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Executive Summary
White sturgeon, Acipenser transmontanus, in the Transboundary Reach of the Columbia River have
experienced near-complete recruitment failure since construction and operation of several hydroelectric
dams on the mainstem Columbia River and tributaries in Canada in the 1960s. It is generally believed
that changes in flow magnitude and timing over historical conditions due to the Canadian dams,
combined with the presence of downstream Lake Roosevelt (inundated by Grand Coulee Dam), has
reduced habitat quality and quantity and created an environment that is difficult for juvenile white
sturgeon to survive to adulthood. In order to determine potential mitigation measures to increase sturgeon
survival, fisheries managers with the Confederated Tribes of the Colville Reservation (CTCR), among
others, desire modeling tools that will help them understand the potential mechanisms between
anthropogenic river changes and juvenile sturgeon survival. To accomplish this task, the CTCR
contracted the Pacific Northwest National Laboratory (PNNL) to construct models that simulate the river
environment and early life history of white sturgeon.
This report contains summarized progress on the construction, validation, and calibration of a
hydrodynamic and water temperature model, and individual-based sturgeon model, for the Transboundary
Reach of the Columbia River and Lake Roosevelt. A 1-dimensional hydrodynamic and water
temperature model, the Modular Aquatic Simulation System in 1-dimension (MASS1), was constructed
using existing bathymetry data from the U.S.-Canada international border to Grand Coulee Dam, and
validated using velocity, temperature, and water elevation data collected by staff of the CTCR during
three distinct hydrodynamic periods occurring in early spring, late spring, and summer in the study area.
Parameters of MASS1 were then calibrated so that model simulations matched empirical data of water
surface elevations collected in 2016. Several years of MASS1 data were archived and are available for
use with the sturgeon IBM: 1975–2001, 2004, 2005, 2007–2015, and April–August 2016. An individualbased simulation model was concomitantly constructed to simulate four of the early life stages of white
sturgeon: spawning, embryo incubation, free embryos, and early larvae. Submodels for each of the four
life stages contain mathematical algorithms that primarily describe the growth, development, and
movement of individuals based on outputs from MASS1. Sturgeon simulations were then run for two
historical years where limited recruitment may have occurred (1997 and 2011) and two years in which
recruitment likely did not occur (2004 and 2005).
As of this report, the MASS1 model has been fully constructed and validated, a first draft of the coding
and implementation of the Spawning, Incubation, and Free Embryo submodels has been completed and
the early larvae submodel is near completion. Preliminary results from sturgeon model simulations are
promising; the model is performing as expected and is producing correct ballpark estimates of the timing
of the spawning, incubation, and free embryo life stages. However, an initial assessment of performance
of the early larvae submodel is yet to be completed because coding of this submodel continues.
Consequently, a thorough review of submodel validation and calibration will need to occur in the next
year of study before hypothesis testing can occur to begin to understand relationships between 1dimensional river dynamics and young sturgeon behavior.
For the next year of study, we propose to finish validation and calibration of the one-dimensional
sturgeon individual-based model (IBM) and to perform analyses on model outputs to differentiate
sturgeon behavior and environmental conditions between purported recruitment and nonrecruitment
years. Analysis of the one-dimensional model results would then help to steer the direction and
implementation of the MASS2 two-dimensional hydrodynamic and water temperature model, as well as
adaptation of the one-dimensional sturgeon model to MASS2 outputs, which would also be completed in
the next contract year. Adaptation of the sturgeon IBM for two dimensions will allow sturgeon to interact
with two-dimensional substrate data (from the sediment facies map being constructed by the CTCR) as
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well as more specific modeled estimates of velocity, bottom shear stress, and temperature from MASS2,
resulting in more accurate and realistic predictions of sturgeon development and behavior. More detailed
hypothesis testing could then occur to understand the mechanisms limiting or enabling sturgeon
recruitment, which would be documented in a peer-reviewed publication at the end of 2017.
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ADCP

acoustic Doppler current profiler
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absolute mean error

