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Summary

The objective of this study was to evaluate the effects of
acclimation to flow and site-specific physicochemical water
conditions on poststocking dispersal and physiological condi-
tion of age-1 hatchery-reared pallid sturgeon. Fish from three

acclimation treatments were radio-tagged, released at two
locations (Missouri River and Marias River), and monitored
using passive telemetry stations. Marias treatment was accli-

mated to flow and site-specific physicochemical conditions,
Bozeman treatment was acclimated to flow only, and controls
had no acclimation (reared under traditional conservation

propagation protocol). During both years, fish released in the
Missouri River dispersed less than fish released in the Marias
River. In 2005, Marias treatment dispersed less and nearly

twice as many fish remained in the Missouri River reach as
compared to control fish. In 2006, pallid sturgeon dispersed
similarly among treatments and the number of fish remaining
in the Missouri River reach was similar among all treatments.

Differences in poststocking dispersal between years were
related to fin curl which was present in all fish in 2005 and
only 26% in 2006. Pallid sturgeon from all treatments in both

years had a greater affinity for the lower reaches of the
Missouri River than the upper reaches. Thus, release site
influenced poststocking dispersal more than acclimation

treatment. No difference was observed in relative growth rate
among treatments. However, acclimation to flow (i.e., exercise
conditioning) prevented fat accumulation from rupturing
hepatocytes. Acclimation conditions used in this study did

not benefit pallid sturgeon unless physiological maladies were
present. Overriding all treatment effects was stocking location;
thus, natural resource agencies need to consider stocking

location carefully to reduce poststocking dispersal.

Introduction

Pallid sturgeon Scaphirhynchus albus are native to the Missouri
and Mississippi river drainages. No evidence of successful

recruitment of pallid sturgeon has been observed in the
Missouri River above Fort Peck Reservoir (hereafter called
the upper Missouri River) in the past 30 years (Gardner,
1997). It is estimated that 50 wild (i.e., naturally produced in

the river) pallid sturgeon occur in the upper Missouri River,
and it is expected that these fish will be extirpated within
10–20 years (Gardner, 2005). The exact mechanisms for the

lack of recruitment in the upper Missouri River are unknown.
A conservation propagation program to increase the num-

ber of pallid sturgeon in the upper Missouri River was

implemented by the U. S. Fish and Wildlife Service in 1994. In
1998, 732 age-1 hatchery-reared pallid sturgeon (1997 year
class) from the Gavins Point National Fish Hatchery were
released in the upper Missouri River. In 2001, pallid sturgeon

were reared at the U.S. Fish and Wildlife Service Bozeman
Fish Technology Center (BFTC). Of the 732 hatchery-reared
pallid sturgeon released from the 1997 year class, 29 were

recaptured by age 5 (Gardner, 2004). However, only 11 of the
2221 fish stocked from the 2001 year class were recaptured by
age 5 (Gardner, 2007). It is likely the 2001 year class dispersed

downstream into Fort Peck Reservoir, experienced high
mortality, or both.

A preliminary study was conducted in 2004 to evaluate

poststocking dispersal of age-1 pallid sturgeon. Twenty-nine
radio-tagged pallid sturgeon were stocked in the Marias River
at river kilometer (rkm) 93 and their movements were recorded
using passive remote telemetry stations. Twenty-six of the

twenty-nine fish had dispersed downstream 93 km within the
Marias River and entered the Missouri River in 33 days.
Additionally, 19 of those fish had passed the lowest remote

station at Judith Landing (210 km downstream of release) by
the same date. These data indicated rapid downstream
poststocking dispersal by hatchery-reared age-1 pallid stur-

geon; thus, these fish may have dispersed into Fort Peck
Reservoir and experienced increased mortality.

