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Changes in flow management of the Missouri River Mainstem Reservoir System
have been proposed to restore more of the ecological functions of the Missouri River.
However, uncertainty exists about how the biota will respond to flow management
changes. This dissertation explored relationships between three components of the
biota and abiotic factors. The dissertation is divided into three studies corresponding
to the biota studied: 1} aquatic macroinvertebrates; 2) larval fish; and 3) age-0 and
age-1 fish. The objectives of each study were to estimate the relative importance or
probability of an effect for key abiotic predictor variables to biotic response variables
and to compare the results among reaches of the river. A multi-year, multi-location
database of biclogical sampling was used to develop statistical models relating bi-
otic responses to variables representing discharge, temperature, and turbidity in the
Missouri River from Fort Randall Dam, SD to Rulo, NE. The resulis of the aquatic
macroinvertebrate modeling varied by river reach. Greater macroinvertbrate drift
densities were related to high flows out of Fort Randall Dam and low flows and
reduced turbidity below Gavins Point Dam. The results below Gavins Point Dam
suggest that increased macroinvertebrate drift densities are a response to reduced
habitat and food availability. Resuits of the larval fish modeling indicated that water
temperature was the most important predicior variable. Greater temperatures or de-

gree days consistently increased the probability of finding larval fish and the resulting



drift densities. Discharge-related variables were the most important predictors for
age-0 and age-1 fish. Greater catch per unit effort of age-0 or age-1 fish was gen-
erally related to less variable discharge in the unchannelized reaches and to greater,
rising discharge in the channelized reaches. Overall. the results suggest that more
natural discharge, temperature, and turbidity regimes would benefit native fish and

invertebrate species in the Missouri River.
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Chapter 1

General Introduction

1.1  Introduction

The Missouri River basin (Figure 1.1) has a drainage area of 137,000,000 ha, which
makes it the second largest river basin in the United States (Kammerer, 1990). Only
the Mississippi River. of which the Missouri River is a tributary, has a larger drainage
basin. The Missouri River is 4,000 km long from the headwaters of its source streams
in Montana to its mouth near St. Louis, Missouri, making it the longest river in the
United States {Kammerer, 1990}). The river can be conveniently divided into three
zones based on present geomorphology and hydrology {Galat et al., 2005b). The
upper, least-altered zone extends from the origin to Fort Peck Lake, is unchannelized,
and mostly free-flowing. The middle, inter-reservoir zone extends from Fort Peck
Lake to Sioux City, lowa, is unchannelized, and features six large impoundments

that were constructed and are operated by the U. 8. Army Corps of Engineers. The
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lower, channelized zone, which extends from Sioux City to the mouth near St. Louis.

Missouri, is channelized along its entire length.

Human activities in the Missouri River basin have caused considerable change to
the Missouri River ecosystem (National Research Council, 2002). Impoundments.
fiow regulation, and channelization have resulted in a loss of natural flood pulses. loss
of natural low flows, reduction in water temperature variation, reduction in sediment
transport, and loss of channel complexity. Agricultural development and urbaniza-
tion in the floodplain have resulted in the loss of natural riparian vegetation and a
reduction in the amount of organic matter entering the river.

Flow regulation has greatly altered the flow regime of the Missouri River (Fig-
ure 1.2). The historic Missouri River hydrograph was characterized by a bimodal
spring rise (Hesse et al.. 1989; Galat an- Lipkin, 2000; Galat et al., 2005¢). The first
peak occurred in March to April following ice-out in the channel and prairie snowmelt.
The second, larger peak occurred in June from Rocky Mountain snowmelt and rainfall
on the plains and associated river vallevs. Overbank flooding was common during
the historic spring rises (Hesse et al.. 1989; Galat et al., 2005a). Galat and Lipkin
(2000) found that flow regulation of the Missouri River has resulted in a reduction
in magnitude and duration of the annual flood pulse, an increase in the magnitude
and duration of annual discharge minima. and a reduction in the rate of change of
river flows. Pegg et al. (2003) found that daily mean flows are greater and flow vari-
ability has been reduced because of flow regulation. The impacts of flow regulation
are greatest in the middle portion of the river from Lake Sakakawea to St. Joseph,
Missouri {Galat and Lipkin, 2000; Pegg et al., 2003). Galat et al. (2001) found tem-
perature depressions caused by hypolimnetic reservoir releases in the inter-reservoir

reach of the river. but found that Gavins Point releases had no significant effects on
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water temperature. Large reductions in suspended sediment and turbidity resulting
from the reservoir system have also been reported (Morris et al., 1968; Whitley and
Campbell, 1974; Slizeski et al., 1982; Pllieger and Grace, 1987; Schmulbach et al.,
1992; Galat et al., 2001).

Along with the loss of native habitat, the Missouri River ecosystem has experi-
enced a significant loss of abundance of native species and communities (National
Research Council, 2002). Three native species (pallid sturgeon, least tern, and piping
plover) are on the federal Endangered Species List. Galat et al. (20058), the most
recent Missouri River fishery review, lists 24 fish species as declining in abundance of
which 96% are native. Of the 17 species thought to be increasing, 53% are introduced.
Eleven species are listed by two or more states as imperiled. Mestl and Hesse {1963)
estimated that secondary production of aquatic insects decreased 61% between 1963
and 1980 in an unchannelized reach downstream of the mainstem dams.

Changes in environmental and resource valiues ha-e resulied in increased interest
in restoring some portion of the Missouri River’s ecological function that has been
lost. Habitat restoration and changes in flow management have both been proposed
as ways to benefit ecological services of the Missouri River. A number of habitat
restoration efforts to increase channel complexity and reconnect portions of the river
to the floodplain are underway in the channelized portion of the river, but few of these
have included explicit ecological objectives and performance evaluations (Galat et al.,
20056}, Flow normalization has been more controversial and the subject of litigation.
The National Research Council (2002} concluded that “the most significant scientific
unknowns in the Missouri River ecosystem are how the ecosystem will respond to
management actions designed to improve ecological conditions”.

This study used biclogical sampling data from the Missouri River Historical Database



(8661 ‘savvuidug] jo sdiogy Auly *g "[)) HOIRITos MO} JO $I000 A1) SAOUISL 0} PIUSISOP S1 JUY} OLRUIDS
JOALE-O13-JO-UILE [OPOTN SUBMOY Afrec] swotiBuy] jo sdio)) AWy °§ (] o) WO LG6T 03 LL6T Wodj so8Ieyosip peapout A[lep jo sawoul
oI sodIeyostp pojejuSelul) POOT 03 LLGT WOL suoliwls Swidned A3 wiswipN puv Ryen() OS50 9yl pue we( juiog BUIABL)
‘ure(] [[RpURY L0 1¥ SoBICUOSID AJIRD POAISS(O [RILIOR 9T} JO SUYSHE 04 SeEIRIDSIP PoIR[nBoy ISAIY [MUOSSI 9Y3 HO SUOIRDO}
INOJ 18 2E1YOSIP Aflep weoul ‘(YY) WAL-0I-Jo-und ‘pojemaaiun pur pejendol (sq()) pesresqo usemiaq uostrediuo)) "¢ vandyg

aB()
w P &= Zz
§EcEf8ELTEEQ
f I 13 J i I i 1 1 i ! ! I 1 { { | | | i H 3 H i
- - 008
- GO0}
= ~ 0051
- ~ 0002
- - 005z
8
=
o
w0
@
E)
008 o
_
000k
Q05
0002

00se




6

(MRHD) (Hesse. 2001) to investigate the relationships between abiotic factors and
Missouri River biota. The MRHD is a multi-vear, multi-location database of macroin-
vertebrate and fish sampling that covers the portion of the Missouri River from Fort
Randall Dam, SD to St. Joseph, MO. The data in the MRHD have been compiled from
a variety of previous studies and projects. In addition, the physical data used were
those readily available from public sources and may not completely reflect conditions
at each of the individual sampling sites. Therefore, this study was an exploratory

investigation.

1.2 Objectives

The overall goal of this research was to investigate relationships hetween native
fish and invertebrate abundance and the hvdrologic, thermal. and turbidity regimes.
There are many other factors that influence fish and invertebrate abundance (e.g.,
habitat loss because of channelization and land use changes, fishing, nonnative species,
and climatic effects). However, this research was focused on the impacts of specific
abiotic factors.

'To accomplish the research goal, the following objectives were pursued:

1. For the following response variables, develop sets of statistical models that relate
the response to variables representing discharge, temperature, and turbidity for

Missouri River reaches between Fort Randall Dam and Rulo, Nebraska.

{a) Aquatic macroinvertebrate drift density
(b) Larval fish presence and drift density

{c} Age-0 and age-1 fish catch per unit effort
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2. For each set of models, estimate the relative importance of the predictor vari-

ables or effect probabilities and develop model averaged parameter estimates.

3. Compare the results among species and reaches of the river.

1.3 Dissertation Organization

This dissertation is comprised of a general introduction, three manuscripts, and a
general summary and conclusions. Each manuscript covers a different segment of the
Missouri River biota and its relation to discharge, temperature and turbidity. The first
manuscript titled “ Macroinvertebrate Drift Density in Relation to Abiotic Factors
in the Missouri River” focuses on drift of aguatic macroinvertebrates. The second
manuscript, “Relationships Between Larval Fish Drift and Abiotic Factors in the
Missouri River”, covers the presence/absence and drift density of larval freshwater
drum and catostomids. The final manuscript, “Catch of Age-0 and Age-1 Fish in
Relation to Abiotic Factors in the Missouri River”, examines catch per unit of effort

of several cyprinid and a catostomid species.
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Chapter 2

Macroinvertebrate drift density in
relation to abiotic factors in the

Missouri River

2.1 Abstract

Changes in flow management of the Missouri River Mainstermn Reservoir System have
been proposed to restore more of the ecclogical functions of the Missouri iliver. How-
ever, uncertainty exists about how the biota will respond to flow management changes.
The objectives of this study were to estimate the relative importance of key abiotic
predictor variables to aguatic macroinvertebrate drift densities and to compare these
results among reaches of the river. A multi-year, multi-location datahase of spring
macroinvertebrate drift net sampling was used to develop relations between drift den-
sity and variables representing discharge. temperature, and turbidity in the Missouri
River from Fort Randall Dam, SD to the mouth of the Little Nemaha River, NE. Mul-
timodel inference using generalized linear mixed models and an information theoretic
approach were used to estimate the relative importance of the predictor variables and
the parameters. The results varied by reach. Discharge related factors were more

important at the upstream end of the study area, and turbidity was more important
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at the downstream end of the study area. Water temperature or degree days were
also important predictors in the upstream reaches. The results below Gavins Point
Dam suggest that increased macroinvertebrate drift densities are a response to re-
duced habitat and food availability. Since macroinvertebrates are an important food
.

source for native fish, they should be included in biological monitoring protocols of

fiow management changes.

2.2 Introduction

Like many large rivers, the Missouri River has been greatly altered by human ac-
tions. Storage reservoirs, channelization, flood control structures, and other human
developments have provided a number of economic benefits, but these have come
at an ecological cost (National Research Council, 2002). Changes in environmental
attitudes have led to an increased interest in restoring some portion of the Missouri
River's lost ecological function. Habitat restoration and changes in fiow management
have both been proposed as ways to restore some of the ecological functions of the
Missouri River system. Habitat restoration via backwater and side channel creation
has been ocecurring in the channelized portion of the river. However, changes in flow
management have been very controversial and the subject of litigation. There is con-
siderable uncertainty as to how the Missouri River biota will respond to changes in
flow management {National Research Council, 2002).

Changes in the flow regime resuiting from the Missouri River Mainstem Reservoir
System have been well documented {Hesse and Mestl, 1893; Galat and Lipkin, 2000;
Pegg et al., 2003). These changes include reductions in the magnitude and duration of
high flows, increases in the magnitude of low flows, and reduced flow variability (Galat

and Lipkin, 2000; Pegg et al., 2003). Galat et al. {2001) found temperature depressions
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caused by hypolimnetic reservoir releases from Fort Randall Dam (Figure 2.1) in
the inter-reservoir reach of the river. However, Gavins Point Dam releases had no
significant effects on water temperature (Galat et al., 2001). Large reductions in
suspended sediment and turbidity resulting from the reservoir system have also been
well documented (Morris et al., 1968; Whitley and Campbell, 1974; Slizeski et al.,
1982; Pflieger and Grace, 1987; Schmulbach et al., 1992; Galat et al., 2001}. The
ecological impacts caused by the reservoirs, flow regulation, channelization, and other
human impacts are well reported {Hesse et al., 1989; Schmulbach et al.. 1992; Hesse,
1996; National Research Council, 2002). These impacts have considerably altered the
extent and characteristics of macroinvertebrate production (Patrick, 1998).

As intermediate trophic level consumers, macroinvertebrates play an influential
role in nutrient cycling and are the primary link between their food sources (detri-
tus, algae, macropiytes, and microorganisms) and higher trophic level consumers
including fish and birds {Merritt et al., 1984; Allan, 1995; Wallace and Webster,
1996; Rader, 1997). Most native Missouri River fishes, including the endangered
pallid sturgeon, feed on macroinvertebrates at some time in their lives (Hesse, 1996).
Macroinvertebrates are also an important food source for the threatened piping plover
and endangered least tern (Haig, 1992; Thompson et al., 1997). Drift is the primary
mechanism for redistribution of aquatic macroinvertebrates and a measure of emigra-
tion and immigration (Minshall and Petersen, 1985) and is, therefore, important to
understanding of aquatic ecosystems.

This study used macroinvertebrate sampling data from the Missouri River Histor-
ical Database (MRHD} (Hesse, 2001) to investigate the relationships between abiotic
factors and the density of drifting macroinvertebrates. The MRHD is a multi-vear,
multi-location database of macroinvertebrate and fish sampling that covers the por-

tion of the Missouri River from Fort Randall Dam, SD to 5t. Joseph, MO, The data
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in the MRHD have been compiled from a variety of previous studies and projects.
In addition. the physical data used were those readily available from public sources
and may not completely reflect conditions at each of the individual sampling sites.
Therefore. this study was an exploratory investigation. There were three objectives
for this study. The first objective was to estimate the relative importance of the
predictor variables representing discharge. temperature, and turbidity to macroinver-
tebrate drift density for Missouri River reaches between Fort Randall Dam, SD and
the mouth of the Little Nemaha River, NE. The second objective was 1o develop
statistical models that relate macroinvertebrate drift density to these predictor vari-
ables. The third objective was to compare these results among different reaches of

the study area.

2.3 Methods

2.3.1 Study area

QOur study area included approximately 566 river kilometers (RK) of the mainstem
of the Missouri River from Fort Randall Dam, SD (RK 1416} to the mouth of the
Little Nemaha River, NE {RK 830). This portion of the 4,090km Missouri River is
the transition from the unchannelized inter-reservoir zone to the lower channelized
zone. Channelization in the study area occurred from 1933 to 1981 {Schneiders, 1999).
Discharge in the study area is regulated by Fort Randall Dam {closed in 1952} and
Gavins Point Dam {closed in 1955). The 62km segment between Fort Randall Dam
and Lewis and Clark Lake and a 94 km segment immediately below Gavins Point Dam
are designated as the Missouri National Recreational River as part of the National
Wild and Scenic Rivers System (Berry and Young, 2004).

The study area was subdivided into four reaches with several sampling sites within
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each reach (Table 2.1, Figure 2.1). The first reach, a remnant unchannelized segment,
is isolated between Fort Randall Dam, SD (RK 1416} and Gavins Point Dam. NE
(RK 1305). Flow in this reach is primarily controlied by releases from Fort Randall
Dam. However, the Niobrara BRiver enters the Missouri River at RK 1359 near the
headwaters of Lewis and Clark Lake, which is impounded behind Gavins Point Dam.
The second reach extends from Gavins Point Dam to the mouth of the Big Sioux River
(RK 1181) at Sioux City, IA. This reach is mostly unchannelized, but is stabilized
near Sioux Citv. The James and Vermillion rivers enter the Missouri River in this
reach below Yankton, SD. The third reach is from the Big Sioux River to the mouth
of the Platte River {(RK 957) near Plattsmouth, N% and is entirely channelized. The
Floyd, Little Sioux, Soldier, and Boyer rivers enter the Missouri River in this reach.
Reach four is from the Platte River to the mouth of the Little Nemaha River {RK 850)
near Nemaha, NE. The entire reach is channeiized, but flow variability and turbidity

increase in this reach because of inflows from the Platte and Nishnabotna rivers.

2.3.2 Macroinvertebrate sampling data

The macroinvertebrate sampling data for this study came from drift net sample data
contained in the Missouri River Historical Database (MRHD) {Hesse, 2001). devel-
oped by Rivers Corporation, Inc. {Nebraska nonprofit, Larry W. Hesse, Founder and
Principal Scientist, Crofton, NE). All of the macroinvertebrate data in the MRHD
were collected by scientists from the Nebraska Game and Parks Commission and
Rivers Corporation. Inc. from 1983 to 2002, Drift net samples were collected using
560 pm nylon (nitex) mesh, conical nets attached to a stainless steel or fiberglass ring
and rope towing bridle. Several different net dimensions (Im diameter, 3m long;

0.75 m diameter. 2.25 m long; and 0.5 m diameter, 1.5m long} were used. A mechan-



Table 2.1. Macroinvertebrate sampling locations. Adapted from Hesse (2001).

Upper Lower

Reach Site Name Code River km River km
Boyd County FR1 1408 1371
Verdel FR2 1369 1358
Fort Randall b rara FR3 1358 1344
Lewis and Clark L.ake FR4 1342 1305
Gavins Point Tailwater GP1 1305 1297
St. Helena GP2 1207 1279
Gavins Point  Brooky Bottom GP3 1279 1255
Maskel GF4 1255 1229
Ponca GF5 1229 1212
Sioux City SC1 1181 1168
Decatur SC2 1112 1083
Sioux City Tekamah SC3 1083 1043
Blair SC4 1043 1009
Bellevue S5Ch 078 973
Plattsmouth PL1 973 916
Plattsmouth  Nebraska City PL2 916 883

Brownville PL3 372 850
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ical flowmeter (General Oceanics Model 2030R) was suspended in each net mouth
to quantify the volume of water passing through the net. The codend of the drift
nets was 0.09m in diameter and fitted with a Dolphin Net Bucket assembly. Drift
nets were towed in pairs near the surface behind a survey boat and recovered on
steel cables with a hydraulic winch. The duration of a tow sample was dependent
on water conditions. During periods of low turbidity, nets were towed for 12 minutes
or more before clogging reduced filtering capacity, whereas a minimum tow was 3
minutes during periods of high turbidity. Samples were typically obtained from three
locations, the cutting bank, filling bank, and mid-channel. River sites were generally
sampled biweekly between April 15 and July 15 during daylight hours. Samples were
preserved with formalin to 10% concentration, and macroinvertebrates were identified
to the lowest practicable taxon.

Drift densities, as defined by Britton and Greeson (1987), were calculated frorm
drift net samples contained in the MRHD and used as the response variable in the
statistical modeling. - For each sample, the number of individuals and voiume cf
water sampled were extracted from the MRHD. Drift densities were then calculated
by dividing the number of individuals captured by the volume of water that passed
through the nets and standardizing to a volume of 100 m®. The dates of drift sampling
recorded in the MRHD varied from year to vear but, for most years, samples were
collected in May and June. Therefore, to minimize the seasonal variation among
vears, only macroinvertebrate drift samples collected in May and June were used for
modeling.

There was considerable variation in the number of drift net samples by site and by
vear (Table 2.2). The Fort Randall and Gavins Point reaches were each sampled for
14 vears, the Sioux City reach was sampled for 10 vears, and the Plattsmouth reach

was sampled for 8 years. The drift net samples include both aguatic and terrestrial
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insects. Since terrestrial insects are incidental to the drift, they were excluded from the
drift density calculations. Only aquatic insects were used for the statistical modeling,
Because all but one of the predictor variables (discussed later) were measured on a
daily basis, davs were used as the unit of analysis for the statistical modeling. For days
with multiple drift net samples, the samples were pooled, and a mean drift density
was calculated as the sum of the number of individuals divided by the sum of the
volume sampled. This has the effect of weighting the samples by the volume sampled,

so samples with larger volumes of water sampled were weighted more heavily.

Table 2.2. Number of days {D) that macroinvertebrate drift net samples were collected
during May and June and total number of samples (8) collected by site and year. See
Table 2.1 for descriptions of the reaches and sites.

Year D S5 D S D § D 8 D S

Fort Randall
FR1 FR2 FR3 FR4

1983 i 1r-— - 2 2 1 1
1984 2 2 - — 2 3 & 5B
1985 1 - = 8 23 — —
1886 — — — — 1 2 — -
1988 L R B
1989 L e B B
e - e - 5 18 2 3
941 — — 3 33 913 — —
1893 - e e T 20 -
1998 3 5§ - — 5 14 — —
1999 3 11— — 5 20 — —
2000 4 14 3 5 23 — —
2001 1 3 4 18 4 18 — —
2002 - — 5 18 5 24 — —
Total 17 43 17 77 61 306 8 9§

Gavins Point
GP1 GP2 GP3 GP4 GP5

1983 2 2 2 2 42 — — 2 2
1984 T8 7 9 85 6 — — 4 14
1985 8 18 & 8 & 5 — — 7 18

continued on next page



Table 2.2. continued.
Year D S5 D 8§ D 8 D 5 D 8
g8 - — — — 1 18 - — — —
1088 2 3 3 B 1 3 - — 2 2
198 — -~ 1 1 — — — — 2 2
1990 3 13 5 20 — — - — — —
1991 2 13 5 60 — — — — 3 48
1993 — — — - — — — — § 20
1968 — — 5 15 — — — — 3 §
1699 —_ 5 17 - — — — 4 18
200 — — 5 21 — — 1 2 4 19
2000 — — 4 20 — — 2 11 4 22
2002 -~ — 4 20 — — 5 25 — —
Total 25 67 52 196 17 53 8 38 41 172
Sioux City
sC1 5C2 SC3 S5C4 SC5
1988 i1 3 3 2 202 e
1989 2 2 1 1 1 1 1 1 — —
19890 — — b 20 — e o e e
1991 5 83 4 80 - o — o e e
1998 — — — — — — 6 20 —
1948 — — 5 13 - — 5 14— e
199¢ — — 5 22 — ~— b 2T — —
2000 — — B 27 — — 5 24 — -
2000 — — 5 30 1 6 &5 30 2 12
202 ~ — 5 23 — — 5 28 — —
Total 8 66 38 208 4 9 34 148 2 12
Plattsmouth
Pi1 PL2 PL3
1988 — — 2 2 1 1
198 — — 1 1 2 2
1993 — — — — 6 18
1988 — — — — 4 12
1999 — — -~ — 4 24
2600 — — —~— — 6 26
2003 15 1 86 4 28
2002 — — 5 26 &5 30
Total 1 5 & 35 32 139




2.3.3 Statistical modeling

Predictor variables were chosen from among the abiotic variables cited as influencing
invertebrate drift (Brittain and Eikeland. 1988; Ward and Stanford, 1982} {Table 2.3).
The variables were chosen based on the availability of continuous data during the
study period. Daily discharge and water temperature records were obtained from
the U. S. Army Corps of Engineers for Fort Randall Dam and Gavins Point Dam.
Daily discharge records for the Omaha, NE and Nebraska City, NE gaging stations
were obtained from the U. 8. Geological Survey National Water Information System.
Records of mean monthly turbidity were obtained from the Omaha Metropolitan
Utilities District for turbidity of Missourl River water at the District’s intakes {RK
1007). High flow events were defined as any time the discharge exceeded the 67th
percentile of all pre-alteration daily discharges, and low flow events were defined as
discharges less than the 33rd percentile. The pre-alteration period was defined as
1929-1948, which was used previously by Hesse an Mestl {1943) and Galat and
Lipkin (2000). Pre-alteration discharge records from the U. S. Geological Survey
Yankton, SD gaging station were used to determine the high flow thresholds for
Fort Randall and Gavins Point discharges. The Fort Randall Dam discharge and
temperature data were used in the modeling of the Fort Randall reach. Discharge
data from Gaving Point Dam, Omaha, and Nebraska City were used for the Gavins
Point, Sioux City, and Plattsmouth reaches, respectively. Gavins Point Dam water
temperature and Omaha turbidity data were used for all three reaches below Gavins

Point Dam.

