Influence of diet and environmental variation on physiological responses of

juvenile pallid sturgeon (Scaphirhynchus albus)

By

Hilary A. Meyer

A thesis submitted in partial fulfillment of the requirements for the
Master of Science
Major in Wildlife and Fisheries Sciences (Fisheries Option)
South Dakota State University

2011



Influence of diet and environmental variation on physiological responses of

juvenile pallid sturgeon (Scaphirhynchus albus)

This thesis is approved as a creditable and independent investigation by a
candidate for the Master of Science degree and is acceptable for meeting the
thesis requirements for this degree. Acceptance of this thesis does not imply that
the conclusions reached by the candidate are necessarily the conclusions of the

major department.

Steven R. Chipps
Major Advisor Date

David W. Willis
Head, Department of Natural Resource
Management Date



ACKNOWLEDGMENTS

First, | would like to thank my parents, Andy and Mona Meyer for the years of
sacrifice and support that they provided for myself and my siblings. My parents
provided me with an undying love of nature, which brought me to where | am
today. | would also like to thank my siblings, Oren, Reed and Hanna Meyer for
always being around when | need them, even if they’re 600 miles away.

| would like to thank my advisor Dr. Steve Chipps for selecting me for this
project and the hours of assistance, advice and casual B.S. sessions over the
past two and a half years. | thank Dr. Brian Graeb, my co-advisor for his
guidance and support not only with my project (and of course the art of dog
training), but also reminding me to always “think big,” and for helping me think
outside the box when it comes to planning office shenanigans. | also thank Dr.
Rob Klumb for providing tons of help with the logistics of this project, particularly
coordinating with the fish hatcheries and basin-wide work groups as well as for
his always ambitious ideas and insight for my project.

| would like to thank all of the personnel at the Gavins Point and Garrison
Dam National Fish Hatcheries for supplying me with pallid sturgeon for my
projects. | would especially like to thank Rob Holm, Jeff Powell, and Craig
Bockholt for their help and patience with me whenever | had questions for them
to answer. | would also like to thank the Upper Basin and Middle Basin Pallid

Sturgeon Workgroups for approving the use of pallid sturgeon for this study. |



would also like to thank my two technicians, Mitchell Semrow and David Bogner
for assisting me with my project; | could not have done it alone. | would also like
to thank Breanna VanDeHey for all of her help over the last two years feeding
fish while | was out of town, helping weigh fish, and for always being a
sympathetic ear when | needed it. | thank Tobias Rapp for always being willing
to feed and monitor my fish when | was gone, especially on the holidays when no
one else would be around. Thank you Di Drake, Terri Symens, Jeanne Lush and
Kate Tvedt for all of your help with budgets, reservations and travel plans during
my time at SDSU.

| am grateful for all of the friends and colleagues | have made during my
time here, especially Justin VanDeHey, Luke Schultz, Will French, Mark Fincel,
Cari-Ann Hayer, Jacob Krause, Josh White, Eli Felts, Aaron VonEschen and Dan
Dembkowski. You have all been great people to share my time with while at
SDSU. | would especially like to thank Landon Pierce, Michael Greiner and Dan
James for being the “three best friends that anybody could have.”

| would like to thank Dr. Dan Isermann (UWSP) for helping me find the
perfect graduate school and project, and for all of his advice on the wide world of
fisheries. | thank Dr. Chirstopher Hartleb and Dr. Brian Sloss (UWSP) for
introducing me into the world of research, and providing me with guidance when
projects in that world didn’t go smoothly. Lastly, | would like to sincerely thank
Jeffery Dimick (UWSP) for always keeping me grounded, giving sound (albeit

strange) advice when needed, and for helping me recognize my potential.



ABSTRACT

Influence of diet and environmental variation on physiological responses of

juvenile pallid sturgeon (Scaphirhynchus albus)

Hilary A. Meyer

October 2011

Shortly after the pallid sturgeon Scaphirhynchus albus was listed as
federally endangered in 1990, a recovery plan was drafted to outline efforts to
restore the pallid sturgeon throughout its’ native range in the Missouri and middle
and lower Mississippi rivers. The plan set forth a number of recovery efforts such
as habitat restoration, population assessment, a comprehensive sturgeon
research program and a propagation program to mitigate the decline of pallid
sturgeon. Stocking of hatchery raised pallid sturgeon has been an important
short-term recovery effort for the prevention of local extirpations. Thus,
producing healthy pallid sturgeon, maximizing genetic diversity, and preserving
locally adapted populations are critical components of the pallid sturgeon
propagation program. In this study, | compared feeding, growth and energy
status of juvenile pallid sturgeon fed a commercial or invertebrate diet and
explore whether pallid sturgeon exhibit physiological adaptations based on

recent, genetic stock structure analysis.
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To compare growth, food consumption, energy status, and routine
metabolic rates of pallid sturgeon fed formulated and natural diets, | conducted a
laboratory study using twenty-four hatchery reared pallid sturgeon. Pallid
sturgeon were fed a daily ration of either commercial pellets (1 mm, slow sinking;
45% protein, 19% fat), or chironomid larvae for 5 weeks. Pallid sturgeon fed
chironomid larvae had faster average growth (0.5 g/d) than fish fed a formulated
diet (0.06 g/d). Moreover, mean metabolic rate was significantly higher (82%)
among fish fed a natural diet, likely owing to increased cellular metabolism
associated with higher growth rates. Energy density was significantly higher
among sturgeon fed chironomids (3.7 kd/g wet weight) compared to those fed
commercial diets (0.73 kJ/g wet weight), despite lower energy density (86%) of
chironomid prey. In contrast, the hepatosomatic index (HSI) was significantly
higher (44%) in fish fed formulated feed, indicative of a high lipid diet. Natural
feeds resulted in superior growth and condition than formulated diets. Use of a
natural diet prior to stocking may maximize growth, energy stores and post-
stocking survival for hatchery reared pallid sturgeon.

To determine whether pallid sturgeon are locally adapted to regional
environmental conditions, | conducted a common-environment experiment using
individuals from two genetically distinct source populations. | measured absolute
growth, food consumption, feed conversion efficiency and routine metabolic rate
of pallid sturgeon from the upper basin (UB; Montana, North Dakota, South

Dakota) and middle basin (MB; Gavins Point Dam, SD to Kansas City, MO) of
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the Missouri River at 10, 14, 18, 22, 26 and 30°C. Upper basin pallid sturgeon
exhibited faster growth at temperatures greater than 18°C. Feed conversion
efficiency by UB sturgeon was significantly greater than MB sturgeon at 18 and
22°C. Upper basin pallid sturgeon had higher consumption rates at 22, 26 and
30°C (32.3%, 15.2%, and 15.2%, respectively) and greater metabolic rates
(20.4%) at 18°C than MB sturgeon. Pallid sturgeon from the UB exhibited faster
growth, greater consumption rates and greater metabolic rates than MB
sturgeon, at temperatures greater than 18°C. These results indicate that UB
sturgeon have developed a higher capacity for growth at warmer temperatures.
Rapid growth by UB fish could potentially be a compensatory adaptation to
contracted growing seasons typically experienced in northern latitudes. Previous
pallid sturgeon microsatellite analysis indicated a pattern of genetic stock
structure that follows a latitudinal pattern, similar to our results of increased
growth and consumption by UB fish. Understanding the presence and pattern of
local adaptations in broadly distributed species is important for preservation of

such adaptations as a means to conserve genetic diversity.
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CHAPTER 1. INTRODUCTION

Introduction

The pallid sturgeon Scaphirhynchus albus is a large, riverine fish native to
the Missouri, and the middle and lower Mississippi rivers that was listed as
federally endangered in 1990 (Dryer and Sandoval 1993). Pallid sturgeon are
well suited to riverine life and characterized by a broad, dorsoventrally flattened
snout, a long, slender caudal peduncle and broad pectoral fins (Kallemeyn 1983).
Pallid sturgeon can be differentiated from the closely related shovelnose
sturgeon S. platorhynchus by the absence of bony scutes along the belly, and by
the position and relationship of barbels on the rostrum (Kallemeyn 1983). Main
channel areas in the Mississippi and Missouri rivers with swift water velocity
(0.65 - 0.78 m/sec) are preferred habitats for pallid sturgeon (Bramblett and
White 2001, Hurley et al. 2004, Gerrity et. al 2008). A sub-terminal, protrusible
mouth and four sensory barbels allow for efficient detection and capture of
benthic prey in turbid riverine environments. Pallid sturgeon feed primarily on
aquatic invertebrates and/or fish depending on life stage (Gerrity et. al 2006,
Hoover et. al 2006, Wanner et. al 2007, and Grohs et. al 2009). Maximum
attainable size for pallid sturgeon is about 40 kg in weight and up to 2 m in length
(Shuman et al. 2006). Similar to many sturgeon species, age at sexual maturity
for pallid sturgeon is delayed. Male pallid sturgeon reach maturity at 7 to 9
years, whereas females reach maturity at 15 to 20 years and require several

years for eggs to mature (Dryer and Sandoval 1993, Keenlyne and Jenkins 1993,



DelLonay et. al 2009). Larval pallid sturgeon passively drift downstream from the
hatch site for 11-17 days post hatch, and settle out of the water column to
transition into the benthic life stage (Kynard et. al 2007, Braaten et al. 2008).
Drifting larvae may travel as far as 245-530 km, depending on water velocity and
temperature (Braaten et al. 2008).