Limited information exists regarding poststocking dispersal
of hatchery-reared age-1 pallid sturgeon throughout their

range. However, juvenile (age-3) pallid sturgeon released in the
Missouri River below Fort Randall Dam generally remained
near the stocking location or moved upstream during the first

year after stocking (Jordan et al., 2006). Although some
downstream dispersal may be natural in juvenile pallid
sturgeon, the rate and magnitude of dispersal may be related

to hatchery rearing conditions and stocking strategies.
Many differences exist between the hatchery environment

and the river environment (e.g., flow, physicochemical condi-

tions, food, habitat), and poststocking dispersal of hatchery-
reared pallid sturgeon is likely a function of physical condition
and chronic stress related to the transition between these
environments (Mueller et al., 2003). Hatchery-reared pallid

sturgeon may not become acclimated to the river environment
during their first year post-release (Jordan et al., 2006).
Further, survival, growth rate, and condition factors of

hatchery-reared white sturgeon Acipenser transmontanus
released in the Kootenai River, Idaho, suggest that most are
not acclimated to natural conditions until 1–3 years after
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release (Ireland et al., 2002). Hatchery-reared age-1 lake
sturgeon Acipenser fulvescens (Lake Winnebago origin; mean

length = 30 cm) stocked in the Menominee River, Wisconsin,
dispersed rapidly downstream as far as 32 km in 24 h after
stocking and out of the stretch of river where the investigators

wanted the fish to reside (Thuemler, 1988). However, most
wild caught lake sturgeon (Menominee River origin; mean
length = 48 cm) transplanted from lower reaches to an upper
reach of the Menominee River remained in the upper reach of

the river and most did not move downstream (Thuemler,
1988).
Although acclimation experiments have had mixed results

(Cresswell and Williams, 1983; Minckley et al., 1991), accli-
mation to flow has positively affected some large river fishes.
Exercising fish that were reared in tanks with little to no flow

may improve swimming performance and increase survival
(Ward and Hilwig, 2004). Poststocking dispersal decreased
when razorback suckers Xyrauchen texanus were precondi-
tioned to flow (Mueller et al., 2003) and swimming perfor-

mance increased for flannelmouth sucker Catostomus
latipinnis by 10%, bonytail Gila elegans by 15%, razorback
sucker by 26%, and spikedace Meda fulgida by 40% after

exercise conditioning in flowing water (Ward and Hilwig,
2004).
In addition to increasing swimming performance and

reducing poststocking dispersal, acclimation to flow (exercise
conditioning) may also increase the physiological condition of
pallid sturgeon. The hatchery environment can negatively

influence the normal physiological activities of pallid sturgeon
and shovelnose sturgeon Scaphirhynchus platorynchus which
reduces metabolism and promotes accumulation of fat in the
liver (USFWS 2003). Fatty liver can be pathologic in fish and

accumulation of lipids in the liver causes a metabolic disorder
of the liver (Zhang et al., 2004). However, lipids are an
important source of potential chemical energy and their

presence or absence reflects the metabolic capacity of fish
(Busacker et al., 1990). Acclimation to flow may reduce liver
fat content in hatchery-reared pallid sturgeon while maintain-

ing enough potential chemical energy to aid in the hatchery to
river transition.
The successful use of hatcheries for recovery of pallid

sturgeon will depend on how well hatchery-reared pallid

sturgeon can acclimate to natural conditions. Acclimation to
flow and site-specific physicochemical water conditions may
aid pallid sturgeon in adapting more quickly to the river

environment. Understanding conditions that better acclimate
hatchery-reared pallid sturgeon to the river environment and
the duration of exposure needed will be an important tool for

managers to reduce downstream poststocking dispersal of
pallid sturgeon. The objectives of this study were: (i) to
evaluate the effects of acclimation to flow and site-specific

physicochemical conditions on poststocking dispersal, growth,
energy reserves, and liver fat score of age-1 pallid sturgeon,
and (ii) to evaluate the effects of stocking location on
poststocking dispersal of age-1 pallid sturgeon.