Based on visual inspection and Shapiro-Wilk normality tests, the daily drift densi-
ties did not follow a normal distribution . Therefore, the drift densities were modeled

using generalized linear mixed models (GLMMs). GLMMs are a generalization of
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Table 2.3, Description of the predictor variables used to model daily macroinverte-
brate drift density.

Predictor Description Units

Discharge Mean daily discharge at the Fort Randall m?s™

Dam: Gavins Point Dam: Omaha. NE; or
Nebraska City, NI gage

24 hr change in discharge Change in discharge from the previous day m®s™?
Dayvs since a reversal Days since a hydrograph reversal d
Days since low flow Days since a low flow event (discharge less d

than the 33 percentile of the pre-impact
daily discharges)
Days since high flow Days since a high fiow event (discharge d
greater than the 67" percentile of the pre-
impact daily discharges)

Temperature Mean daily water temperature of Fort Ran- °C
dall Dam or Gavins Point Dam discharges

Degree days Curnulative daily water temperature above °C
a base of 0 °C

Tuarbidity Mean monthly turbidity measured at the NTU

Omaha MUD intakes

linear mixed models that do not require the assumption of normally distributed data
{McCulloch and Searle, 2001). The gamma distribution was chosen because the data
were continuous, positive, positively skewed and the distribution fit the data reason-
ably well based on visual inspection (Eqn. 2.1). The log link function was used to
ensure positive predictions {Eqns. 2.2 and 2.3). Random effects for vear and site were
included to account for correlations between observations within the same year and
at the same site, respectively (Eqns. 2.3, 2.4, and 2.5). The form of the models that

were fit was as follows:
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yie ~  indep. Gamma(yu,v) (2.1)
Elyiel = s (2.2)
log(pijn) = ai+bjw¥ﬁg%zp:$ikmﬁm (2.3)
a; ~ N(0,02%) " (2.4)
b, ~ N(0,07) (2.5)

where y is the response variable, a is the vear effect for the ith year, b is the site
effect for the jth site, p is the number of predictor variables, =y, is the mth predictor
variable for the kth day in the #th vear, and 5 is & model parameter.

Because of the exploratory nature of this research, an all-subsets approach was
used to fit all of the possible generzlized linear mixed models for each reach. With the
large number of predictor variaples (7-8) ealaiive to the numkber of data points (42—
150), model selection uncertainty was expected to be high. Therefore, a multimodel
inference technique described by Burnham and Anderson (2002) was used to rank the
models and develop model averaged estimates that account for the mode} selection
uncertainty.

The generalized linear mixed models were fit using the GLMM function in the
Imed package {Bates and Sarkar, 2005) of R (R Development Core Team, 2004). The
individual models were ranked using a second-order variant of Akaike’s information
criterion (AIC,). AIC, was used because of the small number of observations relative
to the number of predictor variables. An AIC, difference {A) was calculated as the

difference in AIC, between each model and the top ranked model {the mode! with
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the lowest AIC.). An Akaike weight (Burnham and Anderson, 2002},

el"i}?(—%fié)
w; = B 7
2ore EXP(— 580,

——
bo
=

=

was then calculated for each model r within the set of K models. The Akaike weights
are an estimate of the likelihood of the model being the best model based on the
data. The relative variable importance {(RV1) of each of the predictor variables was
calculated by summing the Akaike weights for each of the models in which the predic-
tor was included. Model averaged parameter estimates and unconditional standard
errors were calculated as described in Burnham and Anderson (2002}

RVI values can range from 0 to 1 with 1 being most important. A cutoff value
of 0.5 was used to classify whether a variable was important or not in each set of
models. Selection of this value was arbitrary. However. since the modeling procedure
represents a weight of evidence approach, it was assumed that a RVI of at least 0.5
was needed to classify a predictor variable as imporiant. Alsc. the 0.5 level generally
corresponded to the level at which a 95% confidence interval for the parameter esti-
mates no longer contained zero. RVI values between 0.5 and 0.75 were considered to
be moderate support, and RVI values of at least .75 were considered to be strong

support for the importance of that predictor variable.

2.4 Results

The taxonomic composition of drifting macroinvertebrates varied by reach {Table 2.4).
Diptera were prevalent in the Fort Randall and Gavins Point reaches (54.9 and 69.3%,
respectively). The Fort Randall reach alsc had a relatively large proportion of ter-
restrial Hemiptera (20.7%). Trichoptera (34.1%), and Diptera {31.7%) were equally

prevalent in the Sioux City reach. The most prevalent taxa in the Plattsmouth reach



pbivd prow wo penuLined

wivdoajo))
96 I've L8 4t [e3a],
¥'e el &1 AR wviopdotolyy, Y0
€T £1g P2 e ouptpAsdoapiy)
— — ¢1 — seppodoruedijod
wivpdoyoLl],
0ol [ ' L0¢ [v30,
¥l 01 e 6'¥ wiogdiviel 0410
61 a1 9’1 EPL[[RpPEIL)
A 04 0¥ ¢l supipiydy
't Gl — ¢l QBPIXLIOT)
wipdiuey
e 01 o ! {19
rroydooo g
Ve Uil 'Y LY [¥al,
¢ 17 g1 97 wrojdossuroydy eyl
'l —_ — DRPIADIRHWALO]

_ — - Q1 oepLueydy
L4 [ 81 61 IRPHIDE!)
89 LT : septuwdwidofy
6€ £y ! FEPHLDAUOS]
9y e A — e ouprjoeg

wrojdosowoydsg
BURWON o[} YINowsyye] ] A3y X101g PHO SHIABY) UOXE],

0} [INOWSHRI 01 AJID) XUO0IG 0} U0 SULARD)  0f [[epuey] Joy

PRSI ede gogrD (8309 91} Jo Jusotad ouo s} ju Fuljusseidor soIiure] puw SIepIo AJu() “Bolv Apuys o) Jo soyorol
100} 84} UL SolliI) PUR SIADIO SjRIgoeAUIORIL JO yojed (jeilsolle] pur oipenbe) [8j01 o) jo ofeiusolo 17 O[qRL



606'GS ve06E1 19668 8¥6'08 Eﬁﬁg%ﬁ Jo ou o

6'¢ 4'e L'y Ly [eia],
BYI0

4¢ (e 91 e [¥I0L
wiapdouow sy

¥6¢ L1E 569 674 IO,

16 801 RS ¥ Baojdi(] WO

01 'y '8 et SEPHILY

or e : — PRPIPOTAS |

'z FUPRIN

€l L's1 Fraee L9t JBPHRUOUOIIY )

| 'y 1T avpruododoyeiay
wlogdicy

¢ £'C 91 i V10
wiojdotuew Ay

4C e e Ly [B3QL
wURwRN 931 a_tﬁoﬁmﬁxa A1y Xno1g JUIO ] sulaey) uoxyJ,

O} Yanowsygr] g

0} A3 X10tg

O U] SULAREY O} [[BPURY 1I0]

PANULFUOD 57 DGR,



26

were Diptera (29.4%), Trichoptera {26.2%), and Ephemeroptera (24.5%). Tri-
choptera were primarily from the family Hyvdropsvchidae. Chironomidae were gener-
ally the most abundant Diptera.

There was wide variation in the observed drift densities of aguatic macroinverte-
brates (Table 2.5). Although there was variation among vears, drift densities generally
increased downstream. Overall mean drift densities were 16.4 individuals 1007 m™3
in the Fort Randall reach, 36.6 individuals 100~ m™ in the Gavins Point reach, 86.1
individuals 100"'m~?® in the Sioux City reach, and 125.3 individuals 1007 m~® in
the Plattsmouth reach. Bootstrap calculated 95% confidence intervals for the means
hased on 1000 replicates and the bias corrected and accelerated (BCa) method were
as follows: (13.0, 21.2) for the Fort Randall reach, {30.7, 44.9) for the Gavins Point
reach, {68.8, 109.0} for the Sioux City reach, and {92.6, 177.4) for the Plattsmouth
reach. Because of the skewness of the drift density data, the confidence intervals are
not syminetric about the means. The cenfidence intervals provide strong evidence
that drift densities in the Gavins Point reach are greater than those in the Fort Ran-
dall reach. and drift densities in the Sioux City and Plattsmouth reaches are greater

than those in both the Gavins Point and Fort Randall reaches.

Discharge, davs since a low flow event, temperature, and degree days all increased
in the downstream direction (Table 2.6). Days since a high flow event decreased
in the downstream direction. In contrast, there was no downstream trend for 24 hr
change in discharge or days since a hydrograph reversal. During the study period,
mean daily discharge varied over a range of 85-1000m®s™* at Fort Randall Dam to
892-2,498 m®s~1 at Nebraska City., NE. 24 hr change in discharge was highly vari-
able at Fort Randall Dam. There were many hvdrograph reversals {a change from

increasing discharge to decreasing discharge or vice versa) in May and June during
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the study pericd at all four gage locations, so values for days since a fow reversal
were generally small. There were two periods of relativelv high discharge during
the study period. The first was during the mid-1980s, and the second was during
the mid-1990s. Therefore, there were some large values for days since a low flow
event, particularly below Gavins Point Dam. However, the values for days since a
high flow event were much smaller than those for low flow events. Water tempera-
tures were fower at Fort Randall Dam because of hypolimnetic releases. Galat et al.
(2001) found that temperature increased predictably downstream from Gavins Point
Dam. The only continuous turbidity data available were at Omaha, NE and only
on a monthly basis. Therefore, there were a maximum of two values per year (May
and June) depending on whether or not macroinvertebrate sampling occurred in both
months, The monthly averages likely obscure daily variations in turbidity from storm
events. Because turbidity in the Missouri River below Gavins Point Dam is greatly
influenced by tributary sediment inputs, the relationship betweer turbidity at Omahe
and turbidity at the individual sampling sites should weaken with increasing distance

from Omaha.

The important predictor variables for predicting drift densities of aquatic macroin-
vertebrates varied by reach (Table 2.7). In the Fort Randall reach, days since a high
flow and temperature had moderate support as important predictor variables (RVI =
0.74 and 0.56, respectively}. Drift density increased near the time of high flow events
as evidenced by the negative correlation with days since a high flow event. Tem-
perature was positively correlated with drift density. Prediction R*? for the model
averaged predictions was 0.55 in the Fort Randall Reach (Figure 2.2). In the Gavins
Point reach, degree days and discharge had strong support as important predictor

variables (RV] == .86 and 0.85, respectively). Drift density was positively correlated



Table 2.6. Summary of data for the predictor variables by location over the en-
tire study period. where n is the number of data points {days) corresponding to
the macroinvertebrate drift density data points followed by the minimum, mean.
maximum and standard deviation, respectively. See Table 2.3 for definitions of the
predictor variables.

Predictor n Min. Mean Max. SD
Discharge {m®*s™!)
Fort Randall Dam 105 85 600 1000 186
Gavins Point Dam 150 170 694 1028 196
Omaha 94 688 913 1396 174
Nebragka City 42 892 1324 2498 371
Discharge change {m%™!)
Fort Randall Dam Hh 487 -9 B35 120
zavins Point Dam 1hG 232 6 257 71
Omaha 94 167 -1 116 55
Nebraska City 42 -3%0 -10 252 104
Days since reversal (d)
Fort. Randall Dam e 0 1 6 1
Gavins Point Dam 150 0 4 33 6
Omaha 94 0 1 5 1
Nebraska City 42 0 2 7 2
Days since low flow (d)
Fort Randall Dam 105 0 103 758 188
Gavins Pcint Dam 150 0 426 1884 592
Omaha 94 44 451 1622 563
Nebragka City 42 B8 518 1620 572
Days since high flow (d)
Fort Randall Dam 105 ¢ 37 216 68
Gavins Point Dam 150 0 36 263 72
Omaha 94 0 9 196 28
Nebraska City 42 0 0 3 1
Temperature (°C})
Fort Randall Dam 105 5.0 129 222 4.0
Gavins Point Dam 150 7.2 187 2.1 37
Degree days (°C)
¥ort Randall Dam 165 232 652 1294 240
Gavins Point Dam 150 282 997 1579 326

Tuarbidity {(NTU)

Omaha 26 31 157 385 110

bt ]
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with degree days and negatively correlated with discharge. Days since a low flow
event had moderate support as an important predictor variable (RV] = 0.67) and
was positively correlated with drift density. Model averaged predictions were weakest
in the Gavins Point reach with a prediction R? of 0.49. Degree days and turbidity had
moderate support as important predictor variables in the Sioux City reach (RVI =
0.58 and 0.56, respectively). Drift density was positively correlated with degree days
and negatively correlated with turbidity. Model averaged predictions improved in
the Sioux City reach with a prediction R? of 0.64. Turbidity was the only important
predictor variable in the Plattsmouth reach with an RVI of 0.56 and was negatively
correlated with drift density. Prediction R* was greatest in the Plattsmouth reach
((L67), but was reduced by a single large, highly influentia: drift density observa-
tion {Figure 2.2). The model averaged prediction equations for the four reaches are

included in Table 2.8.

Table 2.7. Relative variable importance (RVI1) and direction of the effect (sign of
the parameter estimate) based on multi-model inference for each predictor variable
by sampling reach. RVI values greater than 0.5 are indicated by an asterisk. See
Table 2.3 for definitions of the predictor variables.

Reach
Predictor Fort Randall Gavins Point  Sioux City Plattsmouth
Discharge 0.27 (+) *0.85 (~) 0.25 (—) 0.19 (+)
24 hr change in discharge 0.25 (—) 0.36 {+) 0.26 (~} 0.24 (~)
Days since reversal 0.24 (—) 0.24 {—) 0.25 (+) 0.19 {—)
Days since low flow 0.27 (+) *0.67 (+) 0.45 {+) 0.41 (+)
Days since high fow .74 (=) 0.25 (—) 0.25 {—) 0.16 {+)
Temperature *0.56 (+) 0.36 (+) 0.37 (+) 0.32 {+)
Degree days 041 {+ *0.86 (+)  *0.58 (+) 0.42 {+}
Turbidity — 0.37 (=) *0.56 (=) *0.56 (—)
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Figure 2.2. Observed versus predicted mean daily drift densities (no. 100! m™*) of
aguatic macroinvertebrates in the four reaches of the study area. The plotted lines
represent a 1:1 relationship. A model averaged prediction R? is included for each
reach.
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Table 2.8. Model averaged parameter estimates for aquatic macroinvertebrate drift
density prediction based on muiti-model inference for each predictor variable by sam-
pling reach. Parameter values are multiplied by 1000. Important predictor variables
{RVI > (.5) are indicated by an asterisk. See Table 2.3 for definitions of the predictor
variables.

Reach
Predictor Fort Randall Gavins Point  Sioux City Plattsmouth
Intercept —2850 - 1480 - 1100 ~ 670
Discharge 0.14 *-1.63 —(.09 0.01
24 hr change in discharge —0.04 046 -0.31 -{.256
Days since reversal —7.59 .13 17.50 -5.25
Days since low flow 0.22 *0.52 (.41 0.27
Days since high flow *-4.69 —0.15 —0.17 34.40
Temperature *45.00 17.00 9.54 22.60
Degree davs (.33 *0.99 *0.39 6.42
Turbidity — —(.43 *-1.69 *-3.91

2.5 Discussion

Fort Randall Dam is operated for hydropower production and flood contro! which re-
sults in substantial fluctuations in discharge (Patrick, 1998). Fort Randall discharge
data during the study period showed large daily fluctuations as evidenced by the
large variability in 24 hr change in discharge (Table 2.6). Water temperatures from
hypolimnetic releases from Fort Randall Dam also occur in this reach (Galat et al.,
2001). Overall densities of drifting macroinvertebrates were the smallest in this reach.
The most prevalent aquatic macroinvertebrate taxa were Chironomidae and Simuli-
idae. In a study of macroinvertebrate communities below Fort Randall and Gavins
Point Dams, Troelstrup and Hergenrader (1990) found that Chironomidae were more
tolerant of discharge fluctuations from hvdropower peaking operations. Chironomi-
dae and Simuliidae use drift as a relocating mechanism to recolonize disturbed areas

especially after spates or washouts (Mackay. 1992}, Days since a high flow event was
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the most important predictor variable in this reach and was negatively correlated with
drift density, which suggests that aquatic macroinvertebrates are drifting in greater
number to recolonize following scouring flows. Temperature plays an important role
in invertebrate ecology {(Ward and Stanford, 1982) and may influence drift density
as well {Pearson and Franklin, 1968; Brittain and Eikeland, 1988). Temperature also
iends to covary with photoperiod (Williams and Feltmate, 1992). which Brittain and
Eikeland (1988) state may also influence drift density. Temperature was the other
important predictor variable in this reach, and drift densities increased with greater
water temperatures.

Gavins Point Dam is operated as a re-regulating dam that eveps out the How Auc-
tuations from Fort Randall Dam and releases uniform discharges for the navigation
channel (Patrick, 1998). Daily fluctuations in Gavins Point discharge were less than
those from Fort Randall Dam. Overall drift density in the Gavins Point reach was
greater than in the Fort Randall reach. Invertebrate development may respond to de-
gree days as well as absolute temperature (Ward, 1992), and degree days was the most
important predictor variable in the Gavins Point reach. Discharge had strong support
as an important predictor variable and was negatively correlated with drift density.
Petts (1984) states that drops in discharge can cause a ‘drought reaction’ where the
reduction in habitat encourages entry into the drift. Several studies have shown in-
creases in drift following reductions in discharge (Minshall and Winger, 1968; Gore,
1977; Perry and Perry, 1986; Poff and Ward, 1991). Chironomidae were the most
prevalent aquatic macroinvertebrates. Kerby et al. (1993) found that non-drifting
Chironomids were more likely to have full or nearly full guts and suggested that
hungrier individuals may enter the drift to search for food. Several other laboratory
and field studies (Warren et al., 1964; Otto, 1976; Kohler, 1985; Richardson, 1991,

Hinterleitner-Anderson et al., 1992; Siler et al., 2001) have indicated that macroin-
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vertebrate drift increases when food resources are less abundant. The results of this
study are consistent with these findings. Reduced discharge dewaters the more pro-
ductive backwater and marsh habitats in this reach. much of which have already
been lost because of channel degradation (Hesse et al., 1989; Mestl and Hesse, 1993).
Therefore, reduced discharge may lead to increased drift densities as macroinverte-
brates follow the retreating water from the backwaters and marshes towards the main
channel. Reduced discharge from Gavins Point Dam also results in reduced plankton
discharge, which has become an important food source in this reach (Patrick, 1998).
Days since a low flow event also had moderate support as an important predictor
variable and was positively correlated with drift density. Greater values of days since
a low flow event and greater drift densities generally occurred in periods of average
to low discharge, which followed the periods of greater discharge in the mid-1980s
and mid-199Gs. This further supports the idea that aquatic macroinvertebrates are
“entering the drift o search for food and rew habitats.

Drift densities were greatest in the channelized Sioux City and Plattsmouth reaches,
and Hyvdropsychidae became the most prevalent aquatic macroinvertebrates. Hy-
dropsychidae are net-spinning filter feeders (Wiggins, 1996) that prefer large, stable
substrates and high water velocities (Georgian and Thorp, 1992). The Hydropsy-
chidae nets collect small algae, detrital seston, and small drifting animals (Fairchild
and Holomuzki, 2002). Trapping of organic matter behind Fort Randall and Gavins
Point Dams results in low particulate organic matter (POM) concentrations below the
dams (Patrick, 1998), but tributary inputs and surface runoff increase organic mat-
ter concentrations longitudinally below Gavins Point Dam (Patrick, 1998). Several
studies have indicated that Hydropsychidae emigrate through the drift from areas of
low food abundance (Fuller and Mackay, 1980; Williams and Levens, 1988, Matczak

and Mackay, 1990; Fairchild and Holomuzki, 2002). The results of this study are
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consistent with these studies because turbidity was an important predictor variable
and was negatively correlated with drift density in the channelized reaches. Over
80% of the organic carbon in the Missouri River is transported in the suspended sedi-
ments (Galat et al., 2005). Malcolm and Durum (1976) found that particulate organic
carbon was positively correlated with suspended sediments, and Carr (1988) found
a positive correlation between particulate organic matter and turbidity. Therefore,
reduced turbidity in the Missouri River likely means less particulate organic matter is
readily available for filter feeders. Hesse et al. (1988) estimated that the 725 million
kg of organic carbon transported to the Mississippi River represented less than 20%
of historic levels. Degree days was again an important predictor variable in the Sicux
City reach, but was not in the Plattsmouth reach, Since temperature increases pre-
dictably downstream of Gavins Point Dam {Galat et al., 2001}, greater temperatures
in the Plattsmouth reach may be less of a limitation to macroinvertebrate activity,
and therefore, less imporfant.

