origin Pallid Sturgeon. The specific objectives were to 

determine age and size at first sexual maturity for hatchery-origin male and female Pallid 

Sturgeon, and determine spawning periodicity for mature male and female hatchery-

origin Pallid Sturgeon. I found evidence in support of my hypothesis that the age and size 

of hatchery-origin Pallid Sturgeon will be greater than the age and size at maturity 

calculated in captivity or in the wild using “spawning bands” and that the spawning 

periodicity will be the same as what has been described for Pallid Sturgeon in both 

captivity and the wild. 

This study is the first to quantify and contrast spawning season movement and 

habitat-use between reproductively-active hatchery-origin Pallid Sturgeon and 

reproductively-active wild Pallid Sturgeon of known reproductive status. Hatchery-origin 

fish will likely make up the entire population of Pallid Sturgeon (unless natural 

recruitment is restored) once the few remaining wild Pallid Sturgeon are extirpated. 

Research looking to identify management actions that will restore natural recruitment 

will be conducted exclusively using hatchery-origin individuals. Therefore, it is important 

to confirm that characteristics of the reproductive ecology of the wild broodstock are 

retained in the hatchery-origin fish and therefore future populations (Ireland et al. 2002). 
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The sample size for wild and hatchery-origin females was too small for statistical tests to 

be performed, so we compared movement, sex steroid profiles, and habitat-use between 

wild and hatchery-origin males only. Hatchery-origin and wild males moved similar 

distances, at similar rates, and inhabited similar locations and also used macro-habitats in 

similar proportions indicating similar spawning season behavior. It is important to note 

that the ultimate goal of the conservation propagation program is to produce progeny that 

behave like wild fish and contribute to a self-sustained population of Pallid Sturgeon. 

Spawning has yet to be documented for either wild or hatchery-origin females, with 

atresia being documented for both, and documenting the timing and location of 

successful spawning events should be a focus of future research. Movement and habitat-

use characteristics of NRAUHO and wild Pallid Sturgeon in RPMA 1 were similar with 

what has been observed in previous studies comparing juvenile hatchery-origin and adult 

Pallid Sturgeon in RPMA 1, as well as for other isolated populations of Pallid Sturgeon, 

although differences in study design makes accurate comparisons between studies 

difficult.  

Knowledge of how reproductively-active Pallid Sturgeon react to variation in the 

magnitude and timing of discharge events can be used to help inform regulated-river 

management, specifically how discharge influences movement relative to larval drift 

distances. Research on environmental spawning cues such as discharge has been hindered 

by the small sample size of reproductively-active Pallid Sturgeon available. The oldest 

age classes of hatchery-origin fish are reaching sexual maturity, and this study shows that 

reproductively-active hatchery-origin fish have similar reproductive ecology as wild fish, 
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which increases the number of available reproductively-active individuals for these 

studies. Despite differences in the timing (8 days) and magnitude (79 m
3
/s) of spring 

discharge between 2015 and 2016, reproductively-active male Pallid Sturgeon did not 

exhibit any differences in total movement, home range sizes, median location, maximum 

upstream location, or movement rates between years. In addition, the female Pallid 

Sturgeon assessed did not successfully spawn during either year. Peak discharge only 

differed by 79 m
3
/s, which is not a large difference relative to historical discharges and 

may not have resulted in any difference as a spawning migration cue to reproductively-

active Pallid Sturgeon if discharge truly does provide a cue for spawning migrations.  

I observed downstream movement rates on the ascending limb of the hydrograph, 

including the week of peak discharge. The observation of downstream spawning 

migrations differ from what has been observed in the lower Missouri River (DeLonay et 

al. 2016) and in the upper Missouri and lower Yellowstone Rivers downstream of Fort 

Peck Reservoir (Fuller et al. 2008, DeLonay et al. 2016). Interestingly, Shovelnose 

Sturgeon (Richards et al. 2014), Sauger and Walleye (Bellgraph et al.2008) have also 

been shown to migrate downstream compared to populations elsewhere. In early June of 