Pallid sturgeon are vulnerable to rapid environmental changes because of
their unique life history. Late (i.e., older) sexual maturity and relatively large lag
times between generations can be problematic for a species that faces habitat
alterations in 67% of its historic range (Hesse 1987). Additionally, larval pallid
sturgeon require large sections of free-flowing river to complete the drift stage of
development (Braaten et al. 2008). Habitat alteration is believed to be the
principal cause of the declining pallid sturgeon population (Dryer and Sandoval
1993). Construction of six dams on the main stem Missouri River between 1937
and 1966 has fragmented and reduced available habitat, altered temperature and
flow regimes and reduced turbidity and sediment transport. Extensive
channelization of the middle and lower Missouri and Mississippi rivers has also
altered flow and homogenized once diverse riverine habitat. Large dams act as
barriers to upstream spawning migrations, alter spawning habitat and change
flow regimes that can affect drifting larvae and restrict life cycle requirements of
pallid sturgeon (Keenlyne 1989, USFWS 2007). Other threats to pallid sturgeon
include hybridization with the sympatric shovelnose sturgeon, environmental

contaminants, and incidental harvest by commercial fisheries (Carlson et al.



1985, Ruelle and Keenlyne 1992, Dryer and Sandoval 1993, Bettoli et.al 2009).
In September 2010, the U.S. Fish and Wildlife Service (USFWS) listed
shovelnose sturgeon as threatened due to similarity of appearance (SOA) to
pallid sturgeon, because of documented failures to differentiate the two species
by commercial fishermen (USFWS 2010). The SOA provision of the endangered
species act will protect pallid sturgeon from incidental harvest by commercial
shovelnose fisheries where the two specie’s range overlaps.

The USFWS developed a recovery plan in 1993 to address issues that are
attributed to the listing of pallid sturgeon (Dryer and Sandoval 1993). Restoration
efforts outlined in the recovery plan include habitat restoration, population
assessment and augmentation, and a comprehensive sturgeon research
program designed to assess factors affecting reproduction, recruitment, habitat
use and population dynamics of pallid sturgeon. Six recovery priority
management areas (RPMAs) that encompassed the historic range of pallid
sturgeon were identified in the recovery plan as areas with remaining suitable
habitat where recovery actions would be most beneficial to the species (Dryer
and Sandoval 1993). In 2006, the Pallid Sturgeon Recovery Team redefined the
RPMA'’s into four management units (MUs) based on genetic stock structure data
and pallid sturgeon biogeography (USFWS 2008). The current MUs are: 1)
Great Plains Management Unit (GPMU) including the Missouri River from the
great falls of the Missouri River in Montana to Fort Randall Dam, South Dakota,

2) Central Lowlands Management Unit (CLMU) that extends from Fort Randall



Dam, South Dakota to the confluence of the Grand and Missouri rivers in
Missouri, 3) Interior Highlands Management unit (IHMU), from the Missouri River
at the confluence of the Grand River to the confluence of the Missouri and
Mississippi rivers as well as the Mississippi River at Keokuk, lowa to the
confluence of the Ohio and Mississippi rivers and 4) Coastal Plains Management
Unit (CPMU) including the Mississippi River from the confluence of the Ohio and
Mississippi rivers to the Gulf of Mexico and the Atchafalaya River distributary.
Wild pallid sturgeon populations in the GPMU are currently believed to be small
(as few as 136) remnant populations of old adults, indicative of recruitment failure
(Kallemeyn 1983, Duffy et al. 1996, UBPSRW 2004). Data suggests that the
portion of the CLMU from Fort Randall dam to Gavin’s Point Dam does not
support a naturally reproducing population, with only two large adult fish captured
during the past 9 years (Shuman et al. 2011). Researchers have documented a
small wild population of pallid sturgeon in the CLMU downstream of Gavins Point
dam and in the IHMU, with documentation of apparent spawning migrations and
congregations of adults (Duffy et. al 1996, DeLonay et al. 2010). These MUs
received the most attention for recovery effort implementation in terms of shallow
water habitat construction and a flow modification plan at Gavins Point Dam to
simulate a spring rise (USFWS 2007). The portion of the IHMU from the
confluence of the Missouri and Mississippi rivers downstream to the Ohio River
confluence and the CPMU support higher numbers of pallid sturgeon than other

MUs, and some larval pallid sturgeon have been collected (Hrabik et al. 2007,



USFWS 2007). Restoration of flood plain and side channel connectivity have
been implemented in the middle and lower Mississippi River (USFWS 2007).
The Atchafalaya River portion of the CPMU may contain as many as 2,750 —
4,100 pallid sturgeon, and also has an increased incidence of hybridization
between pallid and shovelnose sturgeon (Duffy et. al 1996, Tranah et. al 2004).
Although some MUs have documented reproduction, recruitment has been
limited, indicating occurrence of a recruitment bottleneck (USFWS 2007). The
pallid sturgeon recovery plan recommended a propagation program as a short-
term recovery effort to supplement declining wild populations until critical habitat
is restored and populations are self-sustaining (USFWS 2008). Population
augmentation is especially important in the upper basin of the Missouri River
(GPMU, portions of CLMU), where reproduction has not been documented for
over 30 years (USFWS 2007, Bergman et al. 2008).

The first pallid sturgeon propagation plan was implemented in 1992, and
updated in 2005 to include the most recent data and knowledge on production
practices (USFWS 2005). An essential part of the propagation plan was to
develop a captive broodstock program at the USFWS Gavin’s Point National Fish
Hatchery, Yankton, SD to preserve a source of gametes if wild origin pallid
sturgeon were to become no longer reproductively viable or available (USFWS
2005). Currently, wild adults are collected from the GP, CL and IHMUs in fall
(August-November) and spring (April-May) and transported to the hatchery for

artificial spawning. A factorial mating design (multiple males crossed with one



female) is used to create half-sibling family groups. The current propagation plan
is designed to capture and conserve as much of the wild pallid sturgeon genome
as possible by creating unique crosses to maximize genetic diversity (USFWS
2005). Most progeny are reared to an advanced fingerling size (~225 mm fork
length), tagged with a passive integrated transponder (PIT) tag and visible
implant elastomer and then stocked, at age-1, into the corresponding MU
according to yearly stocking quotas. Stocking efforts are primarily used to
establish multiple year classes within the Missouri River in hopes that future
recruitment by hatchery progeny will supplement existing wild populations to
ensure persistence of the species while habitat is restored (USFWS 2008).

Up to 68,000 pallid sturgeon have been stocked annually into the Missouri
River since the establishment of the propagation program since 1992 (USFWS
2007). Until adequate habitat improvements can be implemented to restore
critical habitat, (e.g. spawning and rearing habitat) population augmentation will
be used as a short term recovery effort to ensure the persistence of the species
(USFWS 2008). Development of pallid sturgeon culture methods has been
relatively recent (mid 1990’s), compared to other sturgeon species that have
been cultivated since the 1950’s and 1960’s (Burtzev 2007). Early methods for
spawning pallid sturgeon were based on protocols developed for white sturgeon
(Acipenser transmontanus) and were met with limited success (USFWS 2005).
Although pallid sturgeon propagation and augmentation efforts have improved

since 1992, knowledge gaps still exist. Currently, little is known about nutritional



needs of pallid sturgeon at all life stages. Although the current local broodstock
collection and range-wide stocking plan are based on MU’s that are delineated
using information from genetic stock structure analysis, we have a limited
understanding of whether this apparent stock structure influences local
adaptations in pallid sturgeon populations.

To address these questions, | designed two laboratory experiments that
allowed me to 1) compare feeding, growth and energy status of juvenile pallid
sturgeon fed a commercial or invertebrate diet (Chapter 2) and, 2) determine
whether pallid sturgeon show evidence of regional physiological adaptations
based on genetic stock structure analysis (Chapter 3).
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CHAPTER 2. GROWTH, FOOD CONSUMPTION AND ENERGY STATUS OF
JUVENILE PALLID STURGEON FED A COMMERCIAL OR INVERTEBRATE
DIET

This chapter has been prepared for submission as a manuscript to Aquaculture

Nutrition and was co-authored with Dr. Steven R. Chipps, Dr. Brian D.S. Graeb

and Dr. Robert A. Klumb.
Introduction
Sturgeon (Acipenseriformes) are considered one of the most endangered
group of fishes in the world, with many species listed as threatened or
endangered through much of their range (Birstein 1993; Van Winkle et al. 2002;
Moyle and Cech 2003). Harvest, habitat loss, pollution and habitat fragmentation
(i.e., migration barriers) have been attributed to the decline of sturgeon species
worldwide (Birstein et al. 1997). The pallid sturgeon Scaphirhynchus albus is a
federally endangered species that occurs in the Missouri and lower Mississippi
rivers (Dryer and Sandoval 1993). Shortly after the pallid sturgeon was placed
on the endangered species list in 1990, a recovery plan was developed to
address population declines that led to the listing (Dryer and Sandoval 1993).
Recovery efforts have largely been targeted at habitat restoration, population
assessment, captive propagation, and a comprehensive sturgeon research
program (Dryer and Sandoval 1993).
Efforts to mitigate declines of imperiled fish populations often rely on

captive propagation and stocking programs in recovery efforts (Williamson 2001;

Chebanov et al. 2002; Secor et al. 2002; Smith et al. 2002). The U.S. Fish and
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Wildlife Service (USFWS), for example, currently maintains 28 federal hatcheries
involved in recovery efforts of threatened or endangered species (Hartman and
Preston et al. 2001). Population augmentation has served an important role in
pallid sturgeon recovery efforts, particularly in the upper Missouri River basin
(e.g. Montana, North Dakota, and South Dakota) where there has been little
evidence of natural reproduction by pallid sturgeon (Bergman et al. 2008). Until
2009, the current propagation program has focused on maximizing fish
production to meet basin-wide stocking quotas for the propagation program,
which has produced approximately 936,413 pallid sturgeon for stocking between
1992 and 2007 (Krentz et al. 2005; Smith and Brannen 2010).