Because of the exploratory nature of this study and large saﬁzpling variabil:ty,
model selection uncertainty was high, as expected. The models developed were based
on data from May and June and are probably not useful outside of those months
without further testing. However, the multi-model inference procedure has identi-
fied important predictar variables that could be used to predict macroinvertebrate
drift density while accounting for model selection uncertainty. Results for the Fort
Randall reach were different than for the other reaches probably because Fort Ran-
dall Dam is cperated for hvdropower production and releases hypolimnetic water,
whereas Gavins Point Dam is a shallow, wind mixed, re-regulating reservoir. Below
Gavins Point Dam, the resulis of the modeling were consistent with other studies that
suggest that macroinvertebrate drift increases in response to reduced food and habi-

{at availability. Discharge was the most important predictor variable in the Gavins
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Point reach, and turbidity was an important predictor variable in the Sioux City
and Plattsmouth reaches. Temperature or degree davs were important predictors of
macroinvertebrate drift density in the upstream reaches. Increased spring discharges.
movermnent of sediment through the reservoirs, and habitat diversity restoration have
all been proposed to help restore native species (Hesse et al., 1989; Galat and Lipkin,
2000; National Research Council, 2002}. Since it appears drift increases in response
to reduced food and habitat availability, these proposed changes should generally help
improve macroinvertebrate production and increase the food availability for native fish
and birds. In addition, the results of this study suggest future avenues of research for
confirmatory studies under an adaptive management framework, as suggested by the

the National Research Council (2002).
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Chapter 3

Relationships between larval fish
drift and abiotic factors in the
Missouri River

3.1 Abstract

Changes in reservoir operations have been proposed to im?rove ecological coaditions
in the Missouri River. However, uncertainty exists about how the bicta will tespona
to flow management changes. Production and survival of larval fish are important fac-
tors in determining the strength of new fish generations. The objectives of this study
were 10 estimate the relative importance of key abiotic variables to predict larval drift
and to compare these results among fish species and reaches of the river. A multi-year,
multi-location database of spring larval fish drift net sampling was used to develop
relationships between larval freshwater drum and catostomid presence/absence and
drift density and variables representing discharge, temperature, and turbidity in the
Missouri River from Fort Randall Dam, SD to0 the mouth of the Little Nemaha River,
NE. Multimodel inference using linear mixed models and an information theoretic
approach along with classification trees were used to estimate the relative impor-

tance of the predictor variables. Temperature-related variables were consistently the
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most important predictors of the presence and density of larval freshwater drum and
catostomids. Results for the other predictor variables were inconsistent and difficuit

from which to draw conclusions.

3.2 Introduction

For over a century, the Missouri River has been greatly modified through the con-
struction of storage reservoirs, channelization, and flood control structures (Galat
et al.. 1996). These developments have provided a number of economic benefits but
at a considerable ecological cost (National Research Council, 2002). The impacts
these changes have had on the natural flow regime have been well documented (Hesse
and Mestl, 1993; Galat and Lipkin, 2000; Pegg et al., 2003). The most significant
alterations to the flow regime include a reduction in the magnitude and duration of
high flows, an increase in the magnitude of low flows, and reduced flow variability
{Galat and Lipkin, 2000; Pegg et al., 2003). Water tempersture depressions from hy-
polimnetic reservoir releases occur below the mainstemn reservoirs, with the exception
of Gavins Point Dam releases, which have no significant effects on water temperature
{(CGalat et al., 2001). Suspended sediment concentrations and turbidity have also been
greatly reduced as a result of the reservoir system (Morris et al., 1968; Whitley and
Campbell, 1974; Slizeski et al., 1982; Pflieger and Grace, 1987; Schmulbach et al.,
1992; Galat et al., 2001). The ecological impacts resulting from human alteration of
the Missouri River ecosystem have been well documented and include declines in the
abundance of many native fish species {Hesse et al., 1989; Schmulbach et al., 1992;
Galat et al., 1996; Hesse, 1996; National Research Council, 2002). These impacts
have considerably altered the extent and characteristics of fish production (Pflieger

and Grace, 1987; Hesse et al.. 1980; Hesse, 1996; Galat et al., 1996; Patrick, 1998).
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Changes in environmental attitudes have led to an increased interest in restoring
some portion of the Missouri River’s ecological function that has been lost. Habi-
tat restoration and changes in flow management have both been proposed as ways
to restore some of the ecological functions of the Missouri River system. Habitat
restoration through backwater and side channel creation has been occurring in the
channelized portion of the river. However, changes in flow management have been
very controversial and the subject of litigation. The Draft 2006 Annual Operating
Plan for the Missouri River Mainstem Reservoir System includes the implementation
of a spring rise in response to the U. S. Fish and Wildlife Service’s 2003 Amended Bi-
ological Opinion. The proposed spring rise would consist of twe pulsss, one in March
and one in May. There is considerable uncertainty as to how the Missouri River biota
will respond to changes in flow management {National Research Council, 2002).

Survival during early life stages generally determires the strength of the next
generation of fishes {Hergenrader et al., 1982; Humphriss et al., 2002). Sincs larval
and juvenile fish are more susceptible to environmental and anthropogenic distur-
bances, they can serve as a sensitive tool for monitoring the impacts of flow regulation
(Humphries et al., 2002). Most temperate zone fish have seasonal reproductive cycles
that are designed to produce young when environmental conditions are more favor-
able for survival (Bye, 1984). Light and temperature commonly initiate and control
sexual development. Other environmental, physiological, and behavioral conditions
are important during the periods leading up to and during spawning. The factors that
serve as cues or controls may be different for each phase of the reproductive cycle.
Because temperate regions have pronounced seasonal climatic variability, spawning
is generally confined to a brief and specific time of year. Cues which initiate gonadal
development must anticipate the suitable spawning season. Day length. temperature

and food availability are the predominate cues in temperate regions (Bye, 1984},
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A number of abiotic and biotic factors may influence spawning, hatching. and
larval development and survival {(Werner, 2002). Abiotic factors include tempera-
ture, photoperiod. discharge. and turbidity. The eggs and larvae of many species of
fish are transported via drift from upstream spawning areas to downstream nursery
areas (Hergenrader et al., 1982; Braaten, 2000). Fish larval drift may be influenced
by behavioral and/or physical factors {Hergenrader et al.. 1982). However, the fac-
tors causing larval drift are poorly understood (Hergenrader et al., 1982; Brown and
Armstrong. 1985). Patterns of downstream juvenile recruitment may be related to
upstream spawning success, and larval delivery and survival success {Braaten, 2000).
This study used larvel fish sampling data from the Missouri River Historical
Database (MRHD) (Hesse, 2001) to investigate the relationships between abiotic fac-
tors and the presence or absence of larval fish in the drift. The MRHD is a multi-year,
multi-location database of macroinvertebrate and fish sampling that covers the por-
tion of the Missouri River from Fort Randall Iam, SD to St. Joseph, MO. The data in
the MRHD are a compilation of data {rom a variety of previous studies and projects.
In addition. the physical data used were those readily available from public sources
and may not completely reflect conditions at each of the individual sampling sites.
Therefore, this study was an exploratory investigation. There were three objectives
for this study. The first objective was to develop statistical models that relate larval
fish presence/ahsence and drift density to variables representing discharge, temper-
ature, and turbidity for the Missouri River between Fort Randall Dam, 5D and the
mouth of the Little Nemaha River. NE. The second objective was to estimate the rel-
ative importance of the predictor variables to larval fish presence/ahsence and drift
density, and the third objective was to compare these results among different reaches

of the study area and among different species or groups of fish.



3.3 Methods

3.3.1 Study area

QOur study area included approximately 566 river kilometers {RK) of the mainstem
of the Missouri River from Fort Randall Dam, SD (RK 1416) to Rulo, NE (RK 797).
This portion of the 4,090 km Missouri River is the transition from the unchannelized
inter-reservoir zone to the lower channelized zone. Channelization in the study area
occurred from 1933 to 1981 (Schneiders, 1999). Discharge in the study area is regu-
lated by Fort Randall Dam (closed in 1952) and Gavins Point Dam (closed in 1955).
The 62km segment between Fort Randall Dam anc Lewis and Clark Lake and a
94 km segment immediately below Gavins Point Dam are designated as the Missouri
Nationa) Recreational River as part of the Naticnal Wild and Scenic Rivers System
{Berry and Young. 2004).

The study aree vras subdivided inio four reaches with smaller sz mpling sites within
each reach (Table 3.1, Figure 3.1). The first reach is isolated between Fort Randall
Dam, SD {RK 1416} and Gavins Point Dam, NE (RK 1305). This reach is a remnant
unchannelized segment. Flow in this reach is primarily controlled by releases from
Fort Randall Dam. However, the Niobrara River enters the Missouri River at the
downstream end of this reach at the headwaters of Lewis and Clark Lake, which
is impounded behind Gavins Point Dam. The second reach stretches from Gavins
Point Dam to the mouth of the Big Sioux River {RK 1181) at Sioux City. 1A, This
reach is mostly unchannelized, but is stabilized near Sioux City. The James and
Vermillion rivers enter the Missouri River in this reach below Yankton, SD. The third
reach was from the Big Sioux River to the mouth of the Platte River (RK 957}
near Plattsmouth, NE. This entire reach is channelized. The Floyd, Little Sioux,

Soldier, and Bover rivers enter the Missouri River in this reach. The fourth reach was
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from the Platte River to Rulo, NE (RK 797). The entire reach is channelized, and
the Nishnabotna River enters the Missourl River in this reach. Flow variability and
turbidity increase in this reach because of inflows from the Platte and Nishnabotna

rivers.

Table 3.1. Larval fish sampling locations. Adapted from Hesse {2001).

Sampling Upper Lower
Reach Site Name Code River km River km
Boyd County FR1 1408 1371
Verdel FR2 1369 13568
Fort Randall ;1 rara FR3 1358 1344
Lewis and Clark Lake FR4 1342 1305
Gavins Point Tailwater GP1 1305 1297
Si. Helena GP2 1297 1279
Gavins Point  Brooky Bottomn GP3 1279 1255
Maskel GP4 1255 1229
Ponca GP5 1229 1212
Sioux City 5C1 1181 1168
Decatur =C2 1112 1083
Sioux City Tekamah SC3 1083 1043
Blair 5C4 1043 1009
Bellevue SCh 078 a73
Plattsmouth Pi1 973 3916
Plattsmouth Nebraska City PL2 916 883
- Brownville PL3 872 830
Rulo PL4 830 797

3.3.2 Larval fish sampling data

The larval fish sampling data for this study came from drift net sample data con-
tained in the Missouri River Historical Database (MRHD) (Hesse, 2001), developed

by Rivers Corporation, Inc. (Nebraska nonprofit, Larry W. Hesse. Founder and Prin-



Southn Dakota Y lowa %
._ ] :
Fort Randail Dam N\ s, & 12 _ 2
South Dakota it RK 1416 S, § Jo & E
Nebraska T Yankion % § ..bq +*
porald R. . o 4
W Gaving Point T ¥
Dam: L@
RK 1305 ' :
~S@fSioux Ci %
{ RK 1181 >
Legend \ <
B Dams Decatur Mty | '
@ Reach endpoint (other than dam) % '
A Discharge gauging station ; _ _
® Other cities t / 5
£ State boundary (& Jg
N & &
< . 3 5 2
\4_.’1 4
% Piattsmouth X RKf 957 §
Nebraska C';tyz' lowa
N Missouri
Nebraska Rulo @ RK 797
s ; e N
 dySaint
0 25 50 100 Kilometers ~ Joseph
RS I N NN T T N | o
Kansas )\, Missouri
Figure 3.1.

Map of the study area

showing study reach boundaries and gaging
station locations.



49

cipal Scientist, Crofton, NE). All of the larval fish data in the MRHD were collected
by scientists from the Nebraska Game and Parks Commission and Rivers Corpora-
tion, Inc. from 1983 o 2004. Drift net samples were collected using 560 pm nylon
(nitex) mesh. conical nets attached to a stainless steel or fiberglass ring and rope
towing bridle. Several different net dimensions (1 m diameter. 3m long; 0.75m diam-
eter, 2.25m long; and 0.5 m diameter, 1.5m long) were used. A mechanical flowmeter
(General Gceanics Model 2030R) was suspended in each net mouth to quantify the
volume of water passing through the net. The codend of the drift nets was 0.09m
in diameter and fitted with a Dolphin Net Bucket assembly. Drift nets were towed
in pairs near the surface behind a survey boat and recovered on steel cables with a
hydraulic winch. The duration of a tow sample was dependent on water conditions.
During periods of low turbidity, nets were towed for 12 minutes or more before clog-
ging reduced their filtering capacity, whereas a miniinum tow was 3 minutes during
perinds of high turbidity. Samples were typically obtained from three locations, the
cutting bank. filling bank, and mid-channel. River sites were generally sampled fort-
nightly between April 15 and July 15 during daylight hours. Samples were preserved
with formalin to 10% concentration.

The timing of drift samples contained in the MRHD varied from year to vear.
However, all vears contained samples collected in May or June. Therefore, to minimize
the seasonal variation among vears. only larval fish drift samples collected in May or
June were used for modeling. There was considerable variation in the number of
samples by site and by year (Table 3.2). The larval fish drift density data were
characterized by a large number of zeroes and a small number of very large densities
that greatly skewed the data. To deal with the skewed data, two different response
variables were used in the statistical models. The first response variable used was

the presence or absence of larval fish from individual drift net samples contained in
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the MRHD. For each sample. the response variable was coded as a 1 if a larval fish
of the species being modeled was present or 0 if it was absent from the sample. The
second response variable used was the monthly mean of transformed drift densities
(number of individuals per 100 m*}. The drift densities from each individual sample
were transformed using an eighth root transformation based on a Box-Cox procedure.
Monthly means of the transformed sample drift densities were calculated for May
and June. Many species were not present in enough samples to be useful for the
statistical modeling. Freshwater drum ( Aplodinotus grunniens) and a combined group
of Catostomids. river carpsucker (Carpiodes carpio), smallmouth buffalo {/etiobus
bubalus), and bigmouth buffalo (1. cyprinellus), were chosen because they were among

the most commonly collected species.

Table 3.2. Number of larval fish drift net samples by reach, year, and month Values
are the sum of samples from all sites within each reach.

Fort Randall Gavins Point  Sioux City  Plattsmouth
Year May June May  June May June May June

1983 — 4 — 31 — — — s
1984 5 ) 11 35 — —— — —
1985 6 17 7 33 — 1 — —
1986 5 — 14 33 3 9 — —
1987 4 2 6 3 4 2 3 3
1990 — 3 5 32 3 29 — —
1991 60 139 68 82 40 110 e —
1963 12 9 12 8 12 8 12 5
1998 6 18 6 18 12 16 6 6
1999 16 18 16 22 22 32 12 12
2000 26 19 23 19 30 22 14 12
2001 18 23 28 26 36 42 12 26
2002 30 16 27 17 30 22 38 18
2003 10 18 16 13 24 24 18 12
2004 16 24 i8 24 24 30 10 12

Total 214 315 257 396 252 347 125 106
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3.3.3 Statistical modeling

Predictor variables for the presence/absence models were chosen from among those
thought fo have biological significance (Werner, 2002) and for which data were readily
available (Table 3.3). The variables chosen were those for which continuous data were
available covering the study period. Daily discharge and water temperature records
were obtained from the U. 8. Army Corps of Engineers for Fort Randall Dam and
Gavins Point Dam. Daily discharge records for the Omaha, NE and Nebraska City,
NE gaging stations were obtained from the U. S. Geological Survey. Records of mean
monthly turbidity were obtained from the Omaha Metropolitan Utilities District for
turbidity of Missouri River water at the Disiriet’s intakes (RK 1007). The Fot
Randall Dam discharge and itemperature data were used in the modeling of the Foit
Randall reach. Discharge data from Gavins Point Dam. Omaha, and Nebraska City
were used for the Gavins Point, Sioux City. and Plattsmouth resches. respectively.
Gavins Foint Dam water temperature and Omaha turbidity datz were used for all
three reaches below Gavins Point Dam. In addition to the above predictor variables,
the veolume filtered for each sample was included as a predictor variable to account

for differences in sample sizes.

Classification trees (Breiman et al., 1984) were used to estimate the relative im-
portance of the predictor variables and to develop classification models for the pres-
ence/absence data. The construction of classification trees is analogous to variable
selection in regression models (Venables and Ripley, 2002). The inclusion of a vari-
able and the level of its inclusion are indicaters of the importance of the variable for
classification. Classification trees were developed using the rpart package (Therneau
and Atkinson, 2004) of R (R Development Core Team, 2004). Splitting was done

using the Gini index, and pruning was done using 10-fold cross-validation and the
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Table 3.3. Description of the predictor variables used to model presence/absence of
larval fish.

Predictor Description Units

Discharge Mean daily discharge at the Fort Randall m3s™!
Dam; Gavins Point Dam; Omaha, NE; or
Nebraska City, NE gage

24 hr change in discharge Change in discharge from the previous day m®s!

Temperature Mean daily water temperature of Fort Ran- °C
dall Dam or Gavins Point Dam discharges

Degree days Cumulative daily water temperature above °C
a base of 0 °C

Turbidity Mean monthly turbidity measured at the NTU
Omaha MUD intakes

Volume filtered Velume of water passing through the net m?

1-8E rule {Venables and Ripley, 2002).

Predictor variables for the monthly means of the transformed drift densities were
ihe monthly mean and coefficient of vaniation (CV) of discharge. imonthly mean and
CV of water temperature and monthly mean turbidity. In addition to the Omaha
discharge records, discharge data from the USGS gaging stations at Sioux City and
Decatur were also used in the Sioux City reach (Table 3.1). Sioux City discharge
recards were used for the Sioux City site. Decatur discharge records were used for the
Decatur, Tekamah, and Blair sites. The Omaha discharge records were used for the
Bellevue site. The monthly drift density models were fit using linear mixed models
(LMMs). Random effects for vear and site were included to account for correlations
between observations within the same vear and at the same site, respectively. The

form of the models that were fit was as follows:



yise ~  indep. N{p,o%) (3.1)
Yigk = G+ b+ Go+ i Tiken {3.2)
a ~ N{0,62) " {3.3)
b; ~ N(0.0%) (3.4)

where y is the response variable, a is the year effect for the 7th year, b is the site
effect for the jth site, p is the number of predictor variables, z., is the mth predictor
variable for the kth day in the ith year, and 3 is a model para:aeter.

Because of the exploratory nature of this research, an all-subsets approach was
used to fit all of the possible linear mixed models. With the large number of predic-
tor variables relative to the number of data points, model selection uncertainty was
expected 1o be high. Therefore, a multimodel inference technique described by Burn-
ham and Anderson {2002) was used to rank the models and develop model averaged
estimates that account for the model selection uncertainty.

The linear mixed models were fit using the lmer function in the Matrix package
(Bates and Maechler, 2006) of R (R Development Core Team, 2004). The individual
models were ranked using a second-order variant of Akaike’s information criterion
(AIC,). AIC, was used because of the small number of observations relative to the
number of predictor variables. An AlC, difference (A) was calculated as the difference
in AIC, between each model and the top ranked model (the model with the lowest
AIC.). An Akaike weight (Burnham and Anderson, 2002),

exp(——%,ﬁi)

> " }QXP(-'%&T)
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was then calculated for each model r within the set of R models. The Akaike weights
are an estimate of the likelihood of the model being the best model based on the
data. The relative variable importance (RVI) of each of the predictor variables was
caleulated by summing the Akaike weights for each of the models in which the predic-
tor was included. Model averaged parameter estimates and unconditional standard
errors were calculated as described in Burnham and Anderson (2002}

RVI values can range from 0 to 1 with 1 being most important. A cutoff value
of 0.5 was used to classify whether a variable was important or not in each set of
models. Selection of this value was arbitrary. However, since the modeling procedure
represents a weight of evidence approach, it was assumed that a combined weight of at
least 0.5 was needed to classify a predictor variable as important. Also, the 0.5 level
generally corresponded to the level at which the magnitude of the parameter estimates
exceeded the standard error. RVI velues besween 0.5 and 0.75 were considered to be
moederate support. and RVI values of at least .75 were considered to he strong support

for the importance of that predictor variable.

3.4 Results

The taxonomic composition of larval fish that were collected in the May and June drift
net samples contained in the MRHD varied by reach (Table 3.4). The most prevalent
species overall was freshwater drum, which was the predominant species below Gavins
Point Dam (35.1-78.9%). The second most prevalent species was river carpsucker,
which was the predominant species between Fort Randall Dam and Gavins Point Dam
(49.2%). Together, freshwater drum and river carpsucker accounted for 72.4% of the
total catch of larval fish contained in the MRHD. Five species accounted for 80% of the

remaining larvae captured. These species were gizzard shad, smallmouth buffalo, red
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shiner, emerald shiner, and common carp. Gizzard shad were prevalent in the Gavins
Point reach (15.6%). Smallmouth buffalo were prevalent in the Fort Randall and
Plattsmouth reaches (14.6 and 11.4%, respectively). Red and emerald shiners were
prevalent in the Plattsmouth reach (18.8 and 15.2%, respectively). Common carp
were not prevalent in any reach in particular, but were captured fairly consistently

throughout the study area.

Table 3.4. Relative abundance (% of total) of larval fish taxa in the four reaches of
the study area for species representing at least (.1% of the total.

_ KReach

Common Name Scientific Name i 2 3 4

Goldeye Hiodon alosoides <01 <41 0.1 1.8
Skipjack herring Alosa chrysochloris — 0.2 2.0 —
Gizzard shad Dorosoma cepedianum 2.3 15.6 2.0 0.2
Red shiner Cyprinella lutrensis 0.2 0.1 G.1 18.8
Emerald shiner Notropis atherinoides 2.2 1.7 0.5 15.2
River shiner Netropis blennius — e — 0.6
Sand shiner Netropis siramineus 0.2 0.1 <01 0.7
Comimon carp Cuyprinus carpio 5.8 3.7 1.7 1.6
River carpsucker Carpiodes carpio 49.2 5.9 115 13.0
Blue sucker Cyeleptus elongatus 0.2 6.2 0.1 <01
Smallmouth buflalo  Ictichus bubalus 14.6 2.8 0.9 11.4
Bigmouth buffale ITetiobus cyprinellus 11.2 0.7 0.6 0.8
Shorthead redhorse  Mozostoma macrolepidotum 0.4 0.3 0.1 <01
White bass Morone chrysops .3 2.9 0.3 0.2
Bluegill Lepomis macrochirus 0.2 0.2 01 <01
Black crappie Pomoris nigromaculatus 0.3 0.1 0.2 <01
Sauger Sander canadensis 1.3 0.6 0.4 0.1
Freshwater drum Aplodinotus grunniens 9.5 64.4 78.9 35.1
Total no. of individuals 5871 61,030 64,198 38,423

Observed larval fish presence and drift densities varied in both space and time
{Tables 3.5 and 3.6). Freshwater drum were more common below Gavins Point Dam
than in the Fort Randall reach. Freshwater drum larvae were present in-only 8% of the

samples in the Fort Randall reach. Below Gavins Point Dam, freshwater drum larvae
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were present in June samples much more than in May samples. Drift densities were
also greater in June than in May. June drift densities were greatest in the Sioux City
reach, least in the Fort Randall reach, and approximately equal in the Gavins Point
and Plattsmouth reaches. Catostomid larvae occurred less frequently in drift net
samples in the Fort Randall reach, but occurred more frequently than did freshwater
drum, occurring in 49% of the samples in the Fort Randall reach. Catostomids
also occurred more frequently in June samples than in May, but occurred much more
frequently in May samples than freshwater drum. Drift densities of Catostomid larvae

increased downstream.