ArcGIS

Arc Geographic Information System

BC

boundary condition

CGVD28

Canadian Geodetic Vertical Datum of 1928
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Columbia River at the International Boundary
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3
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FE

free embryo
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Light Detection and Ranging
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MASS1

modular aquatic simulation system in one dimension
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multi-beam echo sounder
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NA
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NAD83

North American Datum of 1983
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NOAA

National Oceanic and Atmospheric Administration
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North West Division, U.S. Army Corps of Engineers

NWS

National Weather Service

PDF
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Pacific Northwest National Laboratory

PST

Pacific Standard Time
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s

second(s)

SD

standard deviation

USACE

U.S. Army Corps of Engineers

USGS

U.S. Geological Survey

UTM

Universal Transverse Mercator

WSDOT

Washington State Department of Transportation

vi

2016 Draft Annual Report

Contents
Executive Summary ..............................................................................................................................

iii

Acronyms and Abbreviations ...............................................................................................................

v

1.0 Introduction ..................................................................................................................................

1

1.1 Work Elements .....................................................................................................................

1

1.2 Report Overview ..................................................................................................................

2

2.0 Hydrodynamic and Water Temperature Modeling .......................................................................

2

2.1 Hydrodynamic Model Configuration ...................................................................................

2

2.1.1 Bathymetry ................................................................................................................

3

2.1.2 Boundary Conditions.................................................................................................

7

2.1.3 Meteorological Data ..................................................................................................

11

2.2 MASS1 Calibration/Validation ............................................................................................

11

2.2.1 Hydrodynamics .........................................................................................................

11

2.2.2 Temperature ..............................................................................................................

15

2.3 Particle Movement and Tracking .........................................................................................

18

2.3.1 MASS1 Simulation Domain......................................................................................

20

2.3.2 MASS2 Simulation Domain......................................................................................

21

2.3.3 Locomotion ...............................................................................................................

22

3.0 MBES Sediment Classification ....................................................................................................

22

4.0 Individual-Based Fish Modeling ..................................................................................................

23

4.1 Sturgeon Life Stage Submodels ...........................................................................................

23

4.1.1 Spawning Submodel ..................................................................................................

23

4.1.2 Incubation Submodel.................................................................................................

24

4.1.3 Free Embryo Submodel .............................................................................................

26

4.1.4 Early Larvae Submodel .............................................................................................

28

4.2 Preliminary IBM Results ......................................................................................................

31

5.0 Next Steps .....................................................................................................................................

34

6.0 References ....................................................................................................................................

35

Appendix A – Acoustic Doppler Current Profiler Measurements ........................................................

A.1

Appendix B – Development of Bathymetric Surface ...........................................................................

B.1

Appendix C – Field Temperature and Water Surface Elevation Measurements ..................................

C.1

vii

2016 Draft Annual Report

Figures
2.1

Schematic of MASS1 configuration for the Columbia River from Keenleyside Dam to
Grand Coulee Dam ......................................................................................................................

3

MASS1 cross-section locations on the Columbia River and tributaries from the Canadian
dams downstream to approximately Kettle Falls, Washington, USA .........................................

4

MASS1 cross-section locations on the Columbia River and tributaries from approximately
Northport to Inchelium, Washington, USA ................................................................................

5

MASS1 cross-section locations on the Columbia River and tributaries from approximately
Inchelium to Lincoln, Washington, USA ....................................................................................

6

2.5. MASS1 cross-section locations on the Columbia River and tributaries from approximately
Lincoln to the Grand Coulee Dam, Washington, USA ...............................................................

7

2.2
2.3
2.4

2.6

Plot of temperature data used for the Columbia River boundary condition ................................

10

2.7

Tributary temperatures estimated by Equation (2.1) using coefficients from Table 2.2 .............

11

2.8

Manning’s roughness coefficient used in MASS1 determined from calibration ........................

12

2.9

Time-series comparisons of simulated and observed water surface elevations at CTCR
monitor locations.........................................................................................................................

13

2.10 Scatter plot comparisons of simulated and observed water surface elevation at CTCR
monitor locations.........................................................................................................................