Production of hatchery reared fish can be constrained by space, costs and
labor requirements that account for 60-80% of total costs (Westers 2001).
Growing the largest fish possible in a short time frame can be difficult to achieve
while attempting to minimize production costs. Pallid sturgeon are generally
grown to a length of about 250 mm fork length (FL) prior to stocking in the
Missouri River. Sturgeon smaller than 250 mm are not usually stocked because
fish this size are difficult to tag using passive integrated transponders (PIT tags),
and valuable recapture information can be lost. Because of these rearing
requirements, it takes 10-15 months to produce pallid sturgeon to the desired
stocking length which leaves hatchery managers with the task of rearing pallids

almost twice as long as most other stocked fish species (Hart et al. 1996;
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Summerfelt et al. 1996). While stocking of large fish increases post-stocking
survival, it also leads to an increase in production costs.

Use of commercially formulated diets in hatchery settings can reduce
labor and feed costs associated with fish production. These diets are
inexpensive, readily available, easy to store, require no preparation and can be
administered through the use of automatic feeders (Barrows and Hardy 2001).
Most hatcheries involved in pallid sturgeon propagation rely on commercial diets
that contain fish meal and are designed primarily for salmonid fishes (>40%
protein and >10% fat). However, little is known about dietary requirements of
juvenile pallid sturgeon.

The composition of digestive enzymes can vary among fishes depending
on the types of prey they naturally consume, suggesting an evolutionary
adaptation to natural diets (Jobling 1995; Horn 1998). Post-stocking
assessments of juvenile pallid sturgeon (<400 mm FL) have shown that in the
wild, they consume primarily aquatic invertebrates, especially Chironomidae and
Empheroptera taxa (Grohs et al. 2009). Insectivorous fish produce high levels of
chitinase to break down exoskeletons, therefore one would expect juvenile pallid
sturgeon digestive tracts to be better adapted to process invertebrate diets over
fish-based diets (Jobling 1995). Nonetheless, it is unclear if growth and energy
reserves among pallid sturgeon differ between fish fed commercial or

invertebrate diets because comparative studies of these food types are lacking.
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Understanding the influence of commercial diets on pallid sturgeon
growth, metabolism and energy stores has important implications for the
propagation program, given the extended rearing phase and the need to
augment an endangered population with healthy fish. A number of studies have
shown that natural diet items such as small fish prey or aquatic invertebrates
outperform formulated diets by enhancing growth and (or) survival of cultured
fishes such as white sturgeon (Acipenser transmontanus), coho salmon
(Oncorhynchus kisutch), and walleye (Sander vitreus; Buddington and Doroshov
1984, Lindberg and Doroshov 1986; Barrows and Hardy 2001). Survival of
hatchery raised pallid sturgeon is highest (with greatest uncertainty) 1-2 years
post-stocking (Hadley and Rotella 2009; Steffensen et. al 2010). In this study, |
compare growth, food consumption, routine metabolism, and energy status of
juvenile pallid sturgeon fed commercial or invertebrate diets over a five week
period and discuss potential implications for propagation and post-stocking

Success.

Methods
Juvenile pallid sturgeon (n=24) were obtained from the USFWS Garrison
Dam National Fish Hatchery, Riverdale ND on 14 April, 2010. Fish were
individually placed in 24 insulated, 114-liter glass aquaria. The aquaria were
connected to a re-circulating system with a biofiltration tank, and a sand filter.
Water flow was kept constant to individual aquaria and temperature loggers (n=4;

Tidbit, Onset Computer Corporation, Bourne, Massachusetts) were placed in the
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system and hourly water temperature was recorded. Fish were maintained on a
natural photoperiod with natural lighting from laboratory windows. Fish were
acclimated to the recirculation system for approximately two weeks prior to the
experiment. During the acclimation period, 12 fish were chosen at random and
slowly, over approximately 8 to 10 days, switched from a commercial pellet diet
(1mm sinking feed; Nelsons and Sons Inc.; 45% protein and 19% fat guaranteed
analysis) to a diet of chironomid larvae. Frozen chironomids were obtained from
a commercial dealer (Hikari USA Inc. Hayward, CA) and thawed prior to being
offered to fish. Pallid sturgeon in both diet groups were fed a daily ad-libitum

ration.

Feeding and growth

After the two week acclimation period, | measured feeding and growth of
juvenile pallid sturgeon fed chironomid or commercial diets for five weeks. Fish
were measured to fork length (FL; mm) and weighed (to the nearest 0.1g) at 7
day intervals. Differences in both length and weight were compared using a
repeated measures analysis of variance (ANOVA) with diet and time as grouping
factors. To evaluate significant interactions (diet*time), | used a post-hoc two-
sample t-test with a Bonfferoni correction (a = 0.01).

Fish assigned to each feeding group were fed a pre-weighed ad-libitum
ration of the respective diet twice a day with uneaten food recovered daily to
measure consumption. Chironomids were blotted and weighed wet to the

nearest 0.1 g, and pellets were air-dried for at least 24 hours after siphoning and
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weighed to the nearest 0.1 g. Daily food consumption (g day™') was calculated
for each fish as the difference between the amount of food fed and that
recovered from the aquaria 24 hours later. | measured recovery of pellets and
chironomids in tanks without fish to account for leaching and breakdown of food
items. Five grams of either chironomids or pellets were introduced into fishless
aquaria (three replicates per food item) and recovered from the tank 24 hours
later. A recovery ratio was calculated as the amount recovered divided by the
initial amount fed, and averaged for each food type. | recovered frozen
chironomids at a rate of 68.4 % of initial amount fed, and 63.3 % for pellets.

The energy content (kJ g™') of each prey type was determined using bomb
calorimetry (1108 Oxygen Bomb Calorimeter, Parr Instrument Company, Moline,
lllinois). | oven-dried (60°C) five samples of each food type to a constant weight
and calculated a ratio of dry weight:wet weight for each food type to adjust for
differences in water content. Daily food consumption (g d'1) was multiplied by the
wet weight energy content of each prey type (kJ g wet wt) to yield daily
consumption (kJ d™'). Because feeding rate varies with body size for pallid
sturgeon (Chipps, S. unpublished data), | adjusted daily consumption to account
for variability in fish weight. To account for allometric variability among fish, |
estimated daily energy intake (DEI) using the equation

DEI = (kJ d"yw©674)
where W is wet weight of fish in g (Chipps, S. unpublished data). | compared

mean DEI values using repeated measures ANOVA with diet and time as
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grouping factors. A post-hoc two-sample t-test with a Bonfferoni correction factor
(a =0.01) was used to evaluate significant interactions between diet and time. |
also compared feed conversion efficiency (CE) using the equation

CE = 100 x total wet weight gained / dry weight of feed offered
Conversion efficiency was calculated for each food type and compared between

feeding groups using a two-sample t-test (a = 0.05).

Respiration

| used intermittent flow respirometry to quantify routine respiration rate (R)
of juvenile pallid sturgeon (Steffensen 1989). Individual fish were placed into 4 L
plastic respirometry chambers and acclimated to the respirometer for at least 12
hours prior to trials. Food was withheld for at least 48 hours prior to trials to
minimize effects of specific dynamic action (i.e. digestive costs) on respiration
rates. Seven blank chambers were used as a control to account for microbial
respiration (Cech 1990). Oxygen consumption was measured using NeoFox
oxygen probes and NeoFox Software (Ocean Optics Inc, Dundedin, Florida).
Dissolved oxygen (D.O.) concentration (mg L") was recorded every ten seconds
until a measurable decline was detected. Dissolved oxygen levels were
monitored, and trials were terminated if D.O. dropped below 6 mg L™, Trial
duration was dependent upon fish size and lasted between 17 and 84 m. Three
replicates were performed on individual fish, and mean oxygen depletion was
calculated as:

Mg O, hour™ = [([initial O,] — [final O,])*volume respirometer-D] / time
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for each replicate, where D equals displacement by fish, assuming 1 mL water
equals 1 g of fish (Cech 1990). Mean specific metabolic rate (R) was calculated
as mean g O, d™' for each fish and was adjusted to account for allometry using
the equation:

ADJR = (g O, d™")/wW°#8°
where W is wet weight of fish in g (Klumb, R. unpublished data). The ADJR was

compared between feeding groups using a two-sample t-test (a = 0.05).

Energy status

| calculated relative condition factor (K,) of pallid sturgeon fed chironomids

or pellets at the end of the five week feeding trial using the equation:
Kn = W/W’
where W is the observed weight of the fish and W’ is length-specific mean weight
for a fish predicted by a weight-length regression equation (Murphy and Willis
1992). The weight-length regression equation for pallid sturgeon captured from
the Missouri and Mississippi rivers is:
log1oW = -6.378 + 3.357log1oL

where W is the predicted weight and L is fork length (Keenlyne and Evenson
1993). | used a two-sample t-test to compare mean K, between feeding groups
(a=0.05).