3.4.1 Presence/absence models

Discharge, temperature, and degree days ail incressed in the downstream direction
( Table 3.7}, In c<ontrest, there was no downstream trend for 24 hr change in dis-
charge. Mean daily discharge varied over a range of 851000 m®*s™! at Fort Randall
Dam to 892-2.498 m3s~! at Nebraska City, NE during the study period. Discharge
changes were most variable at Fort Randall Dam. There were only two locations
where continuous temperature data were available. Water temperatures were lower
at Fort Randall Dam because of hypolimnetic releases. Galat et al. {2001) found that
temperature predictably increased downstream from Gavins Point Dam. The only
continuous turbidity data available were at Omaha. NE and only on a monthly basis.
Therefore, there were a maximum of two values per year (May and June) depending
on whether or not larval fish sampling occurred in both months. The monthly av-
erages are likely obscuring daily variations in turbidity from storm events. Because
turbidity in the Missouri River below Gavins Point Dam is greatly influenced by trib-

utary sediment inputs, the relationship between turbidity at Omaha and turbidity at
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the individual sampling sites should weaken with increasing distance from Omaha.

Degree days was consistently the most important predictor variable for predicting
larval fish presence (Table 3.8). Classification and regression: frees always selected
degree days as the first variable chosen for discriminating between the presence and
absence of fish Jarvae, as indicated by the values of one in Table 3.8. Temperature and
volume of water filtered were generally the second most important predictors. The
other predictor variables were used infrequently and at lower levels of the trees. The
most complex classification trees were for the Gavins Point reach where there were
six levels in each tree (Figure 3.2). Classification errors {percentage of misclassified
observations) for the classification trees were generally a considerable improvement
on the naive error rates {percentage of misclassified observations from assuming ob-
servations were either all present or all absent) with the exception of freshwater drum

in the Fort Randall reach where they were not very abundant (Table 3.9).

3.4.2 Drift density models

With only one exception, temperature and variation in temperature were the most
important predictor variables for the monthly means of the transformed drift densi-
ties in the drift density models {Table 3.10). The excepticn was for catostomids in
the Sioux City reach where variation in discharge was the most important predictor
variable. Variation in discharge reached the (.5 level of importance in two other cases
hut was much less important than one or both of the temperature variables. Mean
discharge and turbidity were not important in any of the models. Model predictions
were generally verv good except for freshwater drum in the Fort Randall reach {where
a single extreme point exaggerates the prediction B?) and catostomids in the Gavins

Point reach where they were not prevalent.
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Table 3.7. Summary of data for the predictor variables by location over the study
period. where n is the number of unique data points corresponding to the fish larvae
presence or absence samples followed by the minimum, mean, maximum and standard
deviation, respectively. See Table 3.3 for definitions of the predictor variables.

Predictor n Min. Mean Max. SD
Discharge (m%s~1)

Fort. Randall Dam ilh 85 519 1000 184

Gavins Point Dam 161 170 696 1028 :96

Omaha M0 779 1147 1931 259

Nebraska City 51 892 1314 2498 341
Discharge change (m®s™)

Fort Randall Dam 115 487 -5 535 115

Gavins Point Dam 16l -232 -1 226 68

Omaha 110 458 ] 292 110

Nebraska City 51 385 -13 z3z 103
Temperature (“C)

Fort Randall Dam 115 50 130 222 4.1

Gavins Point Dam 161 7.2 187 261 3.8
Degree days (°C)

Fort Randall Dam 115 234 64 1300 254

Gavins Point Dam 161 284 10068 1585 341
Turbidity (NTU)

Omaha 28 36 156 385 101
Volume filtered {m?®)

Fort Randall Reach 539 1 310 4480 289

(zavins Point Reach 653 4 291 1647 253

Sicux City Reach 500 38 166 1496 137

Plattsmeuth Reach 231 35 I8 1048 135
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Table 3.8.  Summary of the predictor variables used for classification using classi-
fication and regression trees. Numbers indicate the jevels of each tree in which the
predictor variables were used. Results for freshwater drum in the Fort Randall reach
are not included because the model did not improve on the naive error rate.

Reach

Predictor Fort Randall Gavins Point  Sioux City Plattsmouth
Discharge

Freshwater drum — — 3 —

Catostomids 4 —— e —
24 hr change in discharge

Freshwater drum — 3.4 — —

Catostomids . 4,6 — e
Temperature

Freshwater drum — 5 — e

Catostomids — 2 2 —
Degree days

Freshwater drum — 1.3 1.2

Catostomids 1.3 1.3 1
Turbidity

Freshwater drum — 2 — —

Catostomids — 3.5 — —
Volume filtered

Freshwater drum — 6 — —

Catostomids 2 2 2 —

Table 3.9. Summary of classification errors {percentage of misclassified observations)
by species and reach for the classification tree models as compared to no model (naive).

Reach
Species Fort Randall Gavins Point  Sioux City Plattsmouth
Freshwater drum
Naive 8% 53% 56% 47%
Tree T% 15% 13% %
Catostomids
Naive 42% 43% 32% 43%

Tree 20% 19% 12% 18%
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Table 3.10. Relative variable importance (RVI1} and direction of the effect (sign of
the parameter estimate) based on multi-model inference for each predictor variable
by sampling reach and species or group. RVI values greater than 0.5 are indicated
by an asterisk. Results are only shown for models with & prediction R greater than
0.65.

Reach

Predictor Fort Randall Gavins Point  Sioux City Plattsmouth
Mean discharge

Freshwater drum e 0.00 (+) 0.00 (-} 0.00 {(—)

Catostomids 0.00 () — 0.00 (-) 0.00 (=)
CV Discharge

Freshwater drum — 027 {~) *0.51{-) 0.36 ()

Catostomids 018 () we FO68 () *0.50 {—)
Mean temperature

Freshwater drum — “1.00 ()  *L.00 (+) *1.00 {+)

Catostomids *1.00 {+) —  *0.62 (+) 0.07 (+)
CV Temperature

Freshwater drum — *1.00 (+)  *0.73 (+) #0.68 (+)

Catostomids *0.63 (+) —  *A8 (=) *0.98 (=)
Turbidity

Freshwater drum o 0.00 (=) 0.00 {+) 0.06 (+)

Catostomids o —— 0.00 {+) 0.00 {+)
Prediction R?

Freshwater drum 0.65 0.84 .66 0.88

Catostomids 0.80 0.36 0.87 0.70

3.5 Discussion

The taxonomic composition of the larval fish in this study was similar to that reported
by Hergenrader et al. (1982). Hergenrader et al. (1982) studied larval fish in relation
10 potential impacts of two nuclear power stations. Thev found that the larval fish
assemblage was composed primarily of freshwater drum, catostomids, cyprinids, and
carp. Gizzard shad, goldeve, and Stizosiedion sp. were also common. Theyv also
found that the relative abundance of larval fish generally did not match that of adult
fish. Freshwater drum represented 70-90% of the larval fish but only approximately

5% of adult fish. Relative sbundance patterns of larval fish were relatively similar
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except within the influence of the Platte River. Similarly, in this study, the relative
abundance patterns were generally similar except for the Plattsmouth reach which
is below the Platte River. In particular. red and emerald shiners were much more
prevalent in the Plattsmouth reach than in the other reaches. Freshwater drum and
emerald shiners are pelagic spawners, which explains their prevalence in the drift
(Balon, 1975: Hergenrader et al.. 1982). Freshwater drum eggs and larvae are near
the surface during both day and night (Hergenrader et al.. 1982; Holland, 1986).
Suckers (Catostomidae) are not negatively phototropic and are abundant in surface
waters {Holland, 1986).

The timing patterns of larval fish in the drift were also similar to those found by
Hergenrader et al. (1682). They found that larval fish were commonly found in the
drift from early May through July and peaked from mid-June through early July.
Catostomidae {primarily Jetiobus sp.) were prevalent in May, and freshwater drum
and Catostomidas (primarily Carpiodes sp.} were rrevalent from June through July.
In this study, freshwater drum occurred much more frequently in June samples and
Catostomids occured more frequently in May samples than did freshwater drum. Wolf
and Willis {1996) found that larval fish diversity was less than expected and larvae
appeared later than expected below Garrison Dam on the Missouri River, which was
attributed to hypolimnetic releases. Similarly, the resuits of this study suggest that
the occurrence and densities of larval fish in the drift below Fort Randall dam are
negatively affected by hyvpolimnial releases.

In a study of small fish discharged through Gavins Point Dam, Walburg (1971)
estimated that up to 10 million freshwater drum and 800.000 emerald shiner larvae
were washed out of Lewis and Clark Lake during 24 h periods. Walburg (1971} also
states that few if anv small fish are lost from Lake Francis Case because water is

drawn from near the reservoir bottom. Therefore, larval fish in the Fort Randall
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reach must come from sources primarily within the reach, whereas larval fish in the
Gavins Point reach may be supplemented by Gavins Point discharges. This along with
the reduced water temperatures in the Fort Randall reach help explain the smaller
drift densities in Fort Randall Reach as compared to the Gavins Point reach from this
study. Hergenrader et al. {1982) found that drift densities were greater at a transect
130km downstream of Gavins Point Dam than they were at the dam outlet, and
there were statistically significant increases between transects, which indicates that
recruitment was coming from other sources in addition to Gavins Point Dam. The
results indicated that many larvae were produced in the unchannelized section below
Gavins Point Dam. The Platte River was also an important source of larvae.

Drift densities of catostomids increased downstream in this study, which suggests
that catostomid larvae are being added to the drift along the entire length of the study
area. The densities of freshwater drum increased through the Sicux City reach, which
indicates that larvae are being added to the drift from sources in the unchannelized
and channelized river in addition to larvae released from Lewis and Clark Lake. The
density decreased in the Plattsmouth reach. which may be because of increased flow
from tributary inputs and larval fish leaving the drift through settlement or mortality
processes. Hergenrader et al. {1982) suggested that recruitment appears to be complex
with input and output mechanisms taking place along the river.

The results of the statistical modeling indicate that terperature is the most im-
portant of predictor of the occurrence and density of freshwater drum and catostomid
larvae. Several other studies have indicated relationships between temperature and
recruitment of fish (Busch et al., 1975; Crecco and Savoy, 1987b.a: Uphoff, 198%9;
Cambray et al., 1997; King et al.. 1998). Harveyv et al. {2002) found that water tem-
perature dominated relationships between physical variables and densities of age 0

Sacramento pikeminnow, steelhead, California roach. and Sacramento sucker. Other
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studies have found relationships between discharge and/or sediment and fish larvae
{Lubinski et al., 1986; Crecco and Savoy, 19876,a; Johnston et al., 1995; Cambray
et al., 1997; King et al., 1998; Mion et al., 1998}, Discharge and turbidity, within the
ranges observed, were generally of minor importance for predicting larval fish pres-
ence and density in drift net samples in this study. It may be that discharge is more
important to post-spawning recruitment than to spawning success for the studied
species as suggested by Humphries and Lake (2000); Humphries et al. (2002).
Overall, the results of this study reaflirm the importance of temperature to fish
reproduction. Greater temperatures or degree dayvs consistently increased the proba-
bility of finding larval fish and the resulting drift densities of the studied species in the
drift during May and June. Discharge was of minor or no importance in predicting
presence/absence or drift densities. The models were developed within the range of
discharges observed during the study period, which is reduced from what historically
occurred {Hesse and Mestl, 1993; Galat and Lipkin, 2000; Pegg et al., 2003}, and are
probably not useful outside those ranges without further testing. Since larval fish drift
densities were not related to discharge within the range of observed values. discharge

experimentation within this same range is unlikely to affect larval fish densities.
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Chapter 4

Catch of age-0 and age-1 fish in
relation to abiotic factors in the

Missouri River

4.1 Abstract

Restoration of a more natural h}*dx;ologie regime has been proposed as part of Missouri
River recovery plans. However. uncertainty exists about how the biota will responc
to changes in flow management. The objectives of this study were to examine rela-
tionships between spawning season abiotic variables and catch per unit effort of age-0
and age-1 fish and to compare these results among species and reaches of the river. A
multi-vear, multi-location database of fish seining data was used to develop statistical
models relating catch per unit effort of several cyprinid and one catostomid species
and variables representing discharge, temperature, and turbidity in the Missouri River
from Fort Randall Dam, SD to Rulo, NE. Bayesian model averaging using multiple
linear regression models was used to estimate the posterior effect probabilities for
each of the predictor variables. In most cases, there was evidence of an effect for one
or more of the discharge related variables. Greater catch per unit effort was generally

related to less variable discharge in the unchannelized reaches and to greater and
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rising discharge in the channelized reaches. The results suggest that greater spring
discharges helow Gavins Point Dam would benefit fish populations in the Missouri

River.

4.2 Introduction

As with many large rivers in the world, the natural flow regime of the Missouri River
has been altered by impoundment, flow regulation, and channelization. The natural
flow regime is considered by many to be the primary driver of river ecosystem pro-
cesses (Richter et al,, 1996; Poff et al., 1997). Alterations in the Missouri River’s flow
regime have coincided with reductions in many native fish species that were adapted
to the natural flow regime (Cross and Moss, 1987: Pflieger and Grace, 1937; Hesse
et al., 1993; Hesse, 1994, 1996 Galat et al., 2005a). The most significant siterations
1o the flow regime include a reduction in the magnitude and duration of high flows,
an increase in the magnitude of low flows, and reduced flow variability (Galat and
Lipkin, 2000; Pegg et al., 2003). In addition, water temperature depressions from hy-
polimnetic reservoir releases occur below the mainstem reservoirs above Gavins Point
Dam {Galat et al., 2001) and sediment trapping in the reservoirs has greatly reduced
suspended sediment loads and turbidity in the river (Morris et al., 1968; Whitley and
Campbell, 1974; Slizeski et al., 1982: PHlieger and Grace, 1987; Schmulbach et al.,
1992: Galat et al., 2001).

The historic Misscuri River hvdrograph was characterized by a bimodal spring rise
(Hesse et al., 1989:; Galat and Lipkin, 2000; Galat et al., 20056). The first peak occured
in March to April following ice-out in the channel and prairie snowmelt. The second,
larger peak occurred in June from Recky Mountain snowmelt and rainfall on the

plains and associated river valleys. Overbank flooding was common during the historic
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spring rises {Hesse et al., 1989; Galat et al., 20066}, Many native Missouri River fish
species are thought to time their spawning to take advantage of the increased discharge
and flooding (Cross and Moss, 1987; Fausch and Bestgen, 1997). The spring rise is
most effective at influencing fish reproduction when it is coupled with increasing water
temperature {Junk et al., 1989; Galat et al., 1996; Tockner et al.. 2000).

With shifting environmental and resource values has come increased interest in
naturalizing some portions of the Missouri River system. Habitat restoration through
backwater and side channel creation and floodplain acquistion has been occurring in
the channelized portion of the river. The goal of these projects is to increase chan-
nel habitat complexity and restore some river-floodplain connectivity (Galat et al.,
2005a). Restoring more natural flows has been much more controversial and the sub-
ject of litigation. An experimental spring rise through reservoir releases from Gavins
Point Dam was conducted for the first time in 2006, bat there is considerable nncer-
tainty as to how the Missouri River biota will respond to changes in flow management
{(National Research Council, 2002).

This study used bag seine sampling data from the Missouri River Historical
Database (MRHD) (Hesse, 2001} to investigate the relationships between abiotic fac-
tors and interannual variation in mean catch per unit effort {C/E) of age-0 and age-1
fish. The MRHD is a multi-vear, multi-location database of macroinvertebrate and
fish sampling that covers the portion of the Missouri River from Fort Randall Dam,
SD to St. Joseph. MO. The data in the MRHD are a compilation of data from a va-
riety of previous studies and projects. In addition, the physical data used were those
readily available from public sources and may not always accurately reflect conditions
at each of the individual sampling sites. Therefore, this study was an exploratory in-
vestigation. There were three objectives for this study. The hirst objective was to

develop statistical models that relate C/E of age-0 and age-1 fish to variables repre-



74
senting discharge, temperature, and turbidity during the historic spring rise/spawning
season for the Missouri River between Fort Randall Dam, SD and the mouth of the
Rulo, NE. The second objective was to estimate the probability of an effect for each
of the predictor variables, and the third objective was to compare these results among

different reaches of the study area and among different species or groups of fish.

4.3 Methods

4.3.1 Study area

Our study area included approximately 566 river kilometers (RK) of the mainstem
of the Missouri River from Fort Randall Dam, SD (RK 1416) to the mouth of the
Little Nemaha River, NE {(RK 850). This portion of the 4,090 km Missouri River is
the transition from the unchannelized inter-reservoir zone to the lower channslizec
zone. Channelization in the study area occurred froin 1935 te 1981 {Schneiders, 1999)
Discharge in the study area is regulated by Fort Randall Dam (closed in 1952) and
Gavins Point Dam (closed in 1955). The 62 km segment between Fort Randall Dam
and Lewis and Clark Lake and a 94 km segment immediately below Gavins Point Dam
are designated as the Missouri National Recreational River as part of the National
Wild and Scenic Rivers System (Berry and Young, 2004).

The study area was subdivided into four reaches with several sampling sites within
each reach (Table 4.1, Figure 4.1). The first reach, a remnant unchannelized segment,
is isolated between Fort Randall Dam, SD (RK 1416) and Gavins Point Dam, NE
(RK 1305). Flow in this reach is primarily controlled by releases from Fort Randall
Dam. However, the Niobrara River enters the Missouri River at RK 1339 near the
headwaters of Lewis and Clark Lake, which is impounded behind Gavins Point Dam.

The second reach extends from Gavins Point Dam to the mouth of the Big Sioux River
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(RK 1181) at Sioux City, IA. This reach is mostly unchannelized, but is stabilized
near Sioux City. The James and Vermillion rivers enter the Missourt River in this
reach below Yankton, SD. The third reach is from the Big Sioux River to the mouth
of the Platte River (RK 957) near Plattsmouth, NE and is entirely channelized. The
Floyd. Little Sioux, Soldier. and Bover rivers enter the Missouri River in this reach.
Reach four is from the Platte River to the mouth of the Little Nemaha River (RK 850)
near Nemaha, NE. The entire reach is channelized. but flow variability and turbidity

increase in this reach because of inflows from the Platte and Nishnabotna rivers.

Table 4.1.  Fish sampling locations, number of vears sampled between 1978 and
2004, and total sampling effort. Adapted from Hesse {2001).

Upper Lower  No. Years Effort

Reach Site Name River kin  River kmm  Sampled {m*)
"y Bayd County 1408 1371 & 39778
Efg)ﬂ’andaﬁ Verdet 1369 1358 6 15312
Niobrara 1358 1344 14 42,632
Gavins Point Tailwater 1305 1297 5 25,520
Gavins Point 5t. Helena 1287 1276 11 20,768
(GP) Brooky Bottom 1279 1255 2 3.696
N Maskel 1255 1229 4  6.336
Ponca 1229 1212 5 11.440
Sioux City 1181 1168 1 2.464
Dakota City 1168 1112 4 4,400
Upper
Channelized Decatur 13112 1083 ¢ 24816
(ue) Tekamah 1083 1043 4 3,520
Blair 1043 1009 10 29270
Bellevue 978 973 4 4,224
Plattsmouth 973 916 1 1.0566
Lower . )
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Figure 4.1. Map of the study area showing study reach boundaries and gaging station
locations.
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4.3.2 Fish sampling data

The fish sampling data for this study came from bag seine sample data contained in
the Missouri River Historical Database (MRHD) (Hesse, 2001), developed by Rivers
Corporation, Inc. (Nebraska nonprofit, Larry W. Hesse. Founder and Principal Sci-
entist, Crofton. NE). Seining data in the MRHD were collected by scientists from
the Nebraska Game and Parks Commission and Rivers Corporation, Inc. from 1978
to 2004. Additional vears of data, in which individual lengths were not recorded in
the database, were not included in the analyses. Seine samples were collected with a
15.271.8 m bag seine with 6.1 mm mesh. A standard seine haul was a quarter circle
turn beginping with the seine perpendicular to the shore with ¢ne end anchored to
the shore followed by an extended drag to the shore (Hesse ¢t al., 1993; Hesse, 1994).
Level of effort was defined as the area of the quarter circle sampled. Varying depths
and substrate conditions made the seining effort difficult to replicate. However, the
same method has been used consistentiy over time. Seif:ed fish were preserved in the
field with formalin for identification in the laboratory.

The species chosen for modeling were those which were numerically prevalent and
additional cyprinid species of interest that were present in enough numbers to be mod-
eled. Modeled species were red shiner { Cyprinella lutrensis), silver chub {Macrohy-
bopsis storeriana), emerald shiner ( Notropis atherinoides), river shiner (N. blennius),
bigmouth shiner (N. dorsalis), sand shiner {N. stramineus), and river carpsucker
{ Carpiodes carpio). River shiners, bigmouth shiners, and sand shiners were combined
into a group. hereinafter referred to as Huvial shiners, to ensure adequate numbers to
be modeled. Fish from these species were classified into age groups using a length-
frequency analysis (DeVries and Frie, 1996). MCLUST (Banfield and Raftery. 1993;
Fraley and Raftery, 1999. 2002b.a, 2003) was used to fit a parameterized Gaussian

mixture model to the length data and classify the lengths into age groups using model
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based clustering. For species captured in large enough numbers or whose lengths
changed dramatically throughout the season (emerald shiner, river carpsucker, red
shiner, and silver chub), clustering was performed using monthly or bimonthly data
over all reaches. For species captured in lesser numbers (river shiner, sand shiner,
and bigmouth shiner). the clustering was done using seasonal data over all reaches.
Months for which the lengths could not be readily discriminated into separate age
groups were not included in the analyses. Individual fish were then classified into age
classes based on these results. Parameters for the Gaussian mixture models used for

classification are shown in Table 4.2.