Materials and methods

The effects of acclimation on the poststocking dispersal of
hatchery-reared pallid sturgeon from the BFTC were evalu-
ated in 2005 (2004 year class) using one treatment (Marias

treatment; see below) and a control group. The study was
repeated in 2006 (2005 year class) using two treatments
(Marias and Bozeman treatments; see below) and a control

group, and additionally examined the effects of acclimation on
the physiological condition of pallid sturgeon. The largest

pallid sturgeon from the BFTC (n = 60 in 2005; n = 270
in 2006) were selected, measured [mean (±SE) length =
330 ± 3 mm and weight = 121 ± 4 g in 2005; length =

302 ± 2 mm and weight = 96 ± 2 g in 2006], and tagged
with passive integrated transponder (PIT) tags and elastomer
tags. The PIT tags were inserted below the dorsal fin, and
elastomer tags were injected in the ventral surface of the

rostrum (UBPSPC 2005). Pallid sturgeon were randomly
assigned to treatments and each treatment was assigned two
tanks containing 15 fish (observational unit) per tank in 2005

and 45 fish per tank in 2006. Pallid sturgeon were reared for 36
and 74 days (acclimation periods) in 2005 and 2006, respec-
tively. All individuals were implanted with a Lotek coded radio

nanotag transmitter (2.1 g; 150.300, 150.420, or 150.680 MHz)
[see Gerrity (2005) for surgical methods], returned to the tanks
and held until release (see Table 1 for tagging and release
dates). In 2006, individuals not implanted with radio-trans-

mitters were sampled to assess physiological condition
(see below).

Table 1
Acclimation and rearing (control) conditions including mean (SE)
physicochemical water parameters by treatment for 2005 and 2006.
Dissolved oxygen, turbidity, and velocity levels are mean values from
measurements collected every 14 days throughout the acclimation
period. Temperature was recorded in 1-h increments and is reported as
the mean of mean daily temperatures throughout the acclimation
period

Year Parameter

Treatment

Marias Bozemana Control

2005 N acclimated ⁄ reared 30 30
Fish density (kg m)2) 0.33 0.64
Water supply rate
(L min)1)

102 20

Food per fish per day
[% of fish weight (g)]

1 (10) 1 (10)

Acclimation ⁄ rearing
duration (days)

36 36

Implantation date 8 ⁄ 30 ⁄ 2005 8 ⁄ 30 ⁄ 2005
Release date 9 ⁄ 2 ⁄ 2005 9 ⁄ 2 ⁄ 2005
Dissolved oxygen
(mg l)1)b

8.19 (0.01)

Daily temperature
(�C)

21.0 (<0.1) 17.8 (<0.1)

Turbidity (NTU)b 12.0 (<0.1)
Velocity (m s)1) 0.23 (0.03) 0.01 (<0.01)

2006 N acclimated ⁄ reared 90 90 90
Fish density (kg m)2) 0.78 0.78 1.53
Water supply rate
(L min)1)

102 22 20

Food per fish per day
[% of fish weight (g)]

2.5 (60) 2.5 (60) 2.5 (60)

Acclimation ⁄ rearing
duration (days)

74 74 74

Implantation date 8 ⁄ 14 ⁄ 2006 8 ⁄ 14 ⁄ 2006 8 ⁄ 14 ⁄ 2006
Release date 8 ⁄ 25 ⁄ 2006 8 ⁄ 25 ⁄ 2006 8 ⁄ 25 ⁄ 2006
Dissolved oxygen
(mg l)1)

8.11 (0.03) 6.23 (0.01) 6.90 (0.02)

Daily temperature
(�C)

21.9 (<0.1) 21.4 (<0.1) 21.1 (<0.1)

Turbidity (NTU) 17.1 (1.1) 1.0 (0.1) 0.6 (0.1)
Velocity (m s)1) 0.23 (0.04) 0.20 (0.03) 0.01 (<0.01)

aBozeman treatment was not implemented in 2005.
bData not collected for control in 2005.
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Treatments

TheMarias treatment was acclimation of pallid sturgeon to flow

and site-specific physicochemical water conditions in tanks near
the Marias River. Pallid sturgeon were transported from the
BFTC and placed in Marias treatment tanks on July 28 in 2005

and June 12 in 2006. Marias treatment acclimation tanks were
7.3-m long, 1.5-m wide and had a water depth of 0.5 m. Pumps
were used to generate flow around semi-circular false ends and a