2016, I observed a male aggregation near Fred Robinson Bridge (rkm 3092) on the 

descending limb of the hydrograph while water temperatures were suitable for spawning 

and a reproductively-active female was present. I determined this to be an aggregation 

because of statistical clustering at low distances and net movement rates close to zero 

between the two weeks where the aggregation was observed. The presence of male 

aggregations on the descending limb of the hydrograph during the putative spawning 
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season in 2016 corroborates what is observed in the Yellowstone River and has helped 

researchers hone in on sites where gravid female Pallid Sturgeon choose to spawn, 

generally on the descending limb during periods of suitable water temperatures (Fuller et 

al. 2008, DeLonay et al. 2016). However, the only female that was present at the male 

aggregation in 2016 was found to have undergone follicular atresia (after her presence in 

the aggregation). The reason she did not spawn is unknown, similar to the other females 

in this study. The Fred Robinson Bridge area is less than 100 km upstream of the 

transition zone, and spawning events at this site would not result in enough drift distance 

(Braaten et al. 2008) for drifting free embryos to settle out before reaching anoxic 

conditions present in the transition zone (Guy et al. 2015).  

I observed a high incidence of follicular atresia in our study. Given the small 

sample size of reproductively-active females and the unexpected nature of this finding, it 

is unclear what factors were the causative mechanism. Atresia in five (out of five) 

females over three years is alarming because it indicates spawning failure may be a 

mechanism for recruitment failure, possibly in addition to the currently hypothesized 

mechanism in RPMA1. There is evidence that the reliable long-term cues of increasing 

photoperiod and temperature are most important for progressing spawning readiness 

throughout the early spring, but that short-term cues at specific locations and under 

optimal conditions will cue ovulation (Papoulias et al. 2011). Potential short-term cues 

for ovulation include temperature, habitat, presence of a mate, presence of food, or 

absence of predators (Papoulias et al. 2011). A lack of short-term ovulatory cues could 

influence female spawning success.  
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Fish retained in the captive broodstock program reached sexual maturity at much 

younger ages and at smaller sizes than fish that reached sexual maturity in the wild in our 

study, indicating size alone cannot predict sexual maturity for hatchery-origin Pallid 

Sturgeon. Previous estimates of age at first maturity in the wild were back-calculated 

using “spawning bands” (Keenlyne and Jenkins 1993; George et al. 2012). Those 

estimates are unreliable compared to our estimates using known age fish that reached 

maturity in the wild. Maturation is thought to occur at younger ages in a captive 

environment because the body size of individuals increases faster due to optimal growth 

conditions, which assumes that maturity is closely related to body size. Interestingly, no 

fish less than 4.8 kg were observed to be sexually mature, but at GPNFH, first maturity 

has been observed between 2.0 and 3.7 kg for females and 0.7-2.1 kg for males. It seems 

likely that body size alone is not a predictor of maturity, and there are other potential 

factors contributing to maturation including diet and lipid accumulation.  

Blood plasma sex steroid concentrations indicate that male hatchery-origin Pallid 

Sturgeon exhibited annual and biennial male reproductive cycles, which is similar to 

what has been reported for wild Pallid Sturgeon and from hatchery-origin Pallid Sturgeon 

retained in the captive broodstock program at GPNFH. The short duration of this study 

was not conducive to determining the reproductive periodicity of hatchery-origin female 

Pallid Sturgeon, but a multi-year cycle is likely. Multi-year reproductive cycles are 

common in sturgeon (Webb and Doroshov 2011), which highlights the need for 

reproductive assessments to be conducted for all individuals included in research of 

reproductive behavior. Males are often ignored in this regard and assumed to be 
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reproductively active in all years. Continued serial sampling of individual fish with 

established reproductive histories will further our understanding of the spawning 

periodicity and the variability in age and size at first maturity for hatchery-origin Pallid 

Sturgeon in RPMA 1. Additionally, continued sampling of all age classes will allow for a 

better understanding of the minimum age and size that hatchery-origin Pallid Sturgeon 

can obtain sexual maturity in the wild. 

Future research should focus on identifying potentially unfavorable environmental 

conditions or missing spawning cues that led to females becoming atretic, in addition to 

characterizing potential spawning habitat in upstream reaches and contrasting with 

habitat at the male aggregation sites near Fred Robinson Bridge. Additionally, where 

spawning occurs in the range of Pallid Sturgeon should be used as a comparative 

template for conditions that are suitable for spawning. These recommendations are based 

on the hypothesis that suitable spawning habitat, spawning cues, or both for Pallid 

Sturgeon may not exist in the upper reaches of RPMA1; therefore, successful spawning 

will not occur in the upper reaches regardless of flow regime. Pallid Sturgeon have multi-

year reproductive cycles; therefore, I recommend that all Pallid Sturgeon used in all 

future reproductive studies are assessed in the spring to identify if individuals are 

reproductively active. 
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