Catch per unit effort (C/E) (no. 10007 m™?) of age-0 or age-1 fish was used as
the response variable in the statistical modeling. The individual sites were sampied
with varying frequencies and most species were not ceptured in sufficient numbers
to perform a site by site analysis. Taerefore. data from the individual sites were
pooled together by' reach. The numb.r of fish classified as age-0 or age-1 captured
and the sampling effort by reach and by vear were used to calculate C/E fo use
as the response variable. The C/E data were positively skewed and could not be
reasonably assumed to follow a normal distribution. A maximum likelihood analysis
of the Box-Cox family of power transformations was performed on the C/E data for
each species with an appropriate constant added where necessary to ensure positive
values. In each case, the log transformation was within the 95% confidence interval

of the maximum likelihood for the Box-Cox parameter.

4.3.3 Statistical modeling

Predictor variables were chosen from among the abiotic variables thought to influence

spawning of fishes in the Missourl River (Table 4.3). The variables were chosen based



Table 4.2,

Age-0 Age-1 Age-
Month Mean SD Mean SD Mean SD
Emerald shiner
Aug 22 4 42 10 654 11
Sep 26 7 5 7 74
River carpsucker
Aug 35 10 66 13
Sep 38 g 73 15
Oct 4 9 7117
Red shiner
Jul-Aug 26 6 497 6 59 9
Sep-Oct. 337 44 7 60 7
River shiner
Aug-Oct 45 8 61 8
Sand shiner
Aug-Oct 36 7 42 4 53 4
Bigmouth shiner
Aug-Oct 34 10 50 5
Silver chub
Jul 29 7 91 16
Aug 45 7 99 16
Sep 60 14 177
Oct 53 11 124 11

Summary of parameters from the Gaussian mixture models used to
classify fish into age groups based on length. Values are in mm.
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on the availability of continuous data during the period covered by the seining data.
Daily discharge and water temperature records were obtained from the U. 5. Army
Corps of Engineers for Fort Randall Dam and Gavins Point Dam. Daily discharge
records for the Omaha, NE and Nebraska City, NE gaging stations were obtained from
the U. 5. Geological Survey National Water Information System. Records of mean
monthly water temperature and turbidity were obtained from the Omaha Metropoli-
tan Utilities District (MUD) for the Missouri River water at the District’s intakes (RK
1007). The Fort Randall Dam discharge and temperature data were used in the mod-
eling of the Fort Randall reach. Discharge data from Gavins Point Dam, Omaha, and
Nebraska City were used for the Gavins Point, Sioux City, and Plattsmouth reaches,
respectively. Gavins Point Dam water temperature and Omaha turbidity data were
used for the Gavins Point reach. Omaha water temperature and turbiditv were used
for the Sioux City and Plattsmouth reaches. The date of maximum discharge, rate
of rise, and number of hydrographic reversals were ralculated using the Incicators of

Hyvdrologic Alteration (IHA) software (The Nature Conservancy, 2005).

A multiple linear regression approach was used to assess the the relationships
between the response and the predictors. Because of the considerable variations
in sampling effort, weighted least squares was used with weights proportional to
sampling effort. Age-0 models related the response to predictors from the same year
as the reponse, and age-1 models related the response to predictors from the previous

vear. The form of the models that were fit was as follows:

»
log(y: + Chw™ = wiBo+ 3w a3 (4.1)
k=1

where y is C/E for the 7th vear; ( is a constant added where necessary to ensure

positive valiues of the response; w is the weight, proportional to the sampling effort,



81

Table 4.3. Description of the predictor variables used to model C/E of age-0 and
age-1 fish. Predictors were measured over the period from March 1 to July 31 to
correspond with the historic spring rise period and the beginning of the spawning
SEasomn.

Predictor Description Units

Discharge Mean discharge at the Fort Randall Dam, ms~!

Gavins Point Dam; Omaha, NE: or Ne-
braska City, NE gage

CV Discharge Coeflicient of variation of discharge
Date Max. Discharge Ordinal date of the maximum daily dis-
charge
Rate of Rise Mean of all positive differences in daily dis-  m®sd™!
charge values
Reversals Number of hvdrograph reversals {change
from increasing to decreasing discharge or
viCE VETSA
Temperature Mean water temperature at Fort Randall °C

Dam, Gavins Point Dam, or the Omaha
MUD intakes

Turbidity Mean monthly turbidity measured at the NTU
Omaha MUD intakes :

for the 7th year; p is the number of predictor variables; z,; is the kth predictor variable
for the jth year {either i or i — 1); and 7 is a model parameter.

With the large number of predictor variables relative to the number of response
data points, model selection uncertainty was expected to be high. Therefore, Bayesian
model averaging (BMA) was used to account for the model selection uncertainty in-
herent in variable selection problems (Hoeting et al., 1999; Raftery, 1995). BMA
accounts for model selection uncertainty by averaging over all possible sets of pre-
dictors or a subset of models supported by the data. Posterior effect probabilities,
parameter estimates, and standard deviations are calculated as an average of the
posterior distributions weighted by their posterior model probability (Hoeting et al.,

1999). The bicreg function in the BMA package (Raftery et al.. 2005) of R (R Devel-
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opment Core Team, 2004) was used to perform the Bayesian model averaging analysis
using linear regression models. Grades of evidence as defined by Raftery {1995), were
used to classify the strength of evidence for an effect for the predictor variables. These
grades of evidence for the posterior effect probabilities were: > 99% was very strong
evidence, 95-99% was strong evidence, 7H-95% was positive evidence, and 50-75%
was weak evidence. Because BMA is not vet in widespread use, P-values were cal-
culated for variables included in models with the greatest posterior probabilities for

comparison with more traditional variable selection procedures.

4.4 Results

The taxonomic composition of fish captured in July—Oectober bag seine samples con-
tained in the MRHD varied by reach (Table 4.4). Emerald shiners were the most
prevalent species overall and were the predominant species in the Fort Randall reach.
River carpsucker was the second most prevalent species overall and was particularly
prevalent in the Gavins Point reach. Combined, emerald shiners and river carpsucker
accounted for 56% of the total catch in the seine samples. In each reach, emerald
shiners and one or two additional species made up greater than half of the catch.
The remaining species captured were primarily from the family Cyprinidae. Emer-
ald shiners were over twice as abundant as all other cyprinids combined in the Fort
Randall and Gavins Point reaches, but there was more species evenness among the

cyprinids in the channelized reach.

The C/E data of the assumed age-0 and age-1 fish used for the statistical modeling
were highly variable {Table 4.5}, Because of the the variability, confidence intervals for
the means were generally wide and definite differences were difficult to distinguish.

Among reaches, C/E of river carpsucker was greatest in the Gavins Point reach.
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Within the Gavins Point reach, mean C/E was greater for emerald shiner and river
carpsucker than for red shiner and fluvial shiner. In the upper channelized reach,
emerald and red shiners were most abundant. Because of the smaller sample size and
lesser effort in the lower channelized reach, confidence intervals were very wide, but

emerald shiners were the most abundant.

For the predictor variables, mean discharge and temperature increased down-
stream (Table 4.5). Conversely, the date of maximum discharge decreased in the
downstream direction. Variation in discharge was greatest in the Fort Randall reach
and similar in the Gavins Point reach and below., Mean rate of rise was least in
the Gavins Point, slightly greater with a wider range in the Fort Randall reach, and
increased from the upper to the lower channelized reach. The number of hydrograph
reversals was greatest in the Fort Randall reach, least in the Gavins Poirt rezch, and
similar in the channelized reaches.

Of the two species modeled in the Fort Randall veach, -nly red shiner C/E was
modeled well by the predictor variables, with a model averaged weighted prediction
R? of 0.84 (Table 4.6). For red shiner C/E, there was very strong evidence of effects
for discharge, CV of discharge, and reversals {100% each) and weak evidence (59%) of
an effect for date of maximum discharge. There was a negative relationship between
all four predictors and red shiner C/E. For river carpsucker, the intercept only model
had the greatest posterior model probability, and none of the other top models fit the

data well,

River carpsucker was modeled well by the predictors in the Gavins Point reach,
with a model averaged weighted prediction /2?2 of 0.79 (Table 4.7). There was strong
evidence for an effect for CV of discharge (96%) and positive evidence of an effect for

reversals (82%) with negative and positive relationships with the response, respec-



w LIZ6¢ 60T Liz-6¢  A11 LIT6E Gl e e {([LLN) Anprqang,
O81-9FT £91 URL-9FL 91 [ AR R VEL®L G0 (Do) vaperadura],
644 L¥ 19-6¢ 1 0501 v 1822 9 s[esIoAvy
9L1-6% 9L LTV 98 -0z v LZl-91 Ly (1-Py_sgur) osty] Jo oquy
LZ-L9 gL L6164 L8T £15-081 641 £16-621 €81 ABIRYOSI(] "Xe dyu(]
SPO-FI0 ¥E0 LEO-ET0 180 0v'0-21'0 €270 £8°0-81'0  GE0 aBIRYDSI AD
GUET-T06  £EFT 1218610 8021 1161618 99 TOET-LVe 999 (;-8gur} oBreyosy(y

840931padg
(z1'y) {8°2) (-o8y)

be-0 L "e) 13 - S QLI JRAJLG
(L19) (zé ‘o) (1-98y)

...... o3 01 180 ¥ SEOUIS [RIAT]
(0z '7) (ve ‘1) (61 p) (1 2} (1-08y)

W0 6 19-¢ 07, 230 o 97} ¢ dsumgy pey
(uz ‘z) (81 ‘9) {¥L ‘0z) (L'€) (1-08y)

L1-0 9 €71 11 12¢C 6 67 0 ¢ sospousdiaey Iaaryp
(122 41) (¥2 ‘12) (86 ‘68) (1-08y)

@.M;.m H Mwmuv xCWCM N.M” @HN ...... M mwmw s .HUEMMmm Tﬁﬁ.ﬁﬁﬂﬂ,m

{z-w 0001 "ou) &/D

aBuEy ROy sduwy E..B.E ) wm:\mm uBopy .‘ wmm@m RN HeLIBA

(01 = u) (17 = u (b1 = u) (¥1 =1u)
PRZIouULY D) pozifpuuein UL SuiaBy) [epuwy] 10
JaMor] . Taddn

Ry

se[yBLies 10901peld ot JO spun pue uordildsep v 10 ¢ ajqr, 090G "Sonjua
UBOUL [} MO[RY papnpoul ore (poyewt (e))g]) Pojeidpode pue Pejoseliod seiq oy} pue sejeotjdel (o)1 o poseq) surew
pojydem oYy 10 s[eateul svuepyuod ¥ o6 poddesisjooq pue jioge Surpdures Aq payydieom exe (1/0) sojqeuies ssuodsal ayy

10} SURN “sfepoul uotssardal Ieouly sldrpnuw ur pesi wyep afqeirea lojipeid pue esuodser o) Jo Amwwing ¢y o[gRT,



86

Table 4.6. Fort Randall Reach: Summary of Bayesian model averaging results of
C/E of age-1 fish with estimates of the posterior probabilities of an effect given the
data (D), model averaged parameter estimates () and standard errors given the data,
and P-values from the model with greatest posterior model probability. Estimates
for models with a model averaged weighted prediction R? < 0.5 are not shown.

Mean SD
Variable P(3 # 0{D) (%) 81D 3|0 P-value

River Carpsucker (R? = 0.22)
Red Shiner (R* = (.84)

Intercept 100 14.8070 3.4065  0.0005
Discharge 160 -0.0075 0.0013  0.0001
CV Discharge 100 -4.7141 1.1887 0.0012
Date Max. Discharge 59 -0.0070 (0.0084  0.1510
Rate of Rise 27 0.0015 0.0052

Reversals 100 -0.0980 0.0211  0.0004
Temperature 21 0.0064 0.1029

tively. For red shiners, there was very sirong evidence of an effect for mean discharge
(99% and weak evidence for C'V of dischacge and turbidity (64 and 53%, respec-
tively). Mean discharge and turbidity were positively related to red shiner C/E and
CV of discharge was negatively related. CV of discharge had positive evidence of an
effect (93%) for the fluvial shiners and was negatively related to C/E. There was weak
evidence of an effect for turbidity and reversals (69 and 61%, respectively} and both
were negatively related to fluvial shiner C/E. Emerald shiners were not modeled well

by the predictors in the Gavins Point reach.

In the channelized reaches, there was strong evidence of an effect for CV of dis-
charge (98%), and weak evidence of effects for the upper channelized reach {58%) and
date of maximum discharge (56%) {Table 4.8). All were positively related to emer-
ald shiner C/E. The positive upper channelized reach effect indicates that C/E was

greater in the upper channelizved reach as compared to the lower channelized reach.



Table 4.7. Gavins Point Reach: Summary of Bayesian model averaging results of
C/E of age-1 fish with estimates of the posterior probabhilities of an effect given the
data (D). model averaged parameter estimates (J) and standard errors given the data,

and P-values from the model with greatest posterior model probability. Estimates
for models with a model averaged weighted prediction R* < 0.5 are not shown.

Mean SD
Variable P(3 s 0D) (%) 8D A0 P-value

Emerald Shiner (R? = (.23}
River Carpsucker (R* = 0.79)

Intercept 100 7.2970 44611  0.0000
Discharge 21 0.0000  0.0005
CV Discharge 96 -11.8800 48181  0.0002
Date Max. Discharge 1T -0.0801 0.0035
Hate of Rise 26 0.0028 0.0105
Reversals 82 00476 0.0333 0.0338
Temperature 37 -0.1460 0.2865
Turbidity 47 00051 0.0077
Red Shiner (R* = 0.70)
Intercept 100 -4.8992 T7.7126  0.58976
Discharge 99 0.0032 0.0012  0.0095
CV Discharge 64 -b.6TB1 61679 0.0585
Date Max. Discharge 43 0.0065 0.0111
Rate of Rise 37 0.0100 0.0209
Reversals 25 -0.0066 0.0247
Temperature 37 0.1907 0.4059
Turbidity 58 0.0090 0.0105  0.0733
Fluvial Shiners (R? = 0.62)
Intercept 100 25350 4.5511  0.0071
Discharge 33 -0.0004 0.0009
CV Discharge 93 -14.2800 7.4007  0.0095
Date Max. Discharge 45 0.0064 0.0104
Rate of Rise 30 0.0051 0.0152
Reversals 61 0.0364 0.6408 0.1141
Temperature 20 -0.0291 0.2496

Turbidity 69  0.0117 00114  0.0846
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There was very strong evidence of an effect for discharge (100%) in the prediction of
river carpsucker C/E, positive evidence of an effect for the upper channelized reach
(91%), and weak evidence for temperature and CV of discharge (71 and 55%, respec-
tively). All four variables were positively related to carpsucker C/E. For red shiners,
there was very strong evidence of a upper channelized reach effect (100%) and strong
evidence for discharge and temperature (96% each) all of which had a positive rela-
tionship with C/E of red shiner. The best fitting model was for the fluvial shiners in
which there was very strong evidence of an effect for rate of rise and turbidity (100%
each and positive and negative relationships, respectively). In addition, there was
positive evidence for a negative CV of discharge effect (7T8%) and weak evidence of a
positive temperature effect (55%). For silver chubs, there was positive evidence for
a CV of discharge effect (82%) and weak evidence of a turbidity effect (68%). Both
relationships were positive. As with the Gavins Point reach, emerald shirer C/E

conld not be precicted well by the set of predictor veriables.

Table 4.8. Channelized Reaches: Summary of Bayesian model averaging results
of C/E of age-0 or age-1 fish with estimates of the posterior probabilities of an effect
given the data {D), model averaged parameter estimates {3} and standard errors given
the data, and P-valies from the model with greatest posterior model probability.

Mean SD

Variable P(3 # 0D} (%) 8D B|D  P-value
Emerald Shiner (R? = 0.64)

Intercept 100 -0.1325 2.1291  0.6168
Reach UC 58  0.4529 0.5423  0.1013
Discharge 11 0.0000 0.0002
CV Discharge 98 7.3220 26773 0.0012
Date Max. Discharge 56 0.0048 0.0059 0.0988
Rate of Rise 18 0.0004 0.0061
Reversals 25 G.0088 0.0224
Temperature 12 0.0083 0.0786
Turbidity 17 -0.0006 0.0028

continued on next page



Table 4.8, continued.

Mean SD

Variable P{3 = 0|D) (%) S1D 3D P-value
River Carpsucker {R? = 0.61)
Intercept 100 -10.4900 8.4066 0.0157
Reach UC 91 1.3860 0.7287  0.0063
Discharge 100 0.0024 0.0009 0.0014
CV Discharge 55 2.9500 3.6643 0.1146
Date Max. Discharge 15 0.0002 0.0026
Rate of Rise 26 -D.0002 0.0095
Reversals 15 -0.0004 0.0135
Temperature 71 0.4831 04191 0.0219
Turbidity 34 -0.0025 0.0050
Red Shiner (R* = 0.58)
Intercept 100 -14.7800 6.2067  0.0041
Reach UC 160 1.5320 0.4818  0.0018
Discharge g6  0.0020 0.0008 0.0043
CV Discharge 15 -0.0781 0.9692
Dete Max. Discharge 18 -0.0005 0.0026
Rate of Rise 16 -0.0004 0.0033
Reversals 26 00681 0.0213
Temperature 96 0.8202 0.3204  (4.0021
Turbidity 17 -0.0003 0.0019
Fluvial Shiners (R* = 0.86)
{Upper channelized reach only)
Intercept 100 -1.8240 4.4220 (0.3742
Discharge 32 0.0001 0.0004
CV Discharge 75  -4.0030 3.6849  0.0851
Date Max. Discharge 35 0.0014 0.0039
Rate of Rise 00 00709 0.0214  0.0032
Reversals 36 0.0079 0.0194
Temperature 55 (.1614 0.2413 0.1721
Turbidity 100 -0.0234 0.0068 00049
Silver Chub {Age-0) (R* = 0.59)

Intercept 100 -0.7267 1.7264 0.0512
Reach UC 24 -0.1208 0.3114
Discharge 9 0.0000 00001
CV Discharge 82  5.0B00 3.5823 00481
Date Max. Discharge 35 -0.0019 050036

continued on nexrt page
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Table 4.8. continued.

Mean SD
Variable P(5 £ 0ID) (%) 41D A|D P-value
Rate of Rise 34 0.0054 0.0107
Reversals 16 -0.0006 0.0127
Temperature 13 (.0130 0.0790
Turbidity 68 0.0068 0.0062  0.0327

4.5 Discussion

The Missouri River was historically a turbid river with a shifting, braided channel
and seasonal ﬂoocﬁéng in the spring (Hesse et al., 1989; Galat et al., 20056). Many na-
tive Missouri River species have specialized morphologic and behavioral adaptations
for these conditions {Cross and Moss. 1987; Pflieger and Grace, 1987; Galat et al,,
2005¢). Populations of species most adapted -o turbid, fluctuating rivers have de-
clined dramaticly (Cross and Moss, 1987; Pflieger and Grace, 1987, Hesge ot al., 1993;
Hesse, 1994, 1996; Galat et al., 2005a). A similar pattern has occured in other plains
streams that have been subjected to impoundment and flow regulation (Cross and
Moss, 1987; Bonner and Wilde, 2002; Quist et al., 2004). Cyprinid species that have
experienced the greatest declines in the Missouri River { Hybognathus spp. and chubs)
have been replaced by sight feeding planktivores (Cross and Moss, 1987; Pllieger and
Grace, 1987; Hesse, 1994; Galat et al., 2005a). These changes are reflected in the
taxonomic composition presented here (Table 4.4). Emerald shiners and red shin-
ers, sight feeding planktivores and omnivores, respectively (Pflieger, 1975; Sigler and
Sigler, 1996; Bergstedt et al., 2004), were the most prevalent cyprinids collected in
the seine samples. Spotfin shiners, which associate with clear water and submergent

vegetation characteristic of reservoir deltas (Galat et al., 2005¢), were common in the
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Fort Randall reach. Other native cyprinids less specifically adapted to turbid rivers
(river shiners, bigmouth shiners, and sand shiners) (Cross and Moss, 1987; PHieger,
1975; Galat et al., 20054) were also consistently collected. Of the large bodied fishes
commonly captured in the seine sampies, river carpsucker are listed as stable to de-
creasing, gizzard shad as increasing, and channel catfish as stable to increasing (Galat
et al., 2005a).

Characteristic Missouri River species of concern {Cross and Moss, 1987; Pflieger
and Grace, 1987; Hesse, 1994; Berry and Young, 2004; Galat et al.. 2005a) were
less common or rare. Plains minnows were the only Hybognathus species caught
in any abundance. Of the 539 plains minnows captured, 59% (319) were captured
in either 1997 {226) and 1998 (93) and primarily in the lower channelized veach,
which suggests that flooding during 1997 {the vear of greatest discharge during the
study period) may have been important for plains minnow recruitraent.. Western
silvery minnow {H. argyritis) were rare {23 individuals). Silver chubs, which are less
specifically adapted to turbid rivers and have & more developed sense of sight than the
other chubs {Pflieger, 1975; Cross and Moss, 1987; Hesse, 1994), were not captured
in great numbers, bui were caught relatively consistently in the channelized reaches.
Speckled chubs { Macrhybopsis aestivalis), sturgeon chubs (M. gelida), sicklefin chubs
(M. meeki), and flathead chubs {Platygobio gracilis) were rare {36, 2, 1, and 44
individuals, respectively).

The results of the statistical modeling suggest that a hydrologic regime charac-
teristic of the historic spring rise/spawning season flow regime is important to the
recruitment of native cyprinids and catostomids. There was at least positive evidence
of a discharge-related effect for all of the modeled species except for river carpsucker
in the Fort Randall reach and emerald shiners in the Gavins Point reach. River

carpsuckers and emerald shiners are macrohabitat generalists that also do well in
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reservoirs (Pflieger, 1975; Galat et al., 2005a). The lack of a relationship to discharge
in those reaches suggest that emerald shiners and river carpsucker may be less af-
fected by the altered hvdrologic regime below the dams which may partly explain
their greater relative abundance. The discharge effects among the modeled species
differed somewhat depending on the reach {Tables 4.6-4.8). The important predictor
variables differed somewhat by species; however, they were generally similar within
the reaches as discussed below.

Results were different between the two unchannelized reaches. In the Fort Randall
reach., C/E of red shiners was related to reduced discharge with less variation and
fewer hydrograph reversals. Fort Randall Dam is operated to generate hydreelectric
power, which can result in large diurnal changes in discharge as evidenced by the
greater means and ranges of CV of discharge and hydrograph reversals (Table 4.5).
Because the Fort Randall reach retains some of the braided chanrel characieristics
of the pre-dam geomorphelogy, these distharge fluctuations can resuit in large shifts
in available aguatic habitat and may negatively impact spawning and recruitment.
These results are consistent with other studies that have found reduced abundance be-
iow hydropower dams of small-bodied riverine fish that rely on shaliow-water habitat
(Bain et al., 1988; Kinsolving and Bain, 1993; Freeman et al., 2001).