3.0-m center divider. This created an enclosed system where
water was continually replaced concomitant with flow being
generated around the center divider (counterclockwise). Each

tank contained gravel substrate, was covered with 6-mm wire
mesh lids, and a canopy was erected over the tanks to provide
shade. Acclimation conditions can be found in Table 1.
The Bozeman treatment (implemented only in 2006) was

acclimation of pallid sturgeon to flow at the BFTC using
spring water (i.e., not stocking site-specific physicochemical
water conditions). On day 1 of the acclimation period,

Bozeman treatment pallid sturgeon were placed in a hatchery
truck at the BFTC and transported for four hours to keep
Marias treatment transportation time from being a confound-

ing variable and then placed in two tanks at the BFTC. All
design specifications, conditions, and monitoring were identi-
cal to the Marias treatment tanks except for water source.
Water temperatures in the BFTC were adjusted to follow the

thermograph of the Marias River as closely as possible.
Control fish were reared at the BFTC using traditional

methods (not acclimated to flow or site-specific physicochem-

ical water conditions). On day 1 of the experiment, control fish
were also trucked for four hours to keep transportation from
being a confounding variable and then placed in two 1.8-m

diameter circular tanks at the BFTC.
Fish were fed a mix of 50% Silver Cup No. 4 (2.00–

3.36 mm) Crumbled Salmon Feed (sinking) and 50% Bio-

Products 3 mm BioDiet Grower. Due to fungal growth on
uneaten food and mortality of pallid sturgeon during
preliminary trials, it was decided to feed 1% (10 g) of mean
fish weight per fish per day of feed in 2005. However, due to

low and negative growth rates that were observed in 2005 (see
Results), tanks were supplied with 2.5% (60 g) per fish per day
in 2006. Fungal growth was not encountered in 2006.

Physicochemical parameters

Physicochemical parameters were measured every 14 days in
all tanks. Temperature (�C; Onset Optic StowAway� Temp
data loggers; hourly measurements), dissolved oxygen
(mg L)1; YSI Model 50B), turbidity (NTU; Hach 2100P),

and water velocity (m s)1; Marsh-McBirney Model 2000) were
measured to ensure that levels of these parameters remained
within suggested physiological tolerance limits of similar

species (see Mims et al., 2002; Portz et al., 2006). These
parameters were also used to characterize treatments
(Table 1). All equipment was calibrated and tested prior to

and monthly throughout the study.

Physiological condition

Prior to treatment assignment, all individuals were examined
for fin curl: a deformation primarily of the pectoral fins
characterized by curling of the fins in a dorsal direction.

Although varying severity of fin curl existed among individ-
uals, fin curl was measured as present or absent.

Growth rate by treatment was determined for the acclima-
tion period by year. Length and weight were measured

immediately prior to the acclimation period and near the end
of the acclimation period (day 33 in 2005 and day 63 in 2006).
Growth rate was calculated using relative growth rate (Isely

and Grabowski, 2007).
Body lipid content (%) and liver fat content were evaluated

in 2006. Mean percent lipid and liver fat content were each
measured from six randomly selected individuals prior to

treatment assignment (day 0; pre-treatment level) and from six
randomly selected individuals for each treatment on day 63 to
obtain post-treatment levels. Lipid content was measured

using methods similar to the American Oil Chemists� Society
Official Procedure Am 5-04 (AOCS 2008). Each fish was
homogenized and lyophilized using a Labconco Freezone 12.