14

2.11 Time-series comparisons of simulated and observed water surface elevations at USGS gage
locations ......................................................................................................................................

15

2.12 Scatter plot comparisons of simulated and observed water surface elevations at USGS gage
locations ......................................................................................................................................

15

2.13 Scatter plot comparisons of simulated and observed water temperature at CTCR monitor
locations ......................................................................................................................................

17

2.14 Scatter plot comparisons of simulated and observed water temperature at CTCR monitor
locations ......................................................................................................................................

18

4.1

Preliminary individual-based sturgeon model results showing the occurrence timing and
abundance of the spawning, incubating embryo, and FE life stages for four historical wateryears potentially correlated with recruitment success of white sturgeon in the
Transboundary Reach of the Columbia River: 1997, 2004, 2005, and 2011 ..............................

32

Preliminary individual-based sturgeon model results showing the occurrence timing of the
four life stages using 2016 hydrology and water temperature ....................................................

33

Longitudinal distribution of embryos and free embryos at the end of each life stage for the
white sturgeon spawning areas at Waneta, Northport, and China Bend using 1997 historical
water data ....................................................................................................................................

34

B.1

Extents of bathymetric data sets used in surface development ...................................................

B.2

B.2

Sample bathymetric surfaces for regions with high and low data resolution .............................

B.5

4.2
4.3

viii

2016 Draft Annual Report

Tables
2.1

MASS1 boundaries and sources of hydrodynamic and temperature conditions. ........................

9

2.2

Fitted coefficients for tributary temperature estimated using Equation (2.1) .............................

11

2.3

Water surface elevation and temperature monitor locations .......................................................

16

4.1

Lookup table for a sturgeon individual-based model describing the probability of sturgeon
FE drift based on days post hatch................................................................................................

27

ix

2016 Draft Annual Report

1.0 Introduction
White sturgeon, Acipenser transmontanus, in the Transboundary Reach of the Columbia River (between
Grand Coulee Dam upstream to the dams in Canada) have experienced near-complete recruitment failure
since construction and operation of several hydroelectric dams on the mainstem Columbia River and
tributaries in Canada in the 1960s. It is generally believed that changes in flow magnitude and timing over
historical conditions due to the Canadian dams, combined with the presence of downstream Lake
Roosevelt (inundated by Grand Coulee Dam), has reduced the habitat quality of the river and created an
environment that is difficult for juvenile white sturgeon to survive to adulthood. To determine potential
mitigation measures to increase sturgeon survival, fisheries managers with the Confederated Tribes of the
Colville Reservation (CTCR), among others, desire modeling tools that will help them understand the
potential mechanisms between anthropogenic river changes and juvenile sturgeon survival. To
accomplish this task, the CTCR contracted the Pacific Northwest National Laboratory (PNNL) to
construct models that simulate the river environment and early life history of white sturgeon.
This report contains summarized progress on the construction, validation, and calibration of a
hydrodynamic and water temperature model, and individual-based sturgeon model, for the Transboundary
Reach of the Columbia River and Lake Roosevelt. A 1-dimensional hydrodynamic and water temperature
model, the Modular Aquatic Simulation System in 1-dimension (MASS1), was constructed using existing
bathymetry data from the U.S.-Canada international border to Grand Coulee Dam, and validated using
velocity, temperature, and water elevation data collected by staff of the CTCR during three distinct
hydrodynamic periods that occur in early spring, late spring, and summer in the study area. Parameters of
MASS1 were then calibrated so that model simulations matched empirical data of water surface
elevations collected in 2016. An individual-based simulation model was concomitantly constructed to
simulate four of the early life stages of white sturgeon: spawning, embryo incubation, free embryos (FE),
and early larvae. Submodels for each of the four life stages contain mathematical algorithms that
primarily describe the growth, development, and movement of individuals based on outputs from MASS1
for 2 historical years where limited recruitment may have occurred (1997 and 2011) and 2 years in which
recruitment likely did not occur (2004 and 2005). Consequently, comparing growth and development as
well as locations of sturgeon simulated during these recruitment and nonrecruitment years will begin to
divulge the mechanisms related to recruitment success or failure.