After completion of the respirometry trials, all fish were euthanized using
an overdose (approximately 0.5 g L") of MS-222 (Finquel ®, Argent Chemical

Laboratories, Redmond, Washington). Fish were weighed wet to the nearest 0.1
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g, and the liver was excised and weighed wet to the nearest 0.1 g. | calculated
the hepatosomatic index (HSI) for each fish as:

HSI = (Liver wt/body wt) * 100
and compared mean HSI between feeding groups using a two-sample t-test (a =
0.05).

Whole body energy density (kJ g™ wet weight) of pallid sturgeon was
determined using oxygen bomb calorimetry (1108 Parr Oxygen Bomb
Calorimeter). Six pallid sturgeon from each feeding group were randomly
selected for analysis. | compared mean energy density between feeding groups
using a two-sample t-test (a = 0.05).

Whole body proximate composition analysis was performed on the same
subset of pallid sturgeon chosen for energy density analysis (n = 12). Whole fish
were dried (60°C) to a constant weight and homogenized. Homogenized fish
were then combined into one sample according to the respective feeding group
(i.e. pellet-fed or chironomid-fed), because of the minimum sample weight
required for analysis. Samples were sent to the University of Missouri-Columbia
Agricultural Experiment Station Chemical Laboratories for processing where they
were analyzed for crude protein (g kg™') and crude fat (g kg™'). Protein content (in
the form of total nitrogen) was determined by combustion analysis, using
protocols from the Association of Official Analytical Chemists (Horwitz 2006).
Crude protein (CP) was reported as 6.25 x nitrogen value (Horwitz 2006). Crude

fat (CF) was determined by ether extraction of lipids using the Folch method
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(Folch et al. 1957). Proximate composition analysis was also performed on

samples of each food type according to the methods described above.

Results

Feeding and growth

Water temperatures over the 5 week period ranged from 18.7 (SE = 0.05)
to 25.6 °C (SE = 0.04), but never varied more than 2.1 °C among tanks. Mean
initial weights of pallid sturgeon did not differ between feeding groups (P = 0.08).

After four weeks, chironomid-fed fish were significantly longer than pellet
fed fish (Figure 2-1). Mean fork length (FL) of pallid sturgeon varied significantly
by diet*time interaction (Table 2-1). Chironomid-fed fish grew an average of 1.13
mm d”', whereas pellet-fed fish grew an average of 0.23 mm d™ over the 5 week
feeding trial. On the average, chironomid fed pallid sturgeon grew 54.3 mm
compared to only 10.8 mm for the pellet-fed fish over the five week period.
Similarly, chironomid-fed fish were significantly heavier than pellet-fed fish after
week 4, having gained nearly twice as much mass as pellet-fed fish by the end of
the experiment (Figure 2-2). Weight of pallid sturgeon varied significantly by
diet*time interaction (Table 2-1). Chironomid-fed fish gained an average of 0.5 g
d’, whereas pellet-fed fish had an average daily growth of 0.06 g d™".

Mean energy density of chironomids was significantly lower than pellets
(Table 2-2). Pallid sturgeon fed chironomids consumed less than those fed

pellets during the 5 week period. Daily energy intake varied significantly by diet,
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but not by time or diet*time interaction, indicating consistent consumption
throughout the experiment for each feeding group (Table 2-2). Pallid sturgeon on
a chironomid diet consumed 0.59 (SE = 0.008) (kJ d™"y/wt®®"* on average with
daily consumption of chironomids varying between 0.19 to 0.69 ( kJ d™)/wt©5™,
Pallid sturgeon on the pellet diet consumed 1.36 (SE = 0.06) (kJ d™)/wt®™ on

average, and varied between 0 to 6.07 (kJ d")/wt®™

. Energy consumption for
pallid sturgeon on the chironomid diet was less variable (CV = 0.216) than
consumption by pallid sturgeon on the pellet diet (CV = 0.703). Pallid sturgeon
fed chironomids had higher mean CE than those fed pellets (Table 2-2). Similar

to consumption rate, feed conversion efficiency for chironomid-fish was less

variable (CV = 0.73) than for pellet-fed fish (CV = 1.87).

Respiration

Temperatures during respiration trials averaged 22.4 °C (+ 0.2 SE).
Respiration by chironomid-fed fish was measured at an average temperature of
22.2°C (£ 0.27 SE), similar to 22.7°C (+ 0.27 SE) for pellet-fed fish (P = 0.22).
Pallid sturgeon fed chironomids had higher ADJR than those fed pellets (Table 2-
2). Chironomid-fed fish had an adjusted R that ranged from 0.00417 to 0.01011
(g O, d")Ywt®®® and pellet-fed fish had an adjusted R that ranged from 0.00523
to 0.00825 (g O, d”")/wt®®. Chironomid-fed fish had less variable respiration

rates (CV = 0.15) than pellet-fed fish (CV = 0.26).
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Energy status

Pallid sturgeon fed chironomids had higher mean K, than those fed pellets
(Table 2-2). Relative condition factor of chironomid-fed pallid sturgeon was less
variable (CV = 0.049) than sturgeon fed pellets (CV = 0.097). Pallid sturgeon fed
chironomids had a lower HSI than those fed pellets (Table 2-2). The
hepatosomatic index of chironomid-fed pallid sturgeon ranged from 1.31 to
1.75% and from 1.0 to 3.41% for pellet-fed fish. Hepatosomatic index for pellet-
fed fish was more variable (CV = 0.23) than chironomid-fed fish (CV = 0.1).

Chironomid-fed fish had a significantly higher energy density than pellet-
fed fish (Table 2-2). Energy density of pallid sturgeon on the chironomid diet
ranged from 2.48 to 6.65 kJ g, with a mean energy density of 3.7 kJ g™ of wet
weight. Energy density of pallid sturgeon on the pellet diet ranged from 0.38 to
1.02 kJ g'1, with a mean energy density of 0.73 kJ g'1of wet weight. Energy
density of chironomid-fed fish was more variable (CV = 0.41) than pellet-fed fish
(CV =0.35). Pallid sturgeon fed chironomids contained more crude protein and
less crude fat than those fed pellet diets (Table 2-3). Pellet food was
approximately 4.42 g kg™ CP and 1.26 g kg™ CF, which yields a protein:energy
(P:E) ratio of 0.48. Frozen chironomids contained approximately 0.47 g kg'1 CP

and 0.03 g kg™ CF, which yields a P:E ratio of 0.34.

Discussion
The chironomid diet resulted in superior growth and condition of pallid

sturgeon, compared to the commercial diet. Fish fed chironomids had faster
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growth, higher energy stores, and higher CE. Food consumption by fish fed
commercial diets was approximately twice that of chironomid- fed fish.
Nonetheless, chironomid-fed fish grew faster and were almost twice as heavy
and higher K, at the end of the experiment. Faster growth and superior
performance of chironomid-fed fish is most likely due to higher CE of chironomids
by pallid sturgeon. Although the pellet fed fish were ingesting more calories, the
food source may not be compatible with the sturgeon digestive system, as
supported by low CE. The type of protein supplied in a diet may be the most
important factor in somatic growth in fish (Stuart and Hung 1989; Jobling 1994).
Although the pellet diet contained approximately 44% protein, which is near the
optimal percent protein required for white sturgeon (Moore et al. 1988), growth
rate for pellet-fed pallid sturgeon was much lower than for chironomid-fed fish.
My results imply that the type of protein used in the pellet diet was not optimal for
pallid sturgeon growth.

Juvenile pallid sturgeon are known to be insectivores (Hoover et al. 2006;
Wanner et al. 2007; Grohs et al. 2009), and chironomids may contain a more
appropriate type of protein that is compatible with pallid sturgeon digestive
systems. Concentrations of micronutrients (vitamins and minerals) in
chironomids may differ from those in commercial diets, which could potentially
affect CE. In a related study, growth response of Atlantic sturgeon (A.
oxyrinchus) was linked to the quality of nutrients (e.g. vitamins A, B, D, E,

choline, zinc, etc.) in the diet (King 2004). Moreover, bioavailability of nutrients
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may be reduced by interactions with binding agents, or other ingredients in
formulated feed, which could potentially reduce absorption (Jobling 1994).

Natural diets have been shown to outperform commercial diets in a
number of cultured fish species such as walleye, larval coho salmon and white
sturgeon (Lindberg and Doroshov 1986; Barrows and Hardy 2001). My results
demonstrate that a natural diet of chironomid larvae outperformed a pellet diet in
pallid sturgeon. Natural diets may be superior to commercial diets over a wide
range of species because of differences in feeding strategies. Although
formulated diets are fortified with nutrients and vitamins, digestibility and uptake
may differ among fish taxa. Nutrient transport systems in the digestive tract are
related to the natural diet of a species, and may be an evolutionary adaptation
(Jobling 1995). For example, secretion of digestion enzymes has been shown to
differ among fishes in different feeding groups (Horn 1998). Insectivorous fishes
have high levels of chitinase to break down exoskeletons, whereas piscivorous
fishes have high levels of pepsin to break down proteins (Jobling 1995).
Incomplete digestion of formulated diets from a lack of proper digestive enzymes,
or improper nutrient transport may contribute to sub-optimal growth of pallid
sturgeon reared on pelleted food.

Protein:energy ratios are important to incorporate into formulated feeds for
specific fish species to maximize growth, CE, and energy stores (NRC 1993;
Tibbetts et al. 2005). Hernandez et al. (2001) found that higher growth rates in

sharp snout sea bream (Diplodus puntazzo) were associated with diets with
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lower P:E ratios. An optimal P:E ratio has not been determined for pallid
sturgeon, however our results indicate that pallid sturgeon performed better at a
lower P:E ratio (0.34 versus 0.48).