Lipid was measured using a petroleum ether extraction
(AnkomXT10). For liver fat content evaluation, pallid sturgeon
were euthanized, weighed (wet weight), and tissue collected
and fixed in Davidson�s solution. Liver tissue was embedded in

paraffin, sectioned at 5 lm, and stained using hematoxylin and
eosin (Luna, 1968). Histological slides were scored according
to the Upper Basin Pallid Sturgeon Propagation Plan

(UBPSPC 2005) based on fat vacuolation of hepatocytes (liver
fat score 0 = no fat vacuoles present, 1 = few hepatocytes
contain fat vacuoles, 2 = <50% of hepatocytes contain fat

vacuoles, 3 = most hepatocytes contain fat vacuoles but cells
retain normal shape, 4 = hepatocytes are greatly enlarged and
normal cytoplasm is displaced by fat but membranes are

intact, 5 = numerous hepatocytes show ruptured cell mem-
branes due to fat accumulation).

Plasma cortisol concentration was used as an indicator of
stress in 2006 (Webb et al., 2007). Blood (200 ll) was collected
from the caudal vasculature of six randomly selected individ-
uals prior to treatment, and from each treatment at 0, 12, 24,
and 48 h, and 7, 14, and 63 days after being placed into

acclimation tanks. Blood was immediately transferred to a
heparinized vacutainer, centrifuged, and plasma was collected
and frozen at )80�C until analyzed for cortisol. Plasma

cortisol was measured by radioimmunoassay following the
protocol of Foster and Dunn (1974) and modified by Redding
et al. (1984).

Poststocking Dispersal

Pallid sturgeon poststocking dispersal was quantified using

remote telemetry stations [see Oldenburg (2008) for system
specifications] at one location along the Marias River (both
years), four locations along the Missouri River in 2005, and

five locations along the Missouri River in 2006 (Fig. 1). The
remote station along the Marias River (Loma; both years) was
placed at rkm 0.8. Remote stations along the Missouri River

were at Coal Banks (rkm 3270; 2005), Virgelle (rkm 3274;
2006) Judith Landing (rkm 3190; both years), Power Plant
Ferry (rkm 3118; 2006), Mauland Island (rkm 3076; both
years), and Squaw Creek (rkm 3001; both years) (Fig. 1).

After the 36-d (2005) and 74-d (2006) acclimation period, 15
of the radio-tagged pallid sturgeon from each treatment (seven
randomly selected from one tank and eight from the other)

were released in the Marias River (Circle Bridge in 2005,
Marias River acclimation location in 2006). The remaining 15
radio-tagged pallid sturgeon from each treatment were

released in the Missouri River at the Fred Robinson Bridge
(Fig. 1). Poststocking dispersal was quantified using remote
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stations from release until day 68 post-release in 2005 and day
64 post-release in 2006 (dispersal period). Downstream
dispersal rate was calculated as kilometers per day (km ⁄ d).
Dispersal rate was calculated for each individual from the

release site to the first remote station encountered and for each
reach between remote stations thereafter.
Poststocking dispersal was also analyzed using fish loca-

tions at the end of the dispersal period. For each year and
release site combination, remote station data were used to
determine the number of pallid sturgeon from each treat-

ment that remained in a reach (between remote stations) at
the end of the dispersal period. In 2006, these locations were
validated by comparing them to the fish locations observed

during active tracking by jet boat at the end of the dispersal
period.

Data analysis

A nested analysis of variance (ANOVAANOVA; tank nested within
treatment) was used to compare growth rate for length and

weight among treatments. Mean body lipid content was square
root arcsine transformed (Zar, 1984), and ANOVAANOVA was used to
compare lipid content among treatments (pre-treatment was

not included in the ANOVAANOVA). A Fisher-Freeman-Halton test was
used to evaluate differences in liver fat score among treatments
(pre-treatment was not included in the Fisher-Freeman-Halton
test). All plasma samples were analyzed in duplicate. The lower

limit of detection was 0.98 ng ml)1. The intra and interassay
coefficients of variation for all assays were <5 and 10%,
respectively. Analysis of variance was used to compare 63-d

plasma cortisol concentration among treatments. A two-way
ANOVAANOVA with repeated measures and a nested design (tanks

nested within treatments) was used to analyze dispersal rate.
The main effects were treatment and release site. The interac-
tion term for the main effects was included in the model. A