1.1 Work Elements
The following three work elements describe the scope of work for this contract:
• Construct a 1-dimensional hydrodynamic and water temperature model for the Transboundary Reach
of the Columbia River from the U.S.-Canada international border downstream to Grand Coulee Dam.
• Assist with analysis of multi-beam echo-sounder (MBES) backscatter data to classify, validate (with
video drop data), and create a sediment facies map of the study area from the international border
downstream to Kettle Falls, Washington.
• Develop individual-based model (IBM) for the early life stages of white sturgeon.

1

2016 Draft Annual Report

1.2 Report Overview
This report contains sections specific to each of the work elements identified in Section 1.1. Section 2.0
details the hydrodynamic and water temperature model-building process including model validation and
calibration, and also includes the theoretical background behind the particle tracking software (Section
2.3) that tracks environmental variables that individual particles (i.e., sturgeon) encounter in the modeled
environment. Section 3.0 discusses progress on the MBES. Section 4.0 presents specific details about
each of the IBM submodels denoting the distinct life phases of white sturgeon life history: spawning,
incubation, FEs, and early larvae. Section 4.1 mentions some early results of the sturgeon IBM and
discusses the next steps toward finishing the 1-dimensional water and sturgeon models as well as adapting
both models to a 2-dimensional environment in the following contract. Appendix A elaborates on
collection of the Acoustic Doppler Current Profiler (ADCP) data at transects in the study reach; Appendix
B explains the development of the bathymetric surface of the hydrodynamic model using existing data
collected by the Bureau of Reclamation in a previous study; and Appendix C outlines methods for
collection of the temperature and water surface elevation data used for the MASS1 model calibration.

2.0 Hydrodynamic and Water Temperature Modeling
The application of hydrodynamic and water temperature models to the Transboundary Reach of the
Columbia River and Lake Roosevelt followed a phased approach in 2016 starting with a one-dimensional
(1D) model to rapidly explore the potential relationships between hydraulic and thermal conditions and
sturgeon habitat. The purpose of the modeling effort was to generate physical hydraulic characteristics
(water elevation/depth, velocity, temperature) for different hydrologic conditions that could then be used
to assess habitat conditions and provide input to the sturgeon IBM.
The hydrodynamic and water temperature modeling undertaken in 2016 started by configuring and testing
of the MASS1 (Richmond and Perkins 2009) model of Lake Roosevelt from Grand Coulee Dam upstream
to the U.S.-Canada border. Although the ultimate model will ideally include the Canadian portion of the
Columbia River as well, these additional river reaches can be added at a later date once appropriate
upstream boundary condition data are available. The MASS1 model has used the best currently available
bathymetric data (as documented in Appendix C). Historical hydrologic data from stream gages,
tributaries, and Grand Coulee Dam provided the necessary boundary conditions for the model. Water
temperature and surface heat exchange processes used existing weather station data and inflow
temperatures (at the same locations as the hydrographs). Model calibration and validation data were
collected by the CTCR (i.e., ADCP, stage, and temperature data) in 2016 and used for the initial
calibration/validation of the 1D model. Note that further validation will be done in in 2017 after all field
data are received from the CTCR. Historical water-years (1997, 2004, 2005, 2011, and 2016) were
simulated in 2016. Hydraulic data outputs from the 1D model were used to drive the water particle
tracking code that is the basis of the sturgeon IBM (Section 4.0).

2.1 Hydrodynamic Model Configuration
MASS1 was configured to simulate hydrodynamics and water temperature along approximately 159 miles
of the Columbia River from Grand Coulee Dam to the international boundary, including short reaches of
the tributary Sanpoil, Spokane, and Kettle Rivers. A schematic of the configuration is shown in Figure
2.1. The short reach below Grand Coulee (link 12) is used only to enforce the MASS1 requirement for
stage boundary condition downstream (BC 10). This allows Grand Coulee Dam (link 11) to be
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represented numerically as it was in previous work (Perkins et al. 2002), rather than simply imposing
measured forebay stage as a boundary condition. Simulation results will be ignored for link 12.