Respiration is important for aerobic conversion of food to energy in fish
(Cech 1990) Chironomid fed fish exhibited faster growth, and assimilated
energy more efficiently which may be why they exhibited an elevated metabolic
rate. Metabolic rates of growing animals that are well fed have been found to be
higher than animals that have been undernourished (Jobling 1994). For
example, largemouth bass (Micropterus salmoides) of similar size fed
maintenance rations had 63% lower metabolism than those fed ad-libitum rations
(Ranney 2008). Metabolic rate increases as fish digest food items and
synthesize new tissue. The low metabolic rate of pellet-fed fish indicates that
poor digestion and little somatic growth occurred with this diet.

Cultured fishes often have high levels of liver lipids, especially those on
formulated feeds (Serrano et al. 1992; Brown et al.1993; Flood et al. 1996).
While lipids are an important form of energy for fish, an excess of lipids in a diet
may be detrimental to health. The liver is important for lipid and carbohydrate
storage, gonad development, immune function, bile production, and acts as a
primary site for biotransformation of chemicals such as nutrients, steroids, and
contaminants (Bruslé and Gonzalez i Anadon 1996; Flood et al. 1996).
Formulated feeds with excessive lipids can cause liver damage (hepatic lipoid

disease) in some cultured fish species, and substantial accumulation of lipids in
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the liver may be responsible for declines in health or sub-optimal growth (Flood
et al. 1996; Tibbetts et al. 2005). Siberian sturgeon fed high lipid diets deposit
lipid in the liver and digestive tract, rather than in muscle tissue (Médale et al.
1991). Pallid sturgeon fed a commercial diet had HSI values twice that of
chironomid fed fish, which may indicate increased deposition of lipid in the liver.
Since | did not examine liver lipid or liver enzymes during our experiment, it is
unknown whether liver function was impaired in fish fed the commercial diet.
Fatty livers (indicated by a high HSI value) may indicate inefficient utilization of
dietary energy (Tibbetts et al. 2005), which may explain why pallid sturgeon fed
commercial diets with higher HSI levels had slower growth and lower CE than
those fed chironomids. If liver function was impaired in fish fed commercial diets,
releasing hatchery reared pallid sturgeon with enlarged livers may have
detrimental effects on growth and development of those fish in the wild.
Insufficient knowledge of dietary needs of pallid sturgeon could affect
recovery efforts, specifically population augmentation. Recently there has been
a reduction in stocking quotas for the upper Missouri River basin and the pallid
sturgeon stocking program has begun to shift from large scale hatchery
production to focus on a conservation genetics based approach. Using this
approach, hatcheries would rear a smaller number of fish to larger sizes to
ensure higher post-stocking survival, while maximizing genetic diversity. With
fewer numbers of fish being released into the Missouri river system, pallid

sturgeon propagation efforts should focus on rearing large, healthy fish for
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stocking, as well as maintaining healthy broodstock populations. High survival
and growth of stocked pallid sturgeon is dependent upon health and performance
of fish during rearing. The particular commercial diet used in this study is
approximately 1/5 the cost of frozen chironomids, about $1.79 (USD) kg™ of fish
($0.01 g™"), compared to $46.40 kg™ of fish ($0.05 g'). While it may not be
economically feasible to rear pallid sturgeon entirely on natural diets, it may be
beneficial to alter feeding regimes from formulated feeds to natural feeds prior to
stocking. Faster growth rates, higher K, and higher CE obtained by using a diet
of frozen chironomids may reduce grow-out time for hatchery reared pallid
sturgeon, and may also abet the increased cost of feed. Acclimating pallid
sturgeon to natural prey items prior to stocking may be advantageous for greater

post-stocking survival and growth.
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Table 2-1. Repeated measures ANOVA results for differences in wet weight
(9), length (mm, FL), and daily consumption (kJ d™')/wt(0.674) for juvenile
Scaphirhynchus albus fed a diet of either chironomid larvae or pellet food
based on diet type, time, and diet*time interaction (a = 0.05).

Variable Effect d.f. F-Value Pr>F
Weight Diet*time 4 9 <.0001
Length Diet*time 3 5.65 0.0014
Consumption Diet 1 47.27 <0.0001

Time 4 1.03 0.4
Diet*time 3 1.36 0.3
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Table 2-2. Mean conversion efficiency (CE; %), food energy density (ED; kJ
g™), whole body energy density (kJ g wet weight), routine metabolic rate (R;
(g O, d")/wt®®), relative condition factor (K,) and hepatosomatic index (HSI),
for juvenile Scaphirhynchus albus fed a diet of either chironomid larvae or
pellet food. Standard error for means are shown along with results of two
sample t-tests comparing values between chironomid and pellet fed pallid
sturgeon.

Pellet diet Chironomid diet d.f. T-statistic P

CE 13.8+45 37946 67 3.72 < 0.001
Feed ED 9.2+0.79 1.3+0.03 6 -9.93 < 0.001
Whole body ED 0.73+0.1 3.72 + 0.62 10 4.73 < 0.001
Adjusted R 0.0065 + 0.0004 0.0079 + 0.0005 20 -9.93 <0.001
K, 0.87 £ 0.024 1.11 £ 0.015 22 -8.22 < 0.001

HSI 2.57 0.6 1.45 +0.15 16 -5.49 < 0.001
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Table 2-3. Moisture, crude protein, crude fat and ash (g kg™) of juvenile
Scaphirhychus albus fed a diet of either chironomid larvae or pellet food (n =

1).

Diet Type
Composition Pellet Chironomid
Moisture 1.18 1.05
Crude protein 5.39 6.03
Crude fat 1.51 1.17

Ash 1.75 1.59
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Figure 2-1. Mean fork length (mm) of chironomid-fed (open triangles) and pellet-
fed (solid squares) juvenile Scaphirhynchus albus during five week feeding trials.
Error bars represent 1 S.E and asterisks denote significant post-hoc t-test results
(p <0.01).
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Figure 2-2. Mean weight (g) of chironomid-fed (open triangles) and pellet-fed
(solid squares) juvenile Scaphirhynchus albus during five week feeding Error
bars represent 1 S.E and asterisks denote significant post-hoc t-test results (P <
0.01).
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CHAPTER 3. EVIDENCE FOR COUNTERGRADIENT VARIATION IN PALLID
STURGEON PHYSIOLOGY AND IMPLICATIONS FOR CONSERVATION OF
AN ENDANGERED SPECIES
This chapter has been prepared for submission as a manuscript to Conservation
Biology and was co-authored with Dr. Steven R. Chipps, Dr. Brian D. S. Graeb,
and Dr. Robert A. Klumb.

Introduction

Conservation of endangered species increasingly relies on the
identification of evolutionarily significant units (ESU; e.g. distinct population
segments, stocks, subspecies etc.) to develop and implement effective
management policies (Moritz 1994; Waples 1995). Evolutionarily significant units
can be defined as groups of species with distinct ecological, genetic and/or
historical importance (Waples 1995). Often times, ESUs are categorized as
populations or distinct population segments. In the wild, these populations
experience selective pressures that influence the direction of evolutionary
processes. Understanding the influences of selective pressures such as
differential survival, fecundity or mating success and how they affect the
evolution of a population is paramount in successful conservation and
management of endangered species.

Populations in the wild are not homogenous units; rather they develop an
internal structure based on interactions between the physical environment and
the biology of the species (Nunney 2001; Shaklee & Currens 2003). Population

structure is the pattern of differentiation of sub-populations within a larger,
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broadly distributed population, also referred to as a metapopulation (or a
population of populations; Kimura & Weiss 1964; Nunney 2001). Structure can
manifest in one of two ways: first is genetic structure, which is defined as
nonrandom distribution of genotypes in space and time, and second is proximity
structure which are the intraspecific interactions that influence an individual’s
fithess (Nunney 2001). Genetic structuring can result from populations with
restricted gene flow due to physical barriers, limited dispersal or temporal
reproductive isolation. Population structure exerts substantial influence on how
selective forces act on the evolutionary path of a species. In particular, genetic
structuring can affect evolutionary processes such as local adaptation,
coadaptation and even speciation (Nunney 2001). If a local population is
genetically isolated, genotypes with high local fithess will be selected for, which
will further enhance genetic structuring (Nunney 2001). Thus, maintenance of
genetic variation, such as conservation of genetic stock structure, is a major
concern in endangered species management.