Fisher-Freeman-Halton test was used to test for differences
among treatment distributions by release site.
All data were analyzed using Statistical Analysis System (SASSAS

for Windows, version 9.1; SAS Institute, Inc., Cary, NC, 2003)

and alpha was 0.05 for all analyses. Years were analyzed
separately for all data analyses because several extraneous
variables differed between years (e.g., acclimation period

duration, release site locations, remote station locations,
amount of feed, post-surgery recovery time, and presence or
absence of fin curl). Mixed models were used for all ANOVAANOVAs

with repeated measures (Wolfinger and Chang, 1995) and
general linear models were used for all ANOVAANOVAs not containing
repeated measures. All models containing two main effects
were run with the interaction term included. Multiple com-

parisons were conducted using least-squares means (lsmeans)
with Tukey–Kramer adjustment. Model assumptions of nor-
mality and homogeneity of variance were evaluated for all

ANOVAANOVA models through visual examination of normal proba-
bility and residual plots.

Results

Physiological Condition

One hundred percent of the pallid sturgeon had fin curl in

2005. In 2006, 26% of the fish used in the poststocking
dispersal experiment had fin curl (10 from Marias treatment,
seven from Bozeman treatment, and six controls). Fin curl was
most prevalent in the pectoral fins during both years.

Relative growth rate differed significantly between
treatments in length (F3,55 = 12.97, P < 0.01) and weight
(F3,55 = 58.50, P < 0.01) in 2005, being lower for the

Marias treatment compared to control fish. Relative growth
rate did not differ significantly among treatments for length
(F5,84 = 1.62, P = 0.16) or weight (F5,84 = 1.43, P = 0.22) in

2006.
Basal lipid content assessed in 2006 was 9.2 ± 1.6%. Lipid

content differed significantly among treatments (F2,15 = 7.94,

P = 0.004), being significantly greater for the Bozeman
treatment (12.6 ± 0.5%) compared to the Marias treatment
(9.3 ± 0.4%) (lsmeans, n = 12, P = 0.003), while controls
(10.8 ± 0.8%) did not differ from the Marias (lsmeans,

n = 12, P = 0.215) or Bozeman (lsmeans, n = 12,
P = 0.101) treatments.
The majority of pallid sturgeon sampled had a mean liver fat

score 4 with no significant differences among treatments
(n = 18, P = 0.81). Five of the six livers sampled from
control fish contained localized areas of liver fat score 5, where

fat vacuolation of hepatocytes was extreme and caused cell
membranes to rupture. No ruptured cell membranes were
observed in Marias, Bozeman, or pre-treatment fish.
Mean plasma cortisol concentration did not differ signifi-

cantly (F2,3 = 1.37, P = 0.37) among treatments after the
63-d acclimation period in 2006. All treatments experienced a
spike in plasma cortisol concentration (i.e., 4.7–8.6 ng ml)1)

between 0 and 48 h and then declined to nearly 0 ng ml)1 by
the end of the acclimation period (Fig. 2). However, plasma
cortisol concentrations were elevated in Marias treatment

pallid sturgeon at 7 and 14 days.
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Fig. 1. Map of the study area with remote stations (RS), release sites
(Marias River release: Circle Bridge in 2005 and Marias River
acclimation site in 2006; Missouri River release: Fred Robinson
Bridge both years), and the Marias River and Bozeman Fish
Technology Center acclimation sites denoted
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Poststocking Dispersal

In 2005, 37% (22 ⁄ 60) of the fish released were located through
active tracking by jet boat at the end of the dispersal period

and locations were consistent with the end location data
obtained from remote stations. Three control fish were
identified as mortalities.
In 2006, 82% (74 ⁄ 90) of the fish released were located

through active tracking by jet boat at the end of the dispersal
period and no mortalities were observed. Seventy-two fish were
located in the reach (between remote stations) that was

consistent with the end location data obtained from remote
stations. The Virgelle remote station did not detect 24%
(7 ⁄ 29) of the fish that dispersed downstream of that location.