In the Gavins Point reach. C/E of the modeled species was generally related
to greater and less variable discharge. Red shiners were positively related to mean
discharge, and river carpsucker and the fluvial shiners were negatively related te CV
of discharge. Mean discharge and CV of discharge were negatively correlated in the
Gavins Point reach, so greater discharge was generally less variable. There was also
evidence of a reversals effect for river carpsucker and the fluvial shiners. Gavins Point
Dam re-regulates the variable Fort Randall discharges to provide more constant flows

for the navigation channel and hydrograph reversals were least in this reach. Rate
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of rise and hydrograph reversais were strongly correlated in the Gavins Point reach,
so the positive relationship with reversals is another indication that greater spring
discharges are important in the Gavins Point reach.

River carpsucker and cyprinid C/E were related to greater and increasing dis-
charge in the channelized reaches. Mean discharge, CV of discharge, rate of rise, and
turbidity were all positively correlated in the channelized reaches. River carpsuckers,
red shiners, and silver chubs were all positively related to one or more of these predic-
tors. Interpretation for the fluvial shiners is more difficult hecause, while there was
a positive relationship with rate of rise, there were negative relationships with CV of
discharge and turbidity. Closer inspection of the fluvial shiner models indicates that
the relative strength of the rise effect is greater than that of the CV of discharge and
turbidity effects. There was also evidence of a temperature effect for all but the silver
chubs. Temperature and mean discharge were sirongly negatively correlated in the
chanmnelized reaches.

Flow regime and temperature are thought to be the abiotic factors most important
in regulating ecosystem processes in large foodplain rivers (Ward, 1985; Poff et al.,
1997; Richter et al., 1997; Tockner et al., 2000). The flood pulse concept suggests
that the predictable annual flood pulse was the most important hydrologic feature of
river-floodplain systems and that the biotic communities are adapted to these pulses
(Junk et al., 1989). Many native species of the Missouri River and other turbid, fluc-
tuating, plains rivers are thought to time their reproductive cycles to correspond to
these spring flooding events {Cross and Moss, 1987; Fausch and Bestgen, 1997}, The
results of this study support the concept that greater spring flows below Gavins Point
Dam are important for fish spawning and recruitment. Reduced magnitudes of spring
discharges are one of the most altered component of the flow regime in the middle

portion of the Missouri River {Galat and Lipkin, 2000; Pegg et al., 2003). Similar
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studies on other rivers have also documented relationships between native fish abun-
dance and greater spring discharge {(Brown and Ford. 2002; Koel and Sparks, 2002).
A study on the San Juan River found increases in native fish densities following reser-
voir releases of elevated spring discharges to mimic the natural flow regime {Propst
and Gido, 2004}. Results from this study combined with those of other studies add
to the weight of evidence that a more natural flow regime would benefit native fish
species in the Missouri River. ldeally, the resuits of this study could be combined
with future sampling in combination with flow managment experimentation in an

adaptive management framework to validate and extend the models.
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Chapter 5

Conclusions

Flow regulation and channelization have greatly aitered the Missouri River. It has
been transformed from: what was historically a highly turbid river with a complex,
shifting braided channel that experienced frequent_ Hooding (Pflieger and Grace, 1987;
Hesse et al., 1989; Galat et al., 2005a). The pre-control spring flood pulses have
been dampened. and overbank flooding has been largely eliminated from the middle
river. Turbidity and sediment transport have been greatly reduced, temperatures
have been altered, and the lower river has been confined to a single deep, narrow,
high velocity channel, Coincident with these changes have been declines in a number
of native species (Pflieger and Grace, 1987; Hesse et al., 1993; Hesse, 1996; Galat et al.,
20050). Conservation efforts are shifting from documenting human impacts on the
river’s ecosystem to the design and implementation of restoration and recovery efforts
(Galat et al., 2005a). Proposals to restore more natural fiows are being considered but

have been the subject of much controversy. There is substantial uncertainty as to how
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the biota will respond to changes in flow management {National Research Council,
2002). This dissertation utilized a long term biological monitoring database to explore
via statistical modeling how three different Missouri River biota have historically
responded to discharge, temperature, and turbidity.

The first component of the biota studied was drifting aquatic macroinvertebrates.
Colonizing species were prevelant in the river reach below Fort Randall Dam and
the results indicated that their density in the drift is related to recolonization after
high flows. Results below Gavins Point Dam suggest that aguatic macroinvertebrate
densities in the drift increase in response to reduced food und hahitat availibility.
Greater drift densities in the unchannelizd reach below Gavins Point Dam were related
to reduced discharge out of Gavins Point Dam, which dewasers productive backwater
habitats and discharges less plankton. :n the channelized reaches, drist densities
increased with reduced turbidity suggesting that drift increases when organic matter
transported in the suspended sediment is less, Drift densities were also often related
10 water temperature.

The results of statistical modeling of larval fish drift presence and densities in-
dicated that water temperature was the most important predictor variable. Greater
temperatures or degree days consistently increased the probability of finding larval
fish and the resulting drift densities. The results suggested that the occurrence and
densities of larval fish in the drift below Fort Randall dam are negatively affected by
hypolimnetic reieages. Discharge was generally of minor or no importance in predict-

ing larval fish presence and drift density.
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The results of the statistical modeling of age 0 and age 1 fish suggest that the
hydrologic regime during the historic spring rise/spawning season is important to the
recruitment of native cyprinids and catostomids. Fort Randall Dam is operated to
generate hydroeleciric power, which results in large discharge fluctuations, Greater
catch per unit effort in the Fort Randall reach was related to reductions in discharge
fluctuations. Below Gavins Point Dam, greater catch per unit effort of cyprinid
and catostomid species was generally related to greater, rising spring discharge. The
results of this study support the concept that greater spring flows below Gavins Point
Dam are important for fish spawning and recruitment.

Several authors have recommended the restoration of more natural discharge,
temperature, and turbidity regimes to improve conditions for-native species in the
Missouri River (Hesse et al., 198¢, 1993; Galat «t al., 1994, Galat and Lipkin, 2000;
National Research Council, 2002}. The results of this research generally support
these recommendations. Among the recommendations to benefit native species sug-
gested by these results are as follows: 1) adaptive management experimentation of
spring discharges from Gavins Point Dam that emulate historic spring rises should
be implemented, 2) discharge fluctuations from Fort Randall and Gavins Point Dams
should be reduced, 3) Fort Randall releases should be modified to reduce water tem-
perature depressions, and 4) measures to bypass sediment through the reservoirs
should be implemented. Greater spring discharge with a greater rate of rise in dis-
charge from Gavins Point Dam should lead to greater recruitment of native fish in

the lower Missouri River. Reducing discharge variability from hydropower operations
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at Fort Randall Dam and fluctuating discharges from Gavins Point Dam would sta-
bilize habitat availability in these unchannelized reaches. Discharge modifications to
reduce temperature depressions of Fort Randall Dam releases would help mitigate de-
lays in spawning and reduced fish and macroinvertebrate densities. Finally, increased
sedirment transport from sediment bypass would increase organic matter transport
to benefit macroinvertebrates, increase energy flow, and benefit turbid-river fishes
in their competitive interactions with sight-feeding fishes. In addition, moving sedi-
ment that is accumulating in the reservoirs would reduce channel degradation, extend
the life of the reservoirs, and reduce flooding concerns from delta formation in the
reservoir headwaters.

The results of these studies are important to Missouri River ecoiogy, and large
river ecology in general, because they further ejucicate linkages between biotic re-
lationships to abiotic factors in large rivers. This dissertation presents predictive
models for aquatic macroinvertebrates, larval fish, and age-0 and age-1 fish that can
be tested. expanded, and validated through adaptive management experimentation
of Missouri River reservoir operations. The results also add to the weight of evidence
that restoration of more natural discharge, temperature, and turbidity regimes would

benefit native species in the Missourl River.
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Appendix A

Supporting data and results for
aquatic macroinvertebrate models

A.1 Model input data
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Table A.1. Fort Randall Reach - Aquatic Macroinvertebrates: Summary of
aquatic macroinvertebrate drift density by year, day of year, and site where n is
the number of samples followed by the pooled drift densities (no. of individuals per
100 m®).

FR1 FR2 FR3 FR4

Year Day n Density n Density n Density n Density
1983 165 1 41.67 — — 1 46.94 — -
1983 166 — - — — - — 1 3.51
1983 173 — — — 1 291 — —
1984 123 — e — — 1 1.18
1984 136 — — - — — 1 2.31
1984 143 — — — — -] 1.49
1984 144 1 291 — — 1 283 — —
1984 156 1 470 — — 2 9.01 — —
1984 187 — - — — — 1 1.12
1984 184 — —_— — — — 1 355
1985 133 — — — 1 454 —

1985 136 — —_— — 5 6.58 — —
1985 143 — e — 1 585 — —
1985 154 — - — — 1 295 — —
1985 1556 1 0.94 — — — o e
1985 157 — — e — 7 204 — -
1985 162 — — — — 1 485 — .
1985 175 — — — — 1 218 - —
1985 178 — — - — B 14.05 — —
1986 125 - e — 2 421 — —
1988 144 1 3715 — — _— —
1988 153 — —_ — 1 5356 — —
1988 158 — — — 1 2548 — —
1989 141 1 6.88 — — — —_— —
1989 151 — — — 1 5854 — —
1990 134 — — — 16 144 8 0.32
1990 141 — — — — 14 0.66 8 0.08
1990 149 — — — 14 .91 8 0.00
1990 162 — —_— — 14 1.24 — —
1990 169 — — - — 14 551 8 0.00
1991 144 — — — 20 1845 — —
1991 148 — — — 20 1271 — e
1891 151 — — — 20 3804 — —
1861 154 — — — — 19 23.95 — —

continued on next page



Table A.1. continued.

FR1 FR2 FR3 FR4
Year Day n Density n Density n Density n  Density
1991 158 — - 12 145 14 13.32 — —
1991 162 — — 8 4.29 18 64.32 — —
1991 164 — — 8 1.99 16 11.47 — —
1991 168 — — 8 3.08 14 279 — —
1991 175 — — 8 298 14 6.98 — —
1993 124 — — — w4 0.50 — —
1993 131 — — — 4 1.08 — —
1993 145 — — — — 4 7.28 — .
1993 158 — e — 2 2096 — —
1993 165 — — — 4 20,37 — ~—
1993 173 — — — — 1 1708 — —
1993 180 - —— e — 2 5.73 — —
1998 125 — e — 3 9.56 — —
1698 138 — e — 3 23.76 - —
1998 152 3 14.43 — — 3 1705 — —
i998 168 3 10,09 — — 3 36.54 — e
1998 177 3 9.04 — — 3 55.98 — —
1999 125 — — — — 4 24.26 — —
1999 132 5 31.02 — — 5 33.656 — ~
1999 1563 — — — — 4 86.65 — —
1999 168 4 12591 — — 3 51.26 — —
1999 180 2 37.00 — — 4 62.97 — —
2000 123 2 943 2 77105 790 — e
2000 136 — - 4 17.33 4 31.00 — —
2000 151 2 1140 2 12790 5 3617 — o
2000 164 6 10.18 — — 4 29.56 — —
2000 177 4 21.67 — o e -
2000 178 — — — — 5 62.70 — .
2001 138 — - 4 1.81 6 1.19 — —
2001 149 — — 4 16.52 4 3.26 - e
2001 162 — — 8 3.04 € 3.03 — —
2001 176 3 25.34 4 707 4 6.34 — —
2002 123 — — 6 0.85 6 1.22 — —
2002 136 — — 4 311 5 452 — —
2002 148 — — 4 21.84 6 1757 — e
2002 164 — — 4 1232 4 14.84 — —
2002 175 — — 4 655 4 953 — —
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Table A.2. Fort Randall Reach — Predictors: Summary of predictor variasbie data
corresponding to macroinvertebrate sampling days.

Days Days Days

Change since since since Degree

Disch. in disch. reversal low flow high flow Temp. days

Year Day (m’s™!) (m’s™) (d) {d) )  (°C) ()
1983 165 470 -130 3 38 4 12.8 606
1983 166 413 -o7 4 30 5 10.0 616
1983 173 147 -9 2 0 12 12.2 705
1984 123 204 -46 2 0 149 5.0 273
1984 136 368 -14 i 6 162 6.7 345
1984 143 535 85 1 13 169 8.3 394
1984 144 521 -14 0 14 170 7.8 401
1984 156 748 80 3 4 0 11.1 522
1984 157 654 -94 0 5 1 111 534
1984 164 241 -1565 k) ] 8 111 601
1985 133 640 -113 { 14 1 11.1 472
19856 136 490 -14 3 17 4 117 206
1985 143 776 il 2 24 0 13.3 592
1985 154 T8Y -29 0 35 0 18.3 756
1986 155 736 -51 i 36 0 156 TT2
1985 157 796 91 0 38 0 15.9 802
1985 162 776 -25 0 % b 17.2 885
1985 175 827 6 4 bb i 173 1100
1985 178 753 -G0 1 59 0 18.3 1155
1986 125 459 74 0 4 154 7.8 351
1988 144 548 -108 1 71 1 12.8 486
1988 143 759 40 6 80 0 13.3 604
1988 158 784 28 1 85 0 13.9 76
1989 141 739 -14 5 Ha 0 11.1 480
1986 151 770 -37 0 68 0 144 618
1990 134 753 22 1 51 0 10.0 536
1990 141 552 -60 f 58 T 10.0 607
1990 149 685 226 4 66 6 11.7 £94
1990 162 629 -76 0 79 4 13.9 862
1990 169 445 40 0 86 5 13.3 963
1901 144 544 -232 0 61 1 10.0 447
1991 148 552 -17 1 65 2 20.6 502
1991 1581 422 -65 1 68 2 16.7 552
1991 154 544 156 0 71 5 17.2 £03
1991 158 408 ~113 j tb) g 18.3 675
1691 162 677 213 1 79 13 18.9 749
1991 164 498 -9 i 81 15 18.3 787

continued on next page
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Days Days Days

Change since since since Degree

Disch. in disch. reversal low flow high flow Temp. days

Year Day (™) (wds) (@) (d) @ (0 (0
1991 168 663 201 1 85 19 20.0 B66
1991 175 501 -198 g 92 26 22.2 1021
1993 124 266 -43 3 0 209 5.6 318
1893 131 85 -23 2 0 216 7.2 366
1993 1453 241 -3 i 0 2 8.3 487
1993 158 736 535 1 1 0 11.1 616
1893 165 263 -473 0 4] 1 12.2 694
1693 173 229 5 ] 0 3 117 795
1893 180 193 -487 0 0 10 12.2 890
1998 125 606 -23 it 706 52 8.9 204
1998 138 790 65 1 719 { 8.9 419
1998 152 759 6 0 733 0 11.1 572
1998 168 464 8 1 749 9 122 TR
1998 177 651 & 6 758 18 144 12
1999 125 479 -260 0 13 i 8.3 421
1999 132 583 45 4 20 8 9.4 475
1999 153 765 -116 i 41 0 12.3 734
1999 168 T22 -94 56 0 13.3 960
1999 180 558 -51 3 68 2 18.8 1169
2000 123 773 23 1 64 0 9.4 459
2000 136 1060 51 2 7T 0 12.8 605
2000 151 869 19 1 92 0 15.0 817
2000 164 892 3 0 105 0 16.1 1030
2000 177 903 3 G 118 0 20.6 1274
2000 178 852 -B1 0 119 0 20.0 1294
2001 138 396 17 2 3 175 6.7 273
2001 149 490 -6 1 i4 186 10.0 385
2001 1862 544 -3 1] 27 199 111 526
2001 176 513 -11 0 41 213 12.2 697
2002 123 521 -34 3 48 25 7.8 232
2002 1386 481 25 1 61 38 8.9 339
2002 148 685 28 1 73 50 11.1 464
2002 164 671 -G i 85 66 16.1 664
2002 175 711 23 i 106 0 15.6 836
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Table A.3. Gavins Point Reach — Aquatic Macroinvertebrates: Summary of aguatic macroin-
vertebrate drift density by year, day of year, and site where n is the number of samples followed by
the pooled drift densities {no. of individuals per 100 m®).

GPI GP2 GP3 GP4 GP5
Year Day 1 Density n Density 1n Density »n Density =n  Density
1983 166 1 921 1 3846 1 147 — — 1 5.88
1983 173 1 1545856 1 56,48 — — — 1 0.93
1983 178 — - — 7T 24455 — - — ~—
1983 179 — - — b 18448 — - — —
1983 186 — — — 12 11565 - - — —
1984 122 — e 2444 1 4.02 — — — —
1984 123 1 396 1 215 — — - — -
1984 136 2 210 — — — — —
1984 137 — — 1 568 1 864 — —— —
1984 142 — — 2 60.08 1 176 — — —
1984 143 1 237 — — — — o e —
1984 157 1 125 1 6.60 1 344 - — e
1984. 158 - — = — — —_— — 1 1.26
1984 163 — — 2 79.20 1 2283 — _— - —
984 164 1 4172 — — - e — —
1984 170 3 13243 — — —_— e —
1984 171 9 .01 - —_— — - — e
1984 172 — — - — e — 5 86.92
1984 173 -~ - - — - — — 7 139.30C
1984 179 — ] 1256 1 1857 — — 1 23.1%
1985 1238 1 6.58 1 211 . 1 86 — -1 g.34
‘1985 134 1 474 — _— - — e —
1985 135 - — 1 26.22 — e — — e
1985 140 - -1 1348 — e — — —
1985 143 1 342 — — 1 53.84 — — 1 10.47
1985 155 1 157 — o — — — —
1985 186 — — 1 33.37 1 351 — — 1 6.65
1985 161 — — 1 2752 — e _ — —
1985 162 1 220 — — 1 13.01 — 1 7.84
1985 188 3 4333 — — — — —
1985 169 9 29.38 — e - — — 1 3.57
1985 170 — — — e - — —_— 2 24.29
1985 171 — e — - — — 9 16.12
1985 176 1 2863 — —_ — —_ - — e
1985 177 - — 1 26.26 1 745 — — —
986 177 — —_ — 15 6.87 — e —
1988 144 1 2750 — — 1 5842 — — 1 §95.54
1988 152 — 3 11917 — e - — —
1g88 158 1 T6.90 — — —_ _— = —
1888 158 — -— 1 15833 - _— — — —
1988 172 1 844 1 41.50 -~ —_ — 1 12834
1988 151 — —_— — — - — 1 81.82
1988 164 — —_ e — — —_ 1 52.09
1989 165 w1 86.83 — — — — —_

condtnued on next page



Table A.3. continued.
GP1 GP2 GP3 GP4 GP5b
Year Day n Density n Density n Density =1 Density =1 Density
1990 130 - — 14 706 — — - _— -
1990 134 4 089 — —_ — — e —
1990 135 - w14 483 14 0.00 — — 14 0.00
1990 141 14 1.37 - s e — — - — —
1990 149 14 0.66 — —_ — — - e e
1990 150 -~ - 14 13.65 14 0.06 — —_ — —
1980 162 14 000 14 560 — —_ — - — —
1960 163 - s — 14 0.06 — - 14 0.00
1990 169 14 0.00 13 3.50 e e o
1991 144 — — 18 16.26 — — e e .
1991 148 — — 20 1259 — e — 20 18.67
1991 151 10 1532 — —_ — e e
1991 154 — — 20 1909 — e — 20 11.09
1991 162 — — 10 1135 — e e —
1991 163 — —_ — —_ — e - 14 8.25
1991 168 8 1264 10 352 — — — —
1993 124 — oo e e — — 4 6.96
1993 131 — e — — — — 4 1.46
1993 145 — —_— —_ — — - — 4 .65
1993 158 — —_ — — —_ - — 4 6.77
1983 165 — e s _ — — 2 13.42
1993 180 - e _— —_ — —_ 2 7.63
1698 125 - — 3 794 — - — —_— -
1998 138 — — 3 3684 — — — —
1998 152 — — 3 26,19 — — — 3 16.82
1998 167 — — 3 70.91 — e — 3 92.57
1998 177 — — 3 64.02 — —_— — 3 45.02
1999 123 — — — — — 4 34.75
-1999 125 — — 1 20,18 — e —_— —
1999 133 — — 4 50.94 — —_— — 4 51.06
1999 153 — — 4 9241 — —_ — .
1999 167 — — 4 10828 - —— —_ —
1999 168 — —_ — — o — 4 40.88
1998 180 — — 4 94.07 — — —_ —
1999 181 — e - —_ — g 117.19
2000 123 — -4 43.91 - —_ — — — —
2000 124 — — - e — 2 4085 — —
2000 136 - e 4 4947 — — — — 5 42.10
2000 152 — 4 84.63 — —_ — — 4 65.87
2000 164 — ~— 5 13593 ~— —_ — — 6 29.25
2000 179 - e 4 11136 — —_— — —_ .
2000 180 - e o — — — 4 50.89
2001 122 - —_ - —_ — — - e 6 12.74
2001 137 — —_ —_— — — - - 6 28.84
2001 138 — - B 52.02 - —_ — — — —
2001 149 - 4 97.34 — — — —_ — e

continued on next page
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Table A.3. continued.
GP1 GP2 GP3 GP4 GFPS5
Year Day n Density n Density n Density n  Density a2 Density
2001 151 — — — —_ — 6 40.16
2601 162 — — 8 54.59 — — — — — —
2001 164 — — — — B 3028 — e
2000 176 — — 4 82.80 — — 5 36.64 — —
2001 178 — e e —_— — 4 25.48
2002 122 — e e e — 4 3.9 — .
2002 135 — — e — 8 24.14 — —
2002 136 — — & 26.07 — — — —_ —
2002 148 — ~— & 6511 — — — — — .
2002 140 — — — — — — B 18.08 — —
2002 161 — — 4 3H.71 — — 4 1598 — —
2002 176 — e 4 2434 — e 5 1712 — —

i1l
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Table A.4. Gavins Point Reach — Predictors: Summary of predictor variable data corresponding
t0 macroinvertebrate sampling days.