Many traits in an individual are sensitive to the quality of the
environment, and organisms can respond to variations in environmental
conditions through phenotypic plasticity or long-term adaptations in traits (Mazer
& Damuth 2001). Those selective forces can cause organisms to evolve specific
traits that maximize fitness in their local environment (Kawecki & Ebert 2004).
This process of evolving traits specific to local environmental conditions is known

as local adaptation (Kawecki & Ebert 2004). Adaptive evolution is most likely to
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occur in genetically structured populations, particularly in instances of isolation by
distance (Wright 1951). Local adaptation in a population may lead to
maintenance of genetic variation, which is important for endangered species as
they typically have low levels of genetic variation (Nunney 2001). Thus,
successful conservation of endangered species requires an understanding of
local adaptation and the environmental factors that shape them

The pallid sturgeon (Scaphirhynchus albus) is a federally endangered,
large riverine fish that has a broad geographic distribution throughout the
Missouri, and the middle and lower Mississippi rivers (Dryer & Sandoval 1993).
The Missouri River is one of the most highly altered systems in the world, with
the pallid sturgeon facing habitat alterations in 67% of its range (Hesse 1987,
Dryer & Sandoval 1993). Habitat alteration, environmental contaminants,
overfishing and hybridization with sympatric shovelnose sturgeon (S.
platorhyncus) are believed to be the main causes of decline (Dryer & Sandoval
1993). Population estimates suggest that as few as 6,000 to as many as 21,000
genetically pure pallid sturgeon still exist (Duffy et al 1996). Recent work using
pallid sturgeon microsatellites suggests the presence of a distinct genetic stock
structure (Schrey & Heist 2007). Current genetic stock structure analysis of
pallid sturgeon identified three genetically distinct groups within the range of the
species (Schrey & Heist 2007). This apparent stock structure suggests a
stepping stone pattern (exchange of individuals between adjacent colonies only),

and appears to follow a latitudinal trend with one distinct upper Missouri River
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basin group and two less distinct lower basin groups (Kimura & Weiss 1964;
Schrey & Heist 2007; USFWS 2008). The upper Missouri River basin (upper
basin; UB) extends from the Great Falls of the Missouri River in Montana
downstream to Gavins Point Dam, South Dakota (Fig. 3-1). The middle basin of
the Missouri River (middle basin; MB) is defined as the Missouri River from
Gavins Point Dam, South Dakota to Kansas City, Missouri (Fig. 3-1).

Species with a broad geographic distribution, such as the pallid sturgeon,
are exposed to a large range of environmental conditions that vary latitudinally.
For example, in the upper Missouri River (southeast South Dakota) optimal water
temperatures for juvenile pallid sturgeon (25-28 °C) persist, on average, for about
2 weeks per year whereas in the lower Mississippi River, optimal feeding and
growth temperatures can persist for over 3 months (Chipps et al. In review).
Within the Missouri River, mean water temperature and number of growing
degree days in the growing season for emerald shiner (Notropis atherinoides),
sicklefin chub (Macrhybopsis meeki), freshwater drum (Aplodinotus grunniens),
river carpsucker (Carpiodes carpio) and sauger (Sander canadensis) were 1.3
times greater in southern latitudes than northern latitudes (Braaten & Guy 2002).
Such large, latitudinal variation in environmental conditions can give rise to
countergradient variation (CGV) in fishes, where genetic and environmental
influences on phenotype oppose one another (i.e., genotype adaptation
according to latitudinal compensation; Conover & Schultz 1995). Evidence for

CGV suggests that genetic capacity for growth increases with increasing latitude;
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thus, individuals from more northern latitudes have higher metabolic rates than
conspecifics from lower latitudes, at the same temperature (Conover 1990).
This form of antagonistic selection appears counter-intuitive in that, the rate of
most physiological processes (e.g. growth, metabolism) of ectotherms generally
declines with temperature (Conover & Schultz 1995). However, patterns of CGV
have been observed in a number of broadly distributed species such as lake
sturgeon (Acipenser fulvescens), paddlefish (Polyodon spathula) Atlantic
silverside (Menidia menidia), striped bass (Morone saxatilis), mummichog
(Fundulus heteroclitus), green frog (Rana clamitans), gastropods, and marine
invertebrates (see review by Conover & Schultz 1995; Power & McKinley 1997;
Scarnecchia et. al 2011).

Morphological variation within pallid sturgeon populations follows a
latitudinal trend similar to that reported for other fishes exhibiting CGV (Conover
1990). Body size, and outer barbell length increase with increasing latitude,
while relative head and interrostral length decrease (Killgore et al. 2007; Murphy
et al. 2007). Although evidence of latitudinal trends in morphology and genetic
stock structure exist for pallid sturgeon, it is unclear whether these patterns are
linked to local adaptations that might manifest as physiological differences along
a latitudinal gradient. To address this question, | designed a common-
environment experiment using juvenile pallid sturgeon from two distinct genetic
groups (upper basin, UB and middle basin, MB of the Missouri River) to

determine whether physiological attributes vary along a latitudinal gradient.
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Upper basin pallid sturgeon are progeny from wild adults captured near the
confluence of the Missouri and Yellowstone rivers in Montana (Fig. 3-1). Middle
basin pallid sturgeon are progeny from wild adults captured in the Missouri River
between Plattsmouth and Rulo, NE (Fig. 3-1). | hypothesized that feeding,
growth and metabolic rates of pallid sturgeon will follow a pattern of CGV, where
fish from northern latitudes (i.e., UB) exhibit faster rates than pallid sturgeon from

lower latitudes (i.e., MB) when reared at similar water temperatures.

Methods

| obtained 48 juvenile pallid sturgeon from the U.S. Fish and Wildlife
Service Gavin’s Point National Fish Hatchery, Yankton, SD. Twenty four
hatchery-raised juvenile pallid sturgeon, representing three families (8
fish/family), were obtained from parental stock captured near the confluence of
the Yellowstone and Missouri rivers (UB; Fig. 3-1). Similarly, 24 fish representing
three families were obtained from parental stock captured in the Missouri River
between Plattsmouth and Rulo, NE (MB; Fig. 3-1). For the purpose of this study,
| define family group as 1 female crossed with 1 male pallid sturgeon. Two fish
(each from the same family) were randomly assigned to one of twenty-four, 114-
liter glass aquaria. | clipped the pectoral fin of one fish from each tank to identify
individual fish. The twenty-four aquaria were connected to a re-circulating
system with a bio-filtration tank, and a sand filter. Water flow was kept constant
to individual aquaria and temperature loggers (n=4; Tidbit, Onset Computer

Corporation, Bourne, Massachusetts) were placed in the system to record hourly
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water temperature. Fish were exposed to natural lighting (windows) in the
laboratory and thus maintained on a natural photoperiod. Fish were held in the
recirculation system for approximately four months prior to the experiment and
fed a daily ration of chironomid larvae at 1-2% per day (i.e. maintenance ration).
During the acclimation period, water temperatures varied with ambient laboratory

temperatures and ranged between 17 to 20 °C.

Feeding and growth

| measured feeding and growth of UB and MB pallid sturgeon at 10, 14,
18, 22, 26 and 30°C beginning on 4 March to 18 July 2011. Test temperatures
were selected to reflect seasonal changes in water temperatures in the
Missouri/Mississippi River system. Water temperatures were controlled using a
1500 watt heater and (or) a 0.75 horsepower chiller unit and was increased or
decreased at a rate of ~1°C per day, until the desired test temperature was
reached. Fish were then acclimated to the test temperature for at least seven
days before starting 5-d feeding and growth trials.

Fish were fed a pre-weighed, ad-libitum ration of chironomids daily for five
days. Uneaten food was siphoned daily from each aquarium and chironomids
were blotted and weighed wet to the nearest 0.1 g. A pooled estimate of daily
food consumption (2 fish/tank) was calculated as the difference between the
amount of food fed and that recovered from the aquaria 24 hours later. To
account for leaching and residual breakdown of food items, | measured recovery

of chironomids in tanks without fish. Five grams of chironomids were introduced
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into fishless aquaria (four to five replicates per temperature) and recovered from
the tank 24 hours later. A recovery ratio for each temperature was calculated as
the amount recovered divided by the initial amount fed (Table 3-1). | corrected
daily food consumption estimates using the calculated recovery ratio
corresponding to the test temperature.

Because feeding rate varies with body size, | adjusted daily consumption
to account for variability in fish weight. In a related study, Chipps et al. (in
review) reported that maximum feeding rate for juvenile pallid sturgeon varied
with body size. Thus, to account for allometric variation, | adjusted daily
consumption using the equation:

ADC= (g food/d)/W,%¢74 + W,0674

where ADC is adjusted daily consumption, W is the weight of fish 1 and W is
the weight of fish 2 in each tank. Weight of individual fish, measured at the
beginning (day 1) and end (day 5) of each feeding trial, was used to estimate
daily weight and to calculate mean, absolute growth rate (AGR, g/d) for individual
fish as:

AGR= total g body weight gained/number of days
Information on feeding and growth rates were also used to calculate conversion
efficiency (CE) as:

CE =100 x total wet weight gained / dry weight of feed offered
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Respiration

| used intermittent flow respirometry to quantify routine metabolic rate of
juvenile pallid sturgeon at 10, 14, 18, 22, 26 and 30°C (Steffensen 1989). Fish
were acclimated to the desired test temperature for at least 14 days before a new
respirometry trial began. Food was withheld for at least 48 hours prior to
respirometry measurements to preclude effects of specific dynamic action
(Beamish 1974). Individual fish were placed into 4 L plastic respirometry
chambers and acclimated to the respirometer for at least 12 hours prior to trials
to minimize handling stress. Four to five blank chambers were used as a control
at each temperature to account for microbial respiration (M; Chech 1990).
Oxygen consumption was measured using NeoFox oxygen probes and NeoFox
Software (Ocean Optics, Dundedin, Florida). Dissolved oxygen (D.O.)
concentration (mg/L) was recorded every ten seconds until a measurable decline
was detected. Dissolved oxygen levels were monitored, and trials were
terminated if D.O. dropped below 5 mg/L. Trial duration was dependent upon
fish size and water temperature and ranged from 0.13 to 1.55 h. Three replicates
were performed on individual fish, and oxygen consumption (R) was calculated
as:

Mg O2/hour = [([initial O2] —[final O3])*volume-D] / time

where D = displacement by fish, assuming 1 mL water equals 1 g of fish (Cech
1990). Replicate measurements of R were averaged for each fish and then

adjusted (ADJR) to account for allometry using the equation:
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ADJR = (g Oz/h)/W°#°

where W is wet weight of fish in g (Chipps et al. in review).