In 2005, the treatment-release site interaction was non-
significant (F1,66.4 = 0.53, P = 0.47). Downstream dispersal
rate differed significantly between treatments [F1,66.4 = 8.08,
P = 0.01 (pooled by release site)], being greater for the

controls than for the Marias treatment (Fig. 3). Further,
downstream dispersal rate differed significantly between
release sites [F1,66.4 = 11.43, P < 0.01 (pooled by treatment)]

where pallid sturgeon released in the Marias River dispersed at
a greater rate than fish released in the Missouri River (Fig. 3).
In 2006, the treatment-release site interaction was non-

significant (F2,56.9 = 0.94, P = 0.40). Dispersal rate did not
differ significantly among treatments [F2,56.9 = 0.77,
P = 0.47; Fig. 4 (pooled by release site)], but differed signif-

icantly between release sites [F1,58.1 = 8.24, P = 0.01 (pooled
by treatment)]. As in 2005, fish released in the Marias River
dispersed at a greater rate than fish released in the Missouri
River (Fig. 4).

Treatments did not differ significantly with respect to end
location distribution for a given release site in 2005 [Marias
River release (n = 27, P = 0.07), Missouri River release
(n = 30, P = 0.16); Fig. 5] or 2006 [Marias River release

(n = 45, P = 0.22), Missouri River release (n = 45,
P = 0.17); Fig. 6]. In 2005, 27% of the Marias treatment
and 33% of the control fish released in the Marias River

dispersed downstream >400 km into Fort Peck Reservoir,
while 40% of the Marias treatment and 60% of the control fish
released in the Missouri River dispersed 92 km or greater into

Fort Peck Reservoir (Fig. 5). In contrast, in 2006, none of the
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45 individuals released in the Marias River and 1 of the 45
individuals released in the Missouri River dispersed into Fort
Peck Reservoir (Fig. 6).

Discussion

Neither treatment was fed to satiation in 2005 as growth rates

were lower than those observed in 2006. The difference
between treatments in 2005 may have been caused by feed in
the Marias treatment tanks settling into the interstitial spaces

in the gravel substrate where it was unavailable for consump-
tion. The control tanks contained no substrate making it likely
that the difference observed between the Marias treatment and

controls in 2005 was a function of the amount of available
feed.
Although lipid content differed among treatments, all

treatments had sufficient levels to aid in the transition between

hatchery and river environment (Volkman et al., 2004). Thus,
the acclimation treatments did not negatively influence lipid
content (i.e., did not exhaust energy reserves). Further,

although no differences were found in liver fat score among
treatments, it is possible that a difference did exist and was not

detectable due to low sample size (i.e., Type II error) or
insufficient criteria for fat score values. It is physiologically
meaningful that fat accumulation was so severe that livers

from 80% of control fish contained localized areas of ruptured
hepatocytes whereas no ruptured hepatocytes were observed
among livers from pallid sturgeon that were acclimated to
flow. The high liver fat content and ruptured hepatocytes

observed in localized areas of livers from control fish resulted
in the loss of normal liver architecture, is considered patho-
logical (UBPSPC 2005), causes metabolic disorder of the liver

(Zhang et al., 2004), and may decrease survival (Feng and Jia,
2005). Therefore, exercise conditioning (acclimation to flow)
appears to be beneficial in reducing liver fat content.

Release site (i.e., habitat) appeared to influence poststocking
dispersal rate more than treatment conditions. Thus, hatchery-
reared pallid sturgeon that were acclimated to river conditions
dispersed downstream similarly to non-acclimated pallid

sturgeon and all treatments exhibited selection for the lower
reaches of the upper Missouri River. The river reach extending
from slightly above the Fred Robinson bridge (rkm 3098;

Missouri River release site) downstream to the headwaters of
Fort Peck Reservoir (rkm 3001) retains many of the charac-
teristics of a large warmwater river and is an important reach

for hatchery-reared juvenile pallid sturgeon and their prey
(Gerrity et al., 2008). Hatchery-reared juvenile pallid sturgeon
are primarily associated with fines and sand substrate (Gerrity

et al., 2008), the most common substrate in the upper Missouri
River, while gravel and cobble compose the preponderance of
substrates above this reach (Gardner, 1994). The reach
between rkm 3001 and rkm 3098 is thought to contain the

most suitable habitat for juvenile pallid sturgeon in the upper
Missouri River (Gerrity et al., 2008), and these telemetry data
corroborate that assertion.