Days Days Days
Change since since since Degree

Disch.  in disch. reversal low flow high fliow Temp. days  Turb.
Year Day (m%~1) (m%~!) {d) (d) CI R {¢C) (NTU}
1983 166 566 -74 il 58 2 19.4 1084 115
1983 167 566 0 8 59 3 19.4 1163 115
1983 173 170 -01 4 it 9 211 1220 115
1983 178 340 -28 0 0 14 20.0 1330 115
1883 179 215 -125 1 0 15 22.2 1352 115
1983 180 170 -45 2 0 18 228 1375 115
1984 122 510 -25 i 303 38 10.0 368 70
1984 123 510 0 2 304 39 10.0 378 70
1984 136 425 -56 1 317 52 13.9 522 70
1984 137 538 113 0 318 53 15.0 537 70
1984 142 593 0 5 323 58 18.3 624 70
1984 143 595 0 3 324 59 18.3 643 70
1984 157 765 0 ] 338 0 18.9 886 315
1984 158 722 -43 0 339 0 20.0 906 315
1984 163 510 57 it 344 5 194 1003 315
1984 164 428 -82 ¥ 345 6 19.4 1023 315
1984 170 453 -1l 9 3 12 22.8 1145 315
1984  1IT1 411 -42 1 g 13 22.8 1168 315
1984 172 368 -43 2 7 14 222 1190 315
984 --173 385 37 0 8 15 22.8 1213 - 315
1984 179 340 a7 9 T 21 26.1 1355 315
1985 123 651 14 4 5 i1 15.0 544 113
1985 134 784 -34 1 16 0 172 731 113
1985 135 731 -53 2 i7 0 17.2 748 113
1985 140 779 14 3 22 0 15.6 825 113
1985 143 821 28 6 25 ] 18.3 876 113
1985 155 779 -42 1 37 0 17.8 1108 70
1985 156 793 4 0 38 0 17.2 1125 70
1985 161 850 0 5 43 0 19.4 1225 70
1985 162 850 0 6 44 0 200 1245 70
1985 168 250 -14 1 50 0 20.0 1360 70
1985 169 864 14 it} 51 0 18.9 1379 70
1985 170 864 0 i a2 0 18.9 1397 70
19853 171 £78 14 2 53 0 19.4 1417 70
1985 176 878 G 7 B8 0 21.7 1520 70
1983 177 878 0 8 29 0 217 1541 70
1988 144 878 -3 1 1121 ¢ 17.8 790 45
1988 152 878 0 6 1126 H 211 8949 85
1988 138 878 0 12 1135 0 228 1G85 65
1988 159 878 ] i3 1136 0 22.8 1108 65
1988 172 906 0 1 1149 0 23.9 1404 65
198¢ 151 206 28 g 69 0 17.2 1020 77
1986 164 878 =17 2 82 0 18.8 1269 31

continued on next page
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Days Days Days
Change since since since Degree

Disch. in disch. reversel low flow high flow Temp. days  Turb.
Year Day [(m?s™!) (m¥7) (d) (d) dy  ({°0) {¢C} (NTU)
198¢ 165 903 25 @ 83 g 18.3 1287 31
19906 130 654 -48 9 47 2 14.4 668 309
1890 134 6594 3 b 51 2 12.8 722 309
1980 135 850 156 1 32 0 13.3 735 309
1990 141 832 257 0 58 0 13.3 814 309
1990 149 665 5 ] 66 2 17.2 944 309
1990 150 850 185 1 G7 G 18.3 963 309
1990 162 850 170 0 79 0 20.6 1186 385
1990 163 680 -170 0 80 1 21.7 1208 385
1990 169 651 -3 0 86 4 22.2 1343 385
1991 144 821 170 1 61 0 19.4 891 123
1991 148 651 ~176 0 65 1 217 973 123
1991 151 651 -133 0 68 1 208 1036 123
1991 154 688 -20 f 71 4 21.1 1160 369
1991 162 597 2 ¢ 74 2 22.8 1274 369
1991 163 779 182 1 80 0 22.8 1297 360
1891 168 880 0 1 85 2 233 1412 369
1993 124 467 -29 2 12 207 12.2 362 122
1993 131 340 -31 2 0 214 144 450 122
1993 145 425 -232 0 12 228 17.8 696 122
1893 158 425 9 1 25 241 17.2 a2t 166
1993 165 631 226 0 32 248 20.0 1048 160
1993 180 425 0 2 47 263 2272 1366 160
1998 125 736 il 5 1099 0 14.4 452 106
1998 138 806 56 18 1112 0 19.4 661 106
1998 152 906 0 7 1126 0 194 914 275
1998 167 623 -23 4 1141 2 183 1166 275
1998 177 850 77 3 1151 0 23.9 1382 275
1999 123 821 28 3 1462 0 12.2 490 81
1999 125 776 -43 0 1464 0 13.3 517 81
1999 133 736 0 2 1472 0 139 619 81
1999 153 915 -113 1 1492 G 17.8 941 175
1999 167 963 113 0 1506 0 18.9 1223 175
1998 168 1028 65 1 1507 O 18.3 1241 175
1998 180 881 -28 2 1519 0 217 1478 175
1999 181 966 85 0 1520 0 211 1499 175
2000 123 807 { 21 1827 0 12.8 560 57
2000 124 807 0 22 1828 g 13.3 574 57
2000 136 0943 -17 9 1840 0 14.4 785 57
20006 152 963 0 8 1858 0 16.7 1021 71
2000 164 963 0 3 1868 0 1.7 1249 71
2000 179 934 ] 3 1883 { 22.2 1557 71
2000 180 934 ] 4 1884 0 22.2 1579 71
2001 122 453 O 9 5 158 158.0 282 114

continued on next page
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Days Days Days
Change since since since Degree

Disch. in disch. reversal low flow high flow Temp. days  Turh.
Year Day {m?s71) {m%1) {d} {d) (¢} o) (°C) (NTU)
2001 137 453 0 8 20 173 i89 523 114
2001 138 453 G 9 21 174 19.4 542 114
2001 149 538 0 26 32 185 13.9 718 114
2001 151 538 0 22 34 187 15.0 747 114
2001 162 609 0 33 45 198 18.9 937 163
2001 164 609 -14 0 47 200 19.4 976 163
2001 176 544 20 4 50 212 22.2 1234 163
2001 178 552 0 f 61 214 22.2 1278 163
2002 122 629 ] 21 370 160 7.2 405 36
2002 135 597 17 0 383 173 i2.2 533 36
2002 136 609 12 1 384 174 11.7 565 36
2002 148 688 14 13 396 186 16.7 738 36
2002 149 H85 -3 0 397 187 19.4 757 a6
2002 161 694 Q 11 409 198 206 994 78
2002 176 722 6 26 424 G 4.4 1322 78 -




115

Table A.5. Sioux City Reach — Aquatic Macroinvertebrates: Summary of aquatic
macroinveriebrate drift density by year, day of year, and site where n is the number of
samples followed by the pooled drift densities {no. of individuals per 100m?).

SCi SC2 SC3 8C4 SC5
Year Day n Density n Density =n Density n Density n Density

1988 145 — ] .88 1 17024 1 193.26 — —
1988 160 — — 1 20475 — - — — —
1988 172 1 22671 - —_ — - — e —
1988 173 — — 1 41778 1 33123 1 41386 — —
19589 143 1 46.23 — e - —_ — —
1989 144 — — 1 85.64 e 200 —
1989 150 — e — 10434 -~ e —

1
1989 164 1 51.38 — —
1990 3137 14 8.00 14 3.98 i4 0.00 — _— —
1990 142 14 0.00 14 8.01 —
1990 151 14 0.00 14 345 — — e
19906 163 14 0.00 — e e — —

1990 165 — — 14 3.74 14 800 — — —
1990 170 14 .00 — — - e e —
1990 171 — — 14 11.55 16 000 — — —

1991 129 1 21.88 — - — e e
1991 149 19 25.16 20 1894 — S— e —
1991 157 20 28.27 20 3078 — A T e
1991 163 20 25.21 - 20 39.73 — e — e e
1991 176 17 48.72 12 5563 — -

1993 1256 — - — 4 3.80 — —
1993 131 — e - — 4 235 — —
1983 147 — e — - — 4 1781 — —
1993 158 — — = - — — 4 45.18 — —
1993 167 — —_ - —_— — 2 13.24 — —
1993 180 — —_ - — w2 643 — —
1968 126 — — 3 54.36 — - — —_ — o
1998 127 - _— — — 3 78.05 — —
1998 140 — - 3 52.48 - — 3 54.67 — —
1998 133 — w3 31.98 — — — — — —
1908 154 — — — -3 4284 — —
1998 166 — — 3 0.7 — w3 53.27 — —
1998 180 — — 2 91.57 — - 2 6338 — —
1998 123 — — 1 A7.58 — —_ —_— s
1999 126 — - — — 5 60.37 — —
1999 137 — e —_ — — & 33588 — —
196% 138 — — & 95.40 — —_ - — -
1989 1583 — — 0 85.93 — — — —_ —

continued on nerl page



116

Table A5, continued.
sSC1 SC2 S5C3 SC4 SChH
Year Day =»n Density n Density n Density n Density n Density
1999 159 — — e — — B 99.01 — —
1999 169 — — 4 51.63 — — 4 5244 — e
1999 181 — - b 256.64 — — b 96.35 — —
2000 124 — — 5 15282 — 3 42125 — —
2000 136 — — 6 10164 — R — —
2000 137 — — —_ - — 6 14281 — —
2000 151 — e e — 4 56.11 — —
2000 152 -~ — 6 TTh — — — — — —
2000 1656 — — §  ITI.BH  — & 190.32 — —
20006 180 — — 4 25714 — e 34716 — —_
000 122 — — B 47.01 — — 8 38.7¢ — e
2001 123 — e _— — — — 6 20684
2000 134 — — B 46.99 — — 6 50.57 — —
2001 149 — — e — 6 5270 —
2001 152 — B 49.66 - — — —
2001 164 — — 6 98.09 — — B 11076 — —
2061 177 — _— —_ e e 8 42.74
2001 178 — — 8384 6 8794 6 93.84 — —
2002 127 — _— — — B 65.15 - —
2002 133 — — 6 60.31 -- - B 67.08 - —
2002 149 — — 6 33.44 - - B 37.39 — —
2002 162 — — 6 7492 — — 8 68.01 — e
2002 176 — — 4 54.49 — — 4 62,48 — —
2002 177 — —_ 2 15918 — — — _ — —
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Table A.6. Sioux City Reach — Predictors: Summary of predictor variable data corresponding
to macroinvertebrate sampling days.

Days Days Days
Change since since since Degree

Disch. in disch. veversal low flow high flow Temp. days  Turbh.
Yesr Day (mls™!) (m%™)  (d) (d) () (0 (°C) (NTU)
1988 145 886 ~20 2 139 0 17.8 808 45
1988 160 308 ~11 3 154 G 22.2 1130 65
1988 172 923 -3 1 166 0 23.9 1404 65
1988 173 920 -3 2 167 G 26.1 1430 65
1989 143 920 -3 4 60 0 i7.2 872 77
1989 144 912 -8 5 61 0 18.9 891 77
1989 150 855 -34 ] 67 0 178 1003 77
1989 164 909 -17 0 81 ] 18.9 1269 31
1990 137 759 -51 0 52 i 13.3 761 309
1990 142 770 116 ] 57 2 13.3 828 309
1990 151 818 102 0 66 ] i8.3 981 309
1990 163 796 94 0 78 0 21.7 1208 385
1960 165 594 -7t 1 80 2 22.2 1254 385
1990 170 T87 -82 0 85 i 23.3 1366 385
1980 171 838 51 0 86 0 23.9 1390 385
1991 129 688 -6 o 44 196 Hikt 638 123
1991 149 T56 -26 ] 64 4 21.1 994 123
1991 157 733 ~54 1 T2 2 217 1164 369
1991 163 705 -74 1 78 2 228 1297 . 369
1991 176 810 11t 0 91 0 22.8 1595 369
1993 125 807 11 4 59 G 117 374 122
1993 131 1065 105 0 65 0 14.4 460 122
1993 147 773 -118 1 81 1 183 732 122
1993 159 895 -167 i 93 0 16.7 936 160
1993 167 816 0 1 101 0 21.1 1088 160
1993 180 1345 -28 H 114 0 22.2 1366 160
1998 126 903 -9 2 838 0 15.6 468 106
1998 127 898 & 3 839 O 144 482 106
1998 140 1022 3 2 852 0 19.4 699 106
1998 153 1022 0 H 865 0 18.9 933 275
1998 154 1028 8 0 866 0 17.8 951 275
1998 166 963 ] 0 878 0 18.9 1148 275
1998 180 971 -3 0 892 0 25.6 1458 275
1999 123 1019 8 2 1200 0 12.2 490 81
1999 126 1008 -28 0 1203 0 117 529 81
1009 137 1110 54 4 1214 ] 15.6 665 81
1999 138 1699 -11 { 1215 0 15.6 680 81
1999 153 1359 -3 0 1230 0 I8 041 i75
1999 1569 1297 71 { 1236 0 21.1 1058 175
1999 169 1207 108 1 1248 0 17.8 1259 175
1999 181 1053 -133 H 1258 0 21.1 1499 175
2000 134 886 -3 i 1566 0 13.3 574 57
2000 138 1082 g 0 1578 0 14.4 765 57

continued on next page
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Days Days Days
Change since since since Degree

Phsch.  in disch. reversal  Jow flow  high flow  Temp. days Turb.
Year Day (m%s~!) (m%1) {d) (d) dy {0 (°C) (NTU)
2000 137 1068 -14 0 1579 0 13.9 779 57
2000 151 1042 11 0 1593 { 16.1 1004 57
2000 152 1034 -5 G 1594 0 16.7 1621 71
2000 165 1051 17 O 1607 O 22.2 1271 71
20600 180 1022 5 ) 1622 0 22.2 1579 71
2001 122 1396 =37 3 ol 0 15.0 282 114
2001 123 1308 -88 4 51 0 4.4 297 114
2001 134 1028 -45 2 62 0 6.7 465 114
2001 149 816 9 0 77 0 13.9 718 114
2001 152 B0 -20 3 80 0 16.1 763 163
2001 164 824 14 0 92 0 19.4 976 163
200 177 87 -12 1 105 H 22 1256 163
2001 178 807 20 0 106 0 22.2 1278 163
2002 121 739 8 0 52 28 8.8 397 36
2002 135 697 =25 2 66 42 12.2 553 36
2002 149 13 79 4 20 56 19.4 757 36
2002 162 770 25 1 93 69 21.7 1015 78
2002 176 739 t] 4 107 13 24.4 1322 T8
2002 177 756 17 0 168 &4 25.0 1347 78
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Table A.7. Plattsmouth Reach —~ Aquatic Macroinvertebrates: Summary of
aquatic macroinvertebrate drift density by year, day of year, and site where n is
the number of samples followed by the pooled drift densities (no. of individuals per
1001m%).

PL1 PL2 PL3
Year Day n Density n Density n Density
1988 162 — — — 1 19541
1988 174 — — 1 39395 — —
1989 150 — — 1 11917 1 53.24
1989 163 — — — 1 67.28
1993 125 — el — 4 2.26
1993 131 — —_— — 4 12.07
1993 147 — — - — 4 23.43
1993 159 — - — 2 8.08
1993 167 — — — 2 13.41
1993 180 — — — 2 4.85
1998 127 — — — — 3 75.41
1998 140 — —_ — 3 55.08
1998 153 —- e — 3 23.63
1998 180 — — — 3 aT7.08
1999 126 — e — 6  53.92
1999 137 — — — -— 6 161.89
1999 168 — — — — 8 39.05
1999 181 — e — 6 22249
2000 124 — e — 4 194.70
2000 138 — — - — 1 98.51
2000 139 — —_— — - 4 13949
2000 131 — — — 5 150.40
2000 165 — — — 6 289.60
2000 180 — — — 6 68350
2001 134 — —_ — — 6 53.49
2001 148 — — — 6 54.70
2001 165 — — — 8 100.55
2001 1775 78.76 6 8983 6 84.16
2002 121 — — 8 7240 6 99.10
2002 134 — - 6 11869 8 94.11
2002 150 — ~— B 7957 6 92.68
2002 162 — — 6 96.43 — —
2002 163 — — — 6 17248

2002 177 — - 2 38296 4 13585
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Table A8, Plattsmouth Reach — Predictors: Summary of predictor variable data
corresponding to macroinvertebrate sampling days.

Days Pays Days
Change since since since Degree

Disch. indisch. reversal low flow high flow Femp. days  Turb.
Year Day (m%™1) (m%™!) {d) {d) (d) ey ¢y (NTU)
1988 146 1260 -45 1 138 0 17.8 826 45
1988 162 1133 -31 0 154 0 22.2 1174 65
1688 174 988 0 i 166 0 26.1 1456 65
1589 150 1099 68 G 112 0 i7.8 1003 iy
1989 163 997 -3 2 125 & 19.4 1250 3
1993 125 1271 -3 1 120 0 11.7 374 122
1993 131 1934 252 4 126 0 14.4 460 122
1993 147 135¢ 73 { 142 0 18.3 732 122
1993 159 1730 79 0 154 0 16.7 936 160
1993 167 1676 -97 1 162 0 211 1088 160
1993 180 2257 -79 0 175 0 22.2 1366 160
1998 127 1274 -} Z 837 0 14,4 482 166
1998 140 1325 48 € 856 0 19.4 699 106
1998 153 1472 =20 2 863 0 18.9 1933 275
1968 . 180 1566 65 3 8OG & 25.6 14568 275
1599 126 1574 17 3 1201 0 117 529 81
1899 137 1923 71 2 1212 G 15.6 665 81
1899 168 1917 37 1 1243 G 18.3 1241 175
1999 181 2498 -380 0 1256 G 21.1 1499 175
2000 124 1053 G 3 1564 0 13.3 574 57
2000 138 1215 -1l 0 1578 - 0 14.4 793 57
2000 139 1218 3 g 1579 0 15 808 57
2000 131 1294 -9 2 1581 0 18.1 1004 57
2000 165 1172 8 i 1605 0 22.2 1271 7
20060 180 1529 -329 0 1620 0 22.2 1579 71
2001 134 1733 -88 2 143 0 16.7 465 114
2001 149 1243 -31 7 158 0 13.9 718 i14
2001 165 1204 122 0 174 0 21.1 997 163
2001 177 1144 -17 6 186 0 22.2 1256 163
2002 121 951 -17 0 88 0 8.9 397 36
2002 134 1119 -59 0 161 0 11.7 541 36
2002 150 1022 5 2 117 G 20 77T 36
2002 162 951 25 2 129 0 217 1015 78
2002 163 1138 187 3 130 0 22.2 1037 78
2002 177 892 -11 2 144 3 25 1347 78
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Figure A.1. Fort Randall Reach: Visual summary of multi-model inference. Rows
correspond to the predictor variables. Columns correspond to the subset of models
whose Akaike weights sum to at least 0.75. For each row-column combination, the
corresponding rectangle is black if the predictor variable was included in the model
and white otherwise. The width of each column is proportional to the model’s Akaike
weight.
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Figure A.2. Gavins Point Reach: Visual summary of multi-model inference. Rows
correspond to the predictor variables. Columns correspond to the subset of models
whose Akaike weights sum to at least 0.75. For each row-column combination, the
corresponding rectangle is black if the predictor variable was included in the model
and white otherwise. The width of each column is proportional to the model’s Akaike
weight.
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Figure A.3. Sioux City Reach: Visual summary of multi-model inference. Rows
correspond to the predictor variables. Columns correspond to the subset of models
whose Akaike weights sum to at least 0.75. For each row-column combination, the
corresponding rectangle is black if the predictor variable was included in the model
and white otherwise. The width of each column is proportional to the model’s Akaike
weight.
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Figure A.4. Plattsmouth Reach: Visual summary of multi-model inference. Rows
correspond to the predictor variables. Columns correspond to the subset of models
whose Akaike weights sum to at least 0.75. For each row-column combination, the
corresponding rectangle is black if the predictor variable was included in the model
and white otherwise. The width of each column is proportional to the model’s Akaike
weight.



130

Appendix B

Supporting data and results for
larval fish models

" B.1 Model input data



131

Table B.1. Fort Randall Reach — Freshwater Drum: Summary of the number
of samples (n), number of samples in which larval fish were present (P, %) and mean
larval drift density {D, no. of individuals per 100m?®) by year and month.

FR1 FR2 FR3 FR4
Year Month n P D n P D n P D n P D
1983 6 1 0 000 — — — 2 0 000 1 0O 0.00
1984 5 1 0 000 — — — 1 0 000 3 0 000
1984 6 1 0 000 — — — 2 0 000 2 0 000
1985 5 — — — — — — 6 0 000 — — —
1985 6 — — — — — — 170 000 — — —
1986 5-1 0 000 — — — 4 0 000 — — —
1987 5 2 1 008 — — — 2 0 000 — — —
1987 6 1 000 — — — 1 0 000 — — —
1990 6 — — — — — — — — — 3 3 292
1991 5 — — — — — — 6t 3 006 — — —
1991 6 - — — — 4 4 014 95 3 004 — — —
1993 - f - = — - — — 12 0 060 — =  —
1993 6 — — — — — — & 2 T4y — -
1998 5 — — — — — — 6 0 000 — — —
1998 6 9 1 003 — — — 9 3 028 — — —
1999 5 6 0 000 — — — 10 0 000 — — —
1999 6- 6 2 02 — — — 12 2 029 — — —
2000 5 4 0 000 8 -0 000 14 1 019 — — —
2000 6 10 4 046 — — — 9 4 029 — — —
2001 5 — — — 8 0 000 10 0 000 — — —
2001 6 3 1 067 10 0 000 10 2 010 — — —
2002 5 — — — 14 0 000 16 0 000 — — —
2002 6 — — — 8 1 006 8 1 014 — — —
2003 5 — — — 8 0 000 12 0 000 — — —
2003 6 — — — 8 1 004 10 0 000 — — —
2004 5 — — — 6 0 000 10 1 005 — — —
2004 '$ — — — 14 4 013 10 1 005 — — —
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Table B.2. Fort Randall Reach — Catostomids (river carpsucker, smallmouth
buffalo, and bigmouth buffalo): Summary of the number of samples (n), number of
samples in which larval fish were present (P, %) and mean larval drift density (D, no.
of individuals per 100m?) by year and month.