Statistical Analysis

| used analysis of variance (ANOVA) to compare mean weight, ADC,
AGR, CE and ADJR among families from each basin (e.g. UB families 1, 2, and
3). | performed an ANOVA at each test temperature. Because no significant
differences were found among families for any response variables, | pooled data
(by basin) and used a repeated measures ANOVA to compare mean weight,
ADC, AGR, CE and ADJR between UB and MB pallid sturgeon. Data expressed
as proportions (i.e., CE and ADC) were transformed using an arcsine-square root
transformation prior to statistical analysis (Zar 2010). In the repeated measures
model, parental source (basin) and water temperature were used as grouping
factors. Basin effects were evaluated by specifying nested terms using either
tank(basin), which accounts for variability of individual fish or fish(basin) within a
basin as the error term, depending on the response variable. Similarly, error
terms for testing temperature and temperature*basin interactions were specified
as either temperature*tank(basin) or temperature*fish(basin) effects (Cody &
Smith 2006). If the interaction between temperature*basin was significant, a
post-hoc two sample t-test with a Bonferroni-Holm step down correction was
used to determine at which temperature(s) differences between basins occurred.

All analyses were performed use the SAS statistical package (SAS 2009).
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Results

Feeding and Growth

Initial mean size of UB pallid sturgeon (49.3 g £ 1.26 SE) did not differ
from mean size of MB sturgeon (48.7 g £ 2.62; P = 0.8). Mean size of UB fish
increased significantly faster than that of MB fish (Table 3-2; Figure 3-2). By the
end of the experiment, mean weight of UB sturgeon was 43% higher than that of
MB sturgeon. Upper basin fish were significantly heavier than MB fish at
temperatures greater than 22°C (Figure 3-2).

Daily consumption by UB pallid sturgeon was generally greater than that
observed for MB fish, although the relationship between water temperature and
food consumption rate varied by basin (i.e., interaction effect; Table 3-2). At
water temperatures of 10 to 22°C, food consumption by UB fish was 23-25%
greater than that of MB pallid sturgeon. As expected, daily consumption
increased with water temperature and ranged from 0.07 to 0.71 [(g
food/d)/W1%6™* + W,%¢"*1 for UB and 0.03 to 0.69 [(g food/d)/W*7* + W,%67] for
MB fish at temperatures from 10 to 30 °C (Figure 3-3). | observed the highest
consumption rate for both UB and MB pallid sturgeon at 26°C. Pairwise
comparisons revealed that adjusted consumption (ADC) for UB pallid sturgeon
was significantly greater at 10, 14, 22, and 30 °C compared to MB fish
(Bonferroni adjustment, P<0.008; Figure 3-3).

Upper basin pallid sturgeon exhibited faster growth than MB sturgeon at

temperatures greater than 18°C. At water temperatures of 10 and 14°C, growth
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rate was similar between UB and MB pallid sturgeon (Figure 3-4). Absolute
growth for UB pallid sturgeon was generally greater than that observed for MB
fish, although the relationship between water temperature and growth rate varied
by basin (i.e., interaction effect; Table 3-2). Absolute growth rate increased with
water temperature and ranged from -1.15 to 2.6 g/d for UB and -0.5 to 1.88 g/d
for MB fish at temperatures from 10 to 30 °C (Figure 3-4). Highest growth rates
for both UB and MB pallid sturgeon occurred at 18°C, and were 1.64 and 0.75
g/d, respectively.

Upper basin pallid sturgeon had greater CE than MB pallid sturgeon at 18
and 22°C. Temperature*basin interaction had significant effects on mean CE of
UB and MB pallid sturgeon (Table 3-2). Conversion efficiency peaked at 18°C
and dropped precipitously at 22°C for UB and MB pallid sturgeon. However, UB
CE decreased slightly between 22 and 30°C, while MB CE increased slightly
between 22 and 30°C (Figure 3-5). Back-transformed, mean CE was greatest
for UB sturgeon at 18°C (51.3 + 0.048) and lowest (1.8 + 0.008) at 10°C.
Similarly, MB sturgeon had the greatest CE of 22.4 + 0.009 % at 18°C, and the

lowest (0.6 + 0.005 %) at 10°C.

Respiration

Upper basin pallid sturgeon had greater ADJR than MB sturgeon at 18°C.
Mean oxygen consumption rate by juvenile pallid sturgeon varied by
basin*temperature interaction (Table 3-2). Mean adjusted R increased with

water temperature for both MB and UB fish (Figure 3-6). Oxygen consumption
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by UB pallid sturgeon was greatest at 30°C and lowest at 10°C. Similarly, mean
adjusted R of MB pallid sturgeon was greatest at 30°C but was lowest at 14 C.
Oxygen consumption for UB fish was similar to MB fish at water temperatures

<18 °C and > 22 °C (Figure 3-6).

Discussion

Results from this study, along with current research on genetic population
structure (Schrey & Heist 2007) presents evidence for adaptive differences
between stocks of pallid sturgeon. Pallid sturgeon from the UB and MB of the
Missouri River showed evidence of local adaptation in feeding, growth and
respiration consistent with counter gradient variation documented in other
species (Conover & Schultz 1995; Power & McKinley 1997; Scarnecchia et al.
2011). Greater capacity for growth in UB sturgeon is driven by higher food
consumption, CE and higher metabolic rates at warmer temperatures. Our
results are similar to those from other studies, where individuals from northern
latitudes exhibit faster growth and higher metabolic rates than individuals from
more southern latitudes (Conover 1990; Conover & Present 1990; Present &
Conover 1992; Schultz et al. 1996; Galarowicz & Wahl 2003; Stillwell & Fox
2009). In a heterogeneous environment, physiological and behavioral responses
to environmental variability could lead to the evolution of different stocks (Ihssen
et. al 1981). The range of the pallid sturgeon encompasses 18° latitude, with a
difference of ~10° latitude between the confluence of the Yellowstone and

Missouri rivers (UB), and the Missouri River at Kansas City, MO (MB; Braaten &
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Guy 2002). This difference in latitude indicates substantial variation in water
temperatures experienced by UB and MB pallid sturgeon. Braaten and Guy
(2002) found that the number of days in the growing season averaged 1.3 times
greater in southern latitudes (Missouri and Mississippi river confluence) than
northern latitudes (Missouri and Yellowstone river confluence). This range in
temperature regime likely influences physiological responses of pallid sturgeon in
the upper and middle basin of the Missouri River, which eventually lead to local
adaptation.

Evolutionary energetics suggests that local adaptations driven by natural
selection will tend to maximize physiological efficiencies of a population, if those
efficiencies increase fitness (Lotka 1922; Dobzhansky 1970). A literature review
of 109 studies on variation in body size of ectotherms found that 80% observed
an increase in body size with decreasing temperatures (Atkinson 1994). A
number of studies on CGV in natural populations of fishes cite size-selective
winter mortality as a plausible explanation for faster growth in northern
populations (Conover 1990; Conover & Present 1990; Present & Conover 1992;
Schultz et al. 1996). Conover (1984) found that smaller fish were more
susceptible to mortality from chronic exposure to low temperatures than larger
fish. Hence, it is advantageous for juvenile fish in northern latitudes to maximize
growth during a contracted growing season to enter winter with a large body size
(Conover 1990; Conover & Present 1990). Little is known regarding over-winter

survival of juvenile pallid sturgeon; however, faster growth, higher CE and
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increased metabolic rate of UB pallid sturgeon suggests that sturgeon from
northern latitudes have adapted the ability to grow more rapidly than MB fish,
which would be advantageous for entering winter with a large body size. In
addition to increased over winter survival, larger fish typically mature later in life,
and exhibit greater reproductive success by means of higher fecundity (Stearns
1992). Greater reproductive success by larger fish may be evolutionarily
advantageous in northern climates to counteract environmental instability that
may cause erratic recruitment and year class success (Conover & Schultz 1995).
Although size-selective winter mortality and increased reproductive success may
be selective forces attributable to faster growth in UB pallid sturgeon, why then
do MB pallid sturgeon exhibit slower growth rates at similar water temperatures?
One might expect that larger body size and faster growth would be
selected for across all latitudes to increase fitness. Larger body size is
advantageous because of a decreased risk of predation, maximized age-specific
survival, and increased fecundity (Roff 1992). The CGV phenomenon suggests
that there may be some factor(s) that favors smaller or intermediate body size at
southern latitudes (Conover and Present 1990). In order to grow faster, UB pallid
sturgeon have higher energy requirements than MB fish, as evidenced by higher
consumption and metabolic rates. Higher energy requirements may be
maladaptive in southern latitudes such as the Atchafalaya River, Lousiana where
temperatures may reach well above the thermal optima for growth (~27°C for

pallid sturgeon; Chipps et. al In review). On average, temperatures in the lower
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Missouri River are 1.3 times greater than in the upper Missouri River (Braaten &
Guy 2002). Knowledge of the underlying mechanisms influencing the pattern of
CGV is poor; however evidence from this study and others suggests that a
fitness trade-offs exist associated with increased growth at southern latitudes
(Conover 1990; Conover & Present 1990; Present & Conover 1992; Schultz et. al
1996; Karl & Fischer 2008). Although a larger body size is advantageous for a
variety of reasons, such as decreased risk of predation, and/or increased
fecundity, there may be physiological constraints and ecological trade-offs
associated with selection for growth rate in southern latitude fish (in this case MB
pallid sturgeon) that are poorly understood (Present & Conover 1992; Sogard
1997). Selection for large body size as influenced by environmental variability
may be adaptive, but body size may not be the target of selection, rather some
cellular mechanism (e.g. endocrine mechanisms regulating period of growth)
may be the underlying target (Davidowitz & Nijhout 2004; Karl & Fischer 2008).
Although mechanisms influencing differential feeding, growth and
metabolism are poorly understood, this study is the first to document evidence for
CGV in pallid sturgeon across their range. The presence of genetic stock
structure and locally adapted populations suggests that selection is driven by
differences in environmental conditions experienced by pallid sturgeon
throughout their range (Kawecki & Ebert 2004). Other broadly distributed
Acipenseriform species such as lake sturgeon and paddlefish show patterns of