Fin curl likely influenced dispersal rate between 2005 and
2006. Fin curl was more severe and expressed in more
individuals in 2005 as compared to 2006. Pectoral fins have

been demonstrated to be critical to swimming performance
and station-holding (maintaining station without actively
swimming by using pectoral fins and body morphology to
generate negative lift) efficacy of sturgeons (Adams et al.,

1997, 1999, 2003; Wilga and Lauder, 1999). Therefore, the
diminished pectoral fin condition of the pallid sturgeon in 2005
likely increased downstream poststocking dispersal relative to

the pallid sturgeon in 2006.
In 2005, pallid sturgeon acclimated to river conditions along

the Marias River dispersed at a slower rate than those not

acclimated and fewer acclimated fish dispersed into Fort Peck
Reservoir. In 2006, all treatments were similar with respect to
dispersal rate. Thus, acclimation to river conditions may be

important when fin curl is present. It has been demonstrated
that fish that are forced to swim for long periods of time
(exercised fish) have greater swimming stamina than unexer-
cised fish (Leon, 1986; Ward and Hilwig, 2004). However,

pallid sturgeon spend approximately 18% of their time free
swimming (Adams et al., 2003). Therefore, acclimation to flow
may not be necessary for pallid sturgeon that have no

physiological maladies because they are efficient at station-
holding. Conversely, acclimation may be highly beneficial if
pallid sturgeon have reduced swimming and station-holding

ability due to fin curl. This contention is supported by the
results from the plasma cortisol. These results suggest that the
magnitude of flow in the acclimation tanks was not great
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enough to be considered a stressor to juvenile pallid sturgeon
that do not have fin curl; thus, they were likely not truly

acclimated to flow, or were acclimated to flow by day 7.
Unfortunately, plasma cortisol was not measured in 2005 to
determine if the hypothesized fin curl induced decrease in

station holding-ability was correlated with greater plasma
cortisol concentrations.
Fish size may have also contributed to the differences in

dispersal between years. The maximum observed sustained

swimming speed of age-0 pallid sturgeon was 0.25 m s)1 for
large fish (170–205 mm) and 0.10 m s)1 for small fish (130–
168 mm) (Adams et al., 1999). Although the pallid sturgeon

used in Adams et al. (1999) were slightly smaller and eight
months younger than the fish used in this study, they
demonstrate that relatively small differences in size may have

a great impact on swimming ability. Thus, the size difference in
pallid sturgeon between years and the additional acclimation
time in 2006 along with fin curl likely explains the differences in
dispersal rate between years.

Although these results seem to indicate that there is little
benefit in acclimating pallid sturgeon that have no physiolog-
ical anomalies, a few alternative hypotheses should be consid-

ered. Due to transmitter size restraints, only the largest pallid
sturgeon from the BFTC were selected for use in this study.
The effects of acclimating smaller pallid sturgeon to flow and

physicochemical conditions remain unknown. Further, it has
been suggested that it may take more than 1 year for hatchery-
reared pallid sturgeon to become acclimated to the river

environment (Jordan et al., 2006). Thus, a longer acclimation
period may be desirable. Moreover, acclimation over a longer
period of time or at greater velocities, may affect swimming
performance and liver fat content. Lastly, it may not be

desirable for pallid sturgeon to remain in the upper reaches of
the upper Missouri River because of the lack of suitable
habitat. Thus, stocking at a single location (Fred Robinson

Bridge) rather than multiple locations may be beneficial to
pallid sturgeon recovery.
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