FR1 FR2 FR3 FR4
Year Month =n P D n P D n P D n P D
1983 6 1 1 27 — — — 2 1 490 1 1 175
1984 5 1 0 000 — — — 1 0 000 3 0 0.00
1984 6 1 0 000 ~— — — 2 0 000 2 1 011
1985 5 — — — — — — 6 0 000 — — -
1985 6 — — —_ — — — 17 10 108 — — —
1986 5 1 0 099 — — — 4 0 000 — — —
1987 5 2 1 223 — — — 2 1 047 — — —
1987 6 1 1 739 — — — 1 1 12782 — — —
1990 6 — — —_— — — = = — — 3 3 104
1991 5 — — _ — — — 60 29 198 — — --
1993 6 — — — 44 28 147 95 63 355 — — @ —
1993 5 — — _ - — 12y 090 — — --
1993 6 — — _ = —  — 9 3 028 — — —
1998 5 — — _ = —  — 6 0 0.00 — — —
1998 6 9 6 484 — — — 9 6 6.39 — — —
1999 5 6 0 000 — — — 10 0 000 — — —
1999 6 6 3 095 — — — 12 1 047 — — —
2000 5 4 1 0260 8 2 016 14 4 051 — — —
2000 6 10 10 2886 — — — 9 8 484 — — —
2001 5 — — — 8 0 000 10 1 007 — — —
2001 6 3 0 000 10 7 116 10 7 1.88 — — —
2002 5 — — — 14 0 0.00 16 1 005 — — —
2002 6 — — — 8 6 08 8 7 194 — — —
2003 5 — — — 8 0 000 12 6 073 — — —
2003 6 — — — 8 8 38 10 10 6.68 — — —
2004 5 — — — 6 0 000 10 1 002 — — —
2004 6 — — — 14 14 487 10 10 326 — — —
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Table B.3. Fort Randall Reach ~ Predictors: Summary of predictor variable
data corresponding to larval fish sampling months.

Disch. CV  Temp. cv
Year Month (m3s™') Disch. (°C) Temp.

1983 6 443 056 119  0.12
1984 5 400 0.24 71 0.23
1984 6 295  0.69 108  0.10
1985 5 670 0.16 114  0.22
1985 6 784 005 174  0.06
1686 5 707 0.30 99 0.19
1987 5 676  0.17 95  0.25
1987 6 746 008 172  0.13
1990 6 617 015 152  0.15
1691 5 592 0.15 105  0.30
1991 6 538  0.18 188  0.13
1093 5 376 053 80 021
1993 6 393 958 126 0.17
1998 5 686 010 ~ 99 017
1998 6 629 0.21 141  0.19
1999 5 723 0.29 108  0.22
1999 6 831 0.13 161  0.12
2000 5 827 010 126 017
2000 6 877  0.02 181  0.12
2001 5 360 0.30 78 030
2001 6 500 0.13 119  0.09
2002 5 583  0.12 9.3  0.16
2002 6 681 004 147 0.14
2003 5 674 004 101  0.17
2003 6 601  0.05 151  0.10
2004 5 728 010 119  0.13
2004 6 754 008 164  0.07
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Table B.6. Gavins Point Reach — Predictors: Summary of predictor variable
data corresponding to larval fish sampling months.

Disch. CV  Temp. CV  Turb.
Year Month (m3®s™') Disch. (°C) Temp. (NTU)

1983 6 573 0.43 19.3 0.12 315
1984 ) 558 0.09 14.2 0.24 146
1984 6 473 0.33 21.1 0.12 531
1985 5 779 0.09 17.2 0.11 113
1985 6 858 0.03 19.7 0.06 70
1986 5 825 0.24 16.2 0.09 95
1986 6 977 0.03 21.3 0.09 104
1987 ) 799 0.12 17.1 0.08 117
1987 6 825 0.07 22.6 0.08 52
1990 5 729 0.10 141 0.16 309
1990 6 712 0.12 21.5 0.12 385
1991 - - 5 696 - 0.10 15.8 0.28 123
1991 . 6 657 - 013 225 004 - 369
1963 ) 500 0.22 i5.8 0.14 122
1993 6 482 0.21 19.5 0.11 160
1998 ) 823 0.09 16.4 0.13 106
1998 6 792 0.15 19.6 0.17 275
1999 ) 871 0.14 15.0 0.16 81
1999 6 994  0.08 19.8 0.09 175
2000 ) 911 0.08 15.7 0.09 57
2000 6 957 0.01 20.1 0.08 71
2001 ) 463 0.09 16.0 0.12 114
2001 6 545 0.10 20.1 0.13 163
2002 5 642 0.04 13.2 0.23 36
2002 6 705 0.02 21.6 0.10 78
2003 5 762 0.19 14.3 0.16 94
2003 6 778 0.30 19.9 0.11 201
2004 ) 765 0.07 15.6 0.12 203
2004 6 810 0.05 20.3 0.08 180
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Table B.9. Sioux City Reach — Sioux City Predictors: Summary of predictor
variable data corresponding to larval fish sampling months.

Disch. CV  Temp. CV  Turb.
Year Month (m3s7!) Disch. (°C) Temp. (NTU)

1985 6 963 0.04 19.7 0.06 70
1986 5 1310 0.12 16.2 0.09 95
1986 6 1244 ~ 0.05 21.3 0.09 104
1987 5 903 - - 0.10 171 -0.08- 117 -
1990 5 771 0.10 14.1 0.16 309
1990 6 784 0.07 21.6 0.12 385
1991 ) 731 0.07 15.8 0.28 123
1991 6 784 0.07 22.6 0.04 369
2003 5 823  0.03 14.3 0.16 94
2003 6 821 0.07 19.9 0:11 201
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Table B.10. Sioux City Reach — Decatur Predictors: Summary of predictor
variable data corresponding to larval fish sampling months.

Disch. CV  Temp. CV  Turb.
Year Month (m?®™') Disch. (°C) Temp. (NTU)

1987 5 903 0.10 17.1 0.08 117
1987 6 863 0.06 22.6 0.08 52
1987 6 863 0.06 22.6 0.08 52
1990 6 800 0.09 21.6 0.12 385
1993 5 955 0.18 15.8 0.14 122
1993 6 1064 0.15 19.5 0.11 160
1998 5 972 0.06 16.4 ~ 0.13 106
1998 6 998 0.09 19.6 0.17 275
1999 ) 1125 0.11 15.0 0.16 81
1999 6 1314 0.07 19.8 0.09 175
2000 ) 1035 0.09 15.7 0.09 o7
2000 6 1060 0.05 20.1 0.08 71
2001 ) 1050 0.18 16.0 0.12 114
2001 6 865 0.0¢ 20.1 0.13 163
2001 6 865 ~ 0.09 20.1 0.13 162
2002 5 738 0.0¢ 13.2 0.23 36
2002 6 765 0.02 21.6 0.10 78
2003 5 843 0.03 14.3 0.16 94
2003 6 849 0.08 19.9 0.11 201
2004 5 878  0.12 15.6 0.12 203
2004 6

995 0.08 20.3 0.08 180

Table B.11. Sioux City Reach — Omaha Predictors: Summary of predictor
variable dataw corresponding to larval fish sampling months.

Disch. CV  Temp. CV  Turb.
Year Month (m3s™!) Disch. (°C) Temp. (NTU)

1997 6 2156 0.03 19.6 0.12 63
2001 ) 1319 0.21 16.0 0.12 114
2001 6 1047 0.12 20.1 0.13 163
2004 5] 963 0.20 15.6 0.12 203
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Table B.12. Plattsmouth Reach — Freshwater Drum: Summary of the number
of samples (n), number of samples in which larval fish were present (P, %) and mean
larval drift density (D, no. of individuals per 100 m?) by year and month.

PL1 PL2 PL3 PL4
Year Month n P D n P D n P D n P D
1987 5 — - — 1 0 000 1 1 032 1 1 02
1987 6 — — — 1 1 13151 1 1 5446 1 1 38.09
1993 5 — — —_ - — — 12 4 024 - — —
1993 6 — — — e — — 5 4 115 — — e
1998 5 — — —_— = — - 6 0 000 -— — ——
1998 6 — — —_ = — — 6 3 7352 — — —
1999 5 — — — — — -— 12 0 000 - — —
1999 6 — — — - — - 12 12 1542 -— — —
2000 5 — — —_— — — 14 1 004 — — e
2000 6 — — — — 12 12 4514 — — —
2001 5 6 6 17153 6 6 14350 12 3 045 — — —
2001 6 — — _— = — — 14 13 87.07 — — —
2002 5 — — - 18 1 006 20 0 000 — — —
2002 6 — -— — 8 8 313 10 10 7723 — — —
2003 5 — — — 12 0 000 6 0 000 — — —
2003 6 — — —-— 6 6 7912 12 9 447 — — e
2004 5 — — — 4 0 0o0 6 0 000 — — e
2004 6 — — — = — — 12 11 1986 — — —
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Table B.13. Plattsmouth Reach — Catostomids (river carpsucker, smallmouth
buffalo, and bigmouth buffalo): Summary of the number of samples (n), number of
samples in which larval fish were present (P, %) and mean larval drift density (D, no.
of individuals per 100 m®) by year and month.

PL1 PL2 PL3 PL4
Year Month n P D n P D n P D n P D
1987 5 — — — 1 1 1028 1 1 1201 1 1 2514
1987 6 — — — 1 1 4658 1 1 1957 1 1 15.04
1993 5 — — — — —  — 12 4 033 — —  —
1993 6 — —  — — —  — 5 1 002 — —  —
1998 5 — — — - —  — 6 5 144 — —  —
1998 6 — — — — -——  — 6 4 1064 — — = —
1999 - 5 — — — - — 12 1 010 — - @ —
1999 6 — — — -— — — 12 5 38 — —
2000 5 — —  — — — — 14 12 364 — —
2000 6 — — — — — — 12 11 76324 — —  —
2001 5 6 6 1226 6 6 1884 12 11 800 — —  —
2001 6 — — — — —  — 14 10 1242 — —  —
2002 5 — — — 18 5 064 20 6 211 — —  —
2002 6 — — — 8 4 505 10 9 814 — —  —
12003 5 — — — 12 3 128 6 2 031 — —  —
2003 6 — — — 6 6 1063 12 12 1714 — —  —
2004 5 — — — 4 4 721 6 1 005 — —  —
2004 6 — — @ — — — — 12 12 2672 — —  —
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Table B.14. Plattsmouth Reach — Predictors: Summary of predictor variable
data corresponding to larval fish sampling months.

Disch. CV  Temp. CV  Turb.
Year Month (m3s™!) Disch. {°C) Temp. (NTU)

1987 ) 1514 0.22 17.1 0.08 117
1987 6 1318 0.07 226  0.08 52
1993 ) 1556 0.23 15.8 0.14 122
1993 6 1834  0.16 19.5 0.11 160
1998 5 1383 0.12 16.4 0.13 106
1998 6 1771 0.19 19.6 0.17 275
1999 5 1724~  0.08 15.0 0.16 81
1999 6 2048 0.14 198  0.09 175
2000 5 1191 0.09 15.7 0.09 57
2000 6 1262 0.12 20.1 0.08 71
2001 5 1746 0.24 16.0 0.12 114
2001 6 1286 0.12 20.1 0.13 163
- 2002 ) 997-  0.06 13.2 0.23 36
2002 6 976 0.13 21.6 0.10 78
2003 5 1216 0.13 14.3 0.16 94
2003 6 1104 0.13 19.9 0.11 201
2004 ) 1185 0.33 15.6 0.12 203
2004 6 1333 0.08 20.3 0.08 180
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Disch —
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Figure B.8. Fort Randall Reach — Catostomids (river carpsucker, smallmouth
buffalo, bigmouth buffalo): Visual summary of multi-model inference. Rows corre-
spond to the predictor variables. Columns correspond to the subset of models whose
Akaike weights sum to at least 0.99. For each row-column combination, the corre-
sponding rectangle is black if the predictor variable was included in the model and
white otherwise. The width of each column is proportional to the model’s Akaike
weight.
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Figure B.9. Gavins Point Reach — Freshwater Drum: Visual summary of multi-
model inference. Rows correspond to the predictor variables. Columns correspond
to the subset of models whose Akaike weights sum to at least 0.99. For each row-
column combination, the corresponding rectangle is black if the predictor variable was
included in the model and white otherwise. The width of each column is proportional
to the model’s Akaike weight.
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Figure B.10. Sioux City Reach — Freshwater Drum: Visual summary of multi-
model inference. Rows correspond to the predictor variables. Columns correspond
to the subset of models whose Akaike weights sum to at least 0.99. For each row-
column combination, the corresponding rectangle is black if the predictor variable was
included in the model and white otherwise. The width of each column is proportional
to the model’s Akaike weight.
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Figure B.11. Sioux City Reach — Catostomids (river carpsucker, smallmouth
buffalo, bigmouth buffalo): Visual summary of multi-model inference. Rows corre-
spond to the predictor variables. Columns correspond to the subset of models whose
Akaike weights sum to at least 0.99. For each row-column combination, the corre-
sponding rectangle is black if the predictor variable was included in the model and
white otherwise. The width of each column is proportional to the model’s Akaike
weight.
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Figure B.12. Plattsmouth Reach — Freshwater Drum: Visual summary of multi-
model inference. Rows correspond to the predictor variables. Columns correspond
to the subset of models whose Akaike weights sum to at least 0.99. For each row-
column combination, the corresponding rectangle is black if the predictor variable was
included in the model and white otherwise. The width of each column is proportional
to the model’s Akaike weight.
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Figure B.13. Plattsmouth Reach — Catostomids (river carpsucker, smallmouth
buffalo, bigmouth buffalo): Visual summary of multi-model inference. Rows corre-
spond to the predictor variables. Columns correspond to the subset of models whose
Akaike weights sum to at least 0.99. For each row-column combination, the corre-
sponding rectangle is black if the predictor variable was included in the model and
white otherwise. The width of each column is proportional to the model’s Akaike
weight.
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Appendix C

Supporting data and results for
age 0 and age 1 fish models

C.1 Model input data
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Table C.1. Emerald Shiner: Summary of sampling effort (m?) and catch per unit
effort (C/E) (no. 1000m™?) of fish from August and September seine samples in the
MRHD classified as age 1 by reach.

Upper Lower
, Gavins Point ~ Channelized =~ Channelized
Year Effort C/E Effort C/E Efort C/E

1978 — — — — 266 139.10
1983 3168  70.71 — — — —
1984 2640 1.14 — — — —
1985 7040  47.30 — — — —
1986 4224 39.06 2464 13.80 - - — —
1994 1760 139.20 4224 108.19 4048 99.56
1997 1056 4.73 2992 30.08 1056 75.76
1998 4048 3409 3222 11.48 176 5.68
1999 704 11.36 4576  10.49 — —
2000 1408 165.48 2816 37.64 352 8.52
2001 1936 21.69 2992 31.42 528 7.58
2002 2112 21591 5280 41.67 704 4261
2003 704 113.64 2464 22.32 — —
2004 2112 107.95 2464 3409 1056 0.95
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Table C.2. River Carpsucker: Summary of sampling effort (m?) and catch per unit
effort (C/E) (no. 1000m~?) of fish from August-October seine samples in the MRHD
classified as age 1 by reach. '

Upper Lower
‘Fort Randall  Gavins Point “hannelized  Channelized
Year Effort C/E Effort C/E Effort C/E Effort C/E

1978 — — — - — — 435 0.00
1983 8448 0.59 5808 6.03 — — — —
1984 13200 0.68 2640 V.58 — — — —
1985 16368 3.60 10208  -1.96 — —_ - —
1986 - 3i63  6.31 4224  .8.05 2464 244 = — —
1993 1636 20.14 1406 - 43.32 3344 4.49 — —
1994 4224 568 1760 6.82 4224 3.08 4048 9.14
1997 928 49.24- 1056 9091 5456 14.11 1056 10.42
1998 4752  0.21 5808 46.14 5510 24.86 176 17.05
1999 3168 21.78 2112  70.55 7040 2.13 — —
2000 4752 1094 1760 321.02 3520 24.15 352 0.00
2001 2992 0.67 1936 41.84 4400 19.55 528 947
2002 3168 4.10 2464 46.27 5632 19.53 1056 1.89
2003 2112 852 1760 52.27 6864 1.17 1056 0.00
2004 4576 0.00 2112 19.89 2464 4.46 1056 0.00
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Table C.3. Red Shiner: Summary of sampling effort {m?) and catch per unit effort
{C/E) (no. 1000m~2) of fish from July—October seine samples in the MRHD classified
as age 1 by reach.

Upper Lower

Fort Randall Gavins Poirt  Channelized  Channelized
Year Effort ‘€/E Effort C/E Effort C/E Efort C/E
1978 — — — — — — 560 41.07
1983 12144 0.49 6864 1.75 — e — —
1984 18480 1461 5632 3.20 — — — —
1985 22704 1.06 13376 0.67 = — —- — —
1986 5280 1.89 7392 17.05 3520 13.35 — —
1983 183 2538 1408 0.00 3344 10.77 — —
1994 4224 0.47 1760 2.84 4224 6.87 4048 1.98
1997 1584 1.89 3520 47.16 6864 9.03 1584 15.15
1998 5984  0.17 7920 25.76 7798 21.54 880 4.55
1999 5104 5.09 3696 15.15 7920 10.73 352  0.00
2000 7568 1.19 4048 15.07 7744 3241 352  0.00
2001 5984 3.68 4400 0.68 6512 61.27 1232 38.15
2002 4224 26.04 3168 0.95 7392 29.36 1056 1.89
2003 2816 0.00 2464 0.00 8976 9.47 1056 0.95
2004 6688 150 2112 0.00 4400 3.18 1056 4.73
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Table C.4. Fluvial Shiners (river shiner, sand shiner, and bigmouth shiner): Sum-
mary of sampling effort (m?) and catch per unit effort (C/E) (no. 1000m™~2) of fish
from August—October seine samples in the MRHD classified as age 1 by reach.

Upper
Gavins Point  Channelized
Year Effort C/E Effort C/E

1983 5808 15.32 — —
1984 2640 0.00 — —
1985 10208  3.53 —
1986 4224 11.84 2464 4.46
1993 1408 8.52 3344 5.08
11994 1760 21.59 4224 18.94
1997 1056 70.08 5456 21.08
1998 5808 5.17 5510 5.99
1999 2112 22,73 7040 2.70
2000 1760 81.25 3520 37.50
2001 1936 0.52 4400 7.27
2002 2464 8.12 5632 4.62
2003 1760 38.07 6864 4.37
2004 2112 994 2464 4.06




169

Table C.5. Silver Chub: Summary of sampling effort {m?) and catch per unit effort
{C/E) (no. 1000 m~?) of fish from July-October seine samples in the MRHD classified

as age 0 by reach.

Upper Lower
Channelized Channelized
Year Effort C/E Effort C/E
1978 — — 560 30.357
1986 352G 9.943 — —
1993 3344  28.409 — —
1994 4224 5445 4048 3458
1997 6864 1.166 1584 9470
1998 7798 2437 880 10.227
1999 7920 0.379 352 11.364
2000 7744  1.291 352  0.000
2001 6512 5.068 1232 21.916
2002 7392 0.947 1056  0.947
2003 8976 1.560 1056 1.894
2004 4400 7.045 1056  0.947
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Figure C.1. Fort Randall Reach — River Carpsucker: Visual summary of BMA.
Rows correspond to the predictor variables. Columns correspond to the subset of
models supported by the data using the Occam’s window method of Madigan and
Raftery (1994). For each row-column combination, the corresponding rectangle is
black if the predictor variable was included in the model and white otherwise. The
width of each column is proportional to the model’s posterior probability.
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Models selected by BMA
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Figure C.2. Fort Randall Reach — Red Shiner: Visual summary of BMA. Rows
correspond to the predictor variables. Columns correspond to the subset of models
supported by the data using the Occam’s window method of Madigan and Raftery
(1994). For each row-column combination, the corresponding rectangle is black if the
predictor variable was included in the model and white otherwise. The width of each
column is proportional to the model’s posterior probability.
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Figure C.3. Gavins Point Reach — Emerald Shiner: Visual summary of BMA.
Rows correspond to the predictor variables. Columns correspond to the subset of
models supported by the data using the Occam’s window method of Madigan and
Raftery (1994). For each row-column combination, the corresponding rectangle is
black if the predictor variable was included in the model and white otherwise. The
width of each column is proportional to the model’s posterior probability.
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Figure C.4. Gavins Point Reach — River Carpsucker: Visual summary of BMA.
Rows correspond to the predictor variables. Columns correspond to the subset of
models supported by the data using the Occam’s window method of Madigan and
Raftery (1994). For each row-column combination, the corresponding rectangle is
black if the predictor variable was included in the model and white otherwise. The
width of each column is proportional to the model’s posterior probability.
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Figure C.5. Gavins Point Reach — Red Shiner: Visual summary of BMA. Rows
correspond to the predictor variables. Columns correspond to the subset of models
supported by the data using the Occam’s window method of Madigan and Raftery
(1994). For each row-column combination, the corresponding rectangle is black if the
predictor variable was included in the model and white otherwise. The width of each
column is proportional to the model’s posterior probability.
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Figure C.6. Gavins Point Reach — Fluvial Shiners (river shiner, sand shiner,
bigmouth shiner): Visual summary of BMA. Rows correspond to the predictor vari-
ables. Columns correspond to the subset of models supported by the data using the
Occam’s window method of Madigan and Raftery (1994). For each row-column com-
bination, the corresponding rectangle is black if the predictor variable was included
in the model and white otherwise. The width of each column is proportional to the
model’s posterior probability.
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Figure C.7. Channelized Reaches — Emerald Shiner: Visual summary of BMA.
Rows correspond to the predictor variables. Columns correspond to the subset of
models supported by the data using the Occam’s window method of Madigan and
Raftery (1994). For each row-column combination, the corresponding rectangle is
black if the predictor variable was included in the model and white otherwise. The
width of each column is proportional to the model’s posterior probability.
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Figure C.8. Channelized Reaches — River Carpsucker: Visual summary of
BMA. Rows correspond to the predictor variables. Columns correspond to the subset
of models supported by the data using the Occam’s window method of Madigan and
Raftery (1994). For each row-column combination, the corresponding rectangle is
black if the predictor variable was included in the model and white otherwise. The
width of each column is proportional to the model’s posterior probability.
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Figure C.9. Channelized Reaches — Red Shiner: Visual summary of BMA. Rows
correspond to the predictor variables. Columns correspond to the subset of models
supported by the data using the Occam’s window method of Madigan and Raftery
(1994). For each row-column combination, the corresponding rectangle is black if the
predictor variable was included in the model and white otherwise. The width of each
column is proportional to the model’s posterior probability.
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Figure C.10. Upper Channelized Reach — Fluvial Shiners (river shiner, sand
shiner, bigmouth shiner): Visual summary of BMA. Rows correspond to the predictor
variables. Columns correspond to the subset of models supported by the data using
the Occam’s window method of Madigan and Raftery (1994). For each row-column
combination, the corresponding rectangle is black if the predictor variable was in-
cluded in the model and white otherwise. The width of each column is proportional
to the model’s posterior probability.
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Figure C.11. Channelized Reaches — Silver Chub: Visual summary of BMA.
Rows correspond to the predictor variables. Columns correspond to the subset of
models supported by the data using the Occam’s window method of Madigan and
Raftery (1994). For each row-column combination, the corresponding rectangle is
black if the predictor variable was included in the model and white otherwise. The
width of each column is proportional to the model’s posterior probability.