countergradient variation in growth rates, suggesting the presence of locally
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adapted populations (Power & McKinley 1997; Scarnecchia et al. 2011). Local
adaptations within populations are important, and thought to be a significant
mechanism for maintaining genetic diversity (Hedrick et al 1976; Hedrick 1986).
Indeed, inbreeding depression and maintenance of genetic diversity are of great
concern for the conservation of endangered species and preserving local
adaptations in genetically structured populations is crucial (Hedrick 2001). The
persistence and viability of endangered fish populations are greatly affected by a
population’s adaptive potential; thus, recovery efforts should consider genetic
variability in order to preserve local adaptations and mimic genotypes found in
the wild (Anders 1998). Understanding the presence and magnitude of local
adaptation across the range of a broadly distributed species, such as pallid
sturgeon, can be useful for better defining geologically and ecologically
meaningful management units for restoration efforts, such as habitat restoration
or population augmentation.

Because many populations of endangered species have low genetic
diversity, outbreeding depression is of major concern in developing conservation
aquaculture programs (Anders 1998; Nunney 2001; Williamson 2001; Ireland et
al. 2002). Mitigation efforts for imperiled fish species often use population
augmentation programs as a short-term recovery strategy. Up to 68,000 juvenile
pallid sturgeon have been stocked into the Missouri River annually, with the aim
to prevent extirpation of the species (Hallerman 2003; USFWS 2005; USFWS

2007). Early stockings of pallid sturgeon have included translocations of
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offspring from broodstock collected near the uppermost dam (Fort Peck Dam,
MT) on the Missouri River, to below Gavin’s Point Dam, some 800 river
kilometers downstream (Schrey & Heist 2007). The current propagation program
incorporates recent research on pallid sturgeon stock structure, and advises
against stock transfers, which could reduce fitness of local populations (USFWS
2005; USFWS 2008). Currently, wild pallid sturgeon broodstock collected from
the Missouri River are transported to the nearest state or federal hatchery for
artificial spawning, and subsequent progeny are stocked into the management
unit corresponding to parental origin. Our results strengthen the support for use
of local broodstock to conserve local adaptations of pallid sturgeon, and reduce
the potential for a genetic bottleneck. Because pallid sturgeon show significant
genetic differentiation and evidence of local adaptation, use of local broodstock
and scientifically sound breeding programs are important to minimize
outbreeding depression between groups (Schrey & Heist 2007). Introduction of
organisms with different physiological characteristics can negatively affect
genetic integrity, growth and ultimately survival of a locally adapted population
(Koppelman & Phillipp 1986). While endangered species recovery may require
captive breeding programs, conservationists need to be well aware of the risks
and benefits of augmentation programs, and how artificial propagation may
potentially affect the process of natural selection on a population (George et al.
2009). Determination of an ESU for implementing conservation policies, such as

population augmentation, requires an understanding of if and how populations
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are locally adapted, and the underlying genetic stock structure. Natural resource
managers must therefore consider the role of spatially structured and locally
adapted populations in the delineation of management units, and implementation

of recovery efforts in order to optimize restoration.
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Table 3-1. Mean recovery rate (%) of chironomids by wet weight (g) added to
fishless aquaria at water temperatures from 10 to 30 °C.

Temperature Recovery Rate Standard
(°c) (%) Error
10 33 0.026
14 32 0.057
18 30 0.016
22 42 0.05
26 23 0.107

30 15 0.019
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Table 3-2. Results of repeated measures analysis of variance comparing
mean weight, consumption, absolute growth rate (AGR), conversion
efficiency (CE), and respiration between basins (upper Missouri versus
middle Missouri river juvenile pallid sturgeon; n =12, n = 11 respectively) and

water temperature (10 to 30 °C).

Variable Effect d.f. F-value p
Weight basin*temperature 5 38.81 <0.0001
Consumption basin*temperature 5 2.6 0.0296
AGR basin*temperature 5 53 0.0002
CE basin*temperature 5 5.76 <0.0001
Respiration basin*temperature 5 2.29 0.0475
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Figure 3-1. The Missouri River (solid black line) from Great Falls, MT to the
Missouri-Mississippi River confluence, St. Louis, MO with locations of six
mainstem dams (white lines). Dotted lines represent approximate capture
locations of upper basin (Montana) and middle basin (Nebraska/lowa) pallid
sturgeon broodstock.
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Figure 3-2. Mean weight (g) of middle basin (open triangle) and upper basin
(black circle) pallid sturgeon at temperatures from 10-30°C. Mean weight at
14°C was extrapolated from data at 10 and 18°C due to sampling error. Error
bars represent 1 S.E and asterisks denote significant post-hoc t-test results.
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Figure 3-3. Back-transformed mean consumption (g/d/weight®®"*) of chironomid
larvae by middle basin (open triangle) and upper basin (black circle) pallid
sturgeon at temperatures from 10-30°C. Mean consumption at 14°C was
calculated using extrapolated fish weights. Error bars represent 1 S.E. and
asterisk denotes significant post-hoc t-test results.
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Figure 3-6. Mean adjusted routine metabolic rate (ADJR) of middle basin (open
triangle) and upper basin (black circle) pallid sturgeon at temperatures from 10-
30°C. Mean adjusted routine metabolic rate at 14°C was calculated using
extrapolated fish weights. Error bars represent 1 S.E. and asterisk denotes
significant post-hoc t-test results.
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CHAPTER 4. SUMMARY AND RESEARCH NEEDS

Summary

My research improved our understanding of the effects of diet on pallid
sturgeon physiology, as well as the presence and pattern of local adaptations. |
demonstrated that pallid sturgeon fed a chironomid diet grew faster, had higher
metabolic rates, lower HSI, and greater energy density than those fed a
commercial diet. Moreover, pallid sturgeon on a chironomid diet assimilated
energy more efficiently as evidenced by higher CE and whole body ED.
Chironomid diets may be more compatible with pallid sturgeon digestive
systems, as juvenile pallid sturgeon are known insectivores. Although rearing
pallid sturgeon on chironomid larvae may not be economically feasible, it may be
advantageous to convert fish from a commercial pellet diet to a chironomid diet
shortly (e.g. 5-6 weeks) before stocking. After only five weeks, | observed faster
growth of pallid sturgeon feeding on chironomids. Hatchery managers should
focus on rearing large healthy fish for release in order to maximize post-stocking
survival.

| provided evidence of local adaptations in pallid sturgeon physiology that
follow a pattern of CGV. | hypothesized that sturgeon from the more northern
latitudes (UB) would grow faster and have higher metabolic rates than fish from
more southern latitudes (MB). Upper basin pallid sturgeon grew faster, had
higher CE and metabolic rates than MB sturgeon at warm temperatures. My

results indicate that UB pallid sturgeon grow more rapidly than MB fish when
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reared at similar water temperatures, most likely as an adaptive response to a

shorter growing seasons that typically occur in northern latitudes. Evidence of

locally adapted populations has important implications for propagation and

stocking of pallid sturgeon as a recovery strategy. Managers working towards

the recovery of pallid sturgeon must be aware of the pattern and extent of locally

adapted populations as a means of conserving genetic diversity.

Research Needs

1)

2)

| found that a chironomid diet was superior to a commercial diet for pallid
sturgeon. Although this is one of the first diet comparison studies using
pallid sturgeon, knowledge of nutrient requirements for pallid sturgeon
remains poor. Future diet research should focus on using a variety of
invertebrate diets, as well as other commercially prepared diets.
Identifying the best available diet(s) for use in pallid sturgeon propagation
will benefit hatchery managers by potentially increasing growth rates,
survival rates and conversion efficiency.

| measured growth, feeding and energy status of pallid sturgeon fed a
chironomid diet and a commercial diet. My results showed that the
chironomid diet resulted in faster growth and higher CE than the
commercial diet. Future diet performance research should focus on
measuring swimming performance and liver enzymes to enhance our
understanding of how diets may affect physical activity and liver function

of pallid sturgeon.
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Pallid sturgeon were fed a diet of chironomids or a commercial diet for 5
weeks during my study. After just five weeks, | saw marked differences in
growth, hepatosomatic index and energy density. | suggest maintaining
pallid sturgeon on a commercial diet for 6 weeks (or more) and then
converting those fish to a chironomid diet to determine if/when liver
condition, growth rates and energy assimilation improves. Hatchery
managers would benefit from this information if pallid sturgeon were to be
grown out on a commercial diet and converted to an invertebrate diet prior
to stocking.

Using two genetically distinct groups of pallid sturgeon (UB and MB), |
provided evidence supporting the presence of local adaptations consistent
with CGV. Future research on the extent of local adaptations should
include pallid sturgeon from the southern extent of their range, as fish from
the lower Mississippi or Atchafalaya River were not included in this study.
This information would enhance our understanding of the pattern and

extent of locally adapted pallid sturgeon populations.