Figure 2.1. Schematic of MASS1 configuration for the Columbia River from Keenleyside Dam to Grand
Coulee Dam.

2.1.1

Bathymetry

MASS1 requires a description of the river bathymetry in the form of cross sections. A cross section
consists of a set of elevations at known distances along a line roughly perpendicular to the river course. In
this work, MASS1 cross sections were generated using the methods described by Perkins et al. (2002).
Using a geographic information system (GIS), river course lines were prepared which approximately
followed the thalweg of the Columbia, Spokane, Sanpoil, and Kettle Rivers. A linear reference system
was established along these course lines, which was used to determine reach distances for MASS1. River
miles shown in Figure 2.1 are based on this.
A bathymetric surface extending from Grand Coulee Dam to Keenleyside Dam along the Columbia was
also prepared in GIS using available data (Appendix B). The current MASS1 configuration uses cross
sections up to the international boundary. Cross sections in Canada can be used to extend the current
configuration to Waneta, Keenleyside, and Brilliant Dams if boundary condition data become available.
Along the Columbia River, a cross-section spacing of 0.5 mi (0.8 km) was chosen below the mouth of the
Spokane River and 0.25 mi (0.4 km) above. After the automated generation procedure, some manual
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adjustment of cross-section location was performed, mainly to remove overlapping sections. A finer
cross-section spacing (0.1 mi, 0.16 km) was required below China Bend because the constriction there
caused numerical instability when Grand Coulee forebay elevations were at the lower end of the range.
The cross-section spacing was increased to 0.1 mi in that region and that alleviated the problem. The
resulting cross-section locations are shown in Figures 2.2 through 2.5. Elevations were assigned every
50 ft along the cross sections using bi-linear interpolation of the bathymetric surface.

Figure 2.2. MASS1 cross-section locations on the Columbia River and tributaries from the Canadian
dams (Hugh-Keenleyside, Brilliant, and Waneta) downstream to approximately Kettle Falls,
Washington, USA. The international border is denoted by the grey horizontal line.

4

2016 Draft Annual Report

Figure 2.3. MASS1 cross-section locations on the Columbia River and tributaries from approximately
Northport to Inchelium, Washington, USA.
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Figure 2.4. MASS1 cross-section locations on the Columbia River and tributaries from approximately
Inchelium to Lincoln, Washington, USA.
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Figure 2.5. MASS1 cross-section locations on the Columbia River and tributaries from approximately
Lincoln to the Grand Coulee Dam, Washington, USA.

2.1.2

Boundary Conditions

Boundary condition (BC) data are needed to drive MASS1 hydrodynamic and water temperature
simulation. Continuous discharge and temperature time series are required for the Columbia, Kettle,
Colville and Sanpoil Rivers (BC 1 1, 2, 3, and 4). Continuous discharge is also required for the Bank Lake
Canal (BC 6), which is typically an outflow. Temperature is required there, too, because occasionally
1

Refer to Figure 2.6 for boundary condition numbers.
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flow is reversed into the Columbia River. A summary of BC data used is listed in Table 2.1. Discharges
measured and/or posted by the U.S. Geological Survey (USGS) were available at all upstream boundaries.
On the Columbia River, subhourly discharge was available and used from 10/01/1987 to present day;
daily data were used previously. Daily discharge was used at all other boundaries. Grand Coulee Dam
operations are represented with a combination of observed forebay stage and discharge (as in Perkins et
al. 2002).
Temperature data for the Columbia River at the International Boundary (CIBW) from Perkins et al.
(2002) was extended from 2002 with observations from the CIBW total dissolved gas monitor run by the
Bureau of Reclamation. This provided a relatively complete record (in April through August, at least)
from 1976 to present day (see Figure 2.6), with the exception of a few years.
Temperature data for tributaries were very limited, but a continuous record was still required. When
confronted with this lack of data, Perkins et al. (2002) computed means of various tributary temperature
observations by month of the year and repeated that set of 12 means year after year. Boundary
temperatures were linearly interpolated between the monthly means. An alternative approach, used here,
is presented by Beer and Anderson (2011, 2013), where available observed temperatures were fitted to an
annual sinusoidal curve:
𝑇𝑇 = �

𝑇𝑇𝑥𝑥 + 𝐻𝐻𝑥𝑥 , 𝑓𝑓𝑓𝑓𝑓𝑓 𝑒𝑒 ≤ 𝑥𝑥 ≤ 𝑓𝑓
,¶
𝑇𝑇𝑥𝑥, 𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(2.1)

where x is the day of year and x=e and x=f are the days on which snowmelt begins and ends. Fitted
coefficients are shown in Table 2.2. T is a fitted annual sinusoidal curve given by
x

2π
T = a+bsin  365x+c,¶



x

(2.2)



where a, b, and c are fitted parameters. H is a temperature departure from T during the snowmelt
x

x

season:
2π
f−e 
d
H = − 2 1−sin  f−e x−e+ 4 ,¶
x









(2.3)

where d is the maximum departure due to snowmelt. This approach provides a seasonal variation in
tributary thermal input, which may be adequate because the smaller tributaries do not contribute much of
a thermal load in this domain.
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Table 2.1. MASS1 boundaries and sources of hydrodynamic and temperature conditions.
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Figure 2.6. Plot of temperature data used for the Columbia River boundary condition. Sources prior to
2002 are documented by Perkins et al. (2002).

10

2016 Draft Annual Report

Table 2.2. Fitted coefficients for tributary temperature estimated using Equation (2.1) from CBR (2016).
a
b
c
d
e
f
10.4 11.3
169 8.5 171 305
10.3 9.8 169.5 3.4 145 304
11.2 8.3 151.9 2.0 138 311
9.5 9.4 172.3 4.6 145 306
10.9 8.3
130 2.2 217 342

Tributary@Location
Kettle River @ Barstow
Colville River @ Kettle Falls
Spokane River @ Long Lake
Sanpoil River @ Keller
Columbia River @ Grand Coulee

Figure 2.7. Tributary temperatures estimated by Equation (2.1) using coefficients from Table 2.2.

2.1.3

Meteorological Data

MASS1 requires meteorological data to simulate the energy exchange between the water surface and
atmosphere that affects water temperature. MASS1 was configured to have a single meteorology zone;
atmospheric conditions for the entire domain were supplied by a single weather station. The Agrimet
station at Kettle Falls was used from 2002 to the present. The National Weather Service station at
Spokane International Airport was used prior to 2002.

2.2 MASS1 Calibration/Validation
2.2.1

Hydrodynamics

During the period between April 1 and September 1, 2016, the Columbia River water surface elevation
was monitored at several locations by staff with the CTCR. In addition, water surface elevations
measured by the USGS were available at two locations near the international boundary.
The period was simulated with MASS1 and results were saved at hourly intervals. The cross section
nearest each of the monitoring locations was chosen for output. MASS1 simulated water surface
elevations were compared to observed elevations both graphically and statistically. Manning’s roughness
coefficients used by MASS were adjusted to reduce the absolute value of bias between simulated and
observed elevations to something less than 0.01 m. The resulting Manning’s roughness coefficients are
shown in Figure 2.8. Calibrated roughness values are generally in agreement with those observed on other
Columbia River and western mountain river reaches (Barnes 1967) and those used in other Columbia
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River modeling studies (Perkins et al. 2002; Wands et al. 2010). However, a rather extreme roughness
value was required for the reach between the Little Dalles and Onion Creek CTCR monitors. This is a
very narrow, rough, and steep reach and the roughness value required, while extreme, is not unreasonable.

Figure 2.8. Manning’s roughness coefficient used in MASS1 determined from calibration.
Statistical measures of simulated water surface elevation error are listed for each monitor location in
Table 2.3 in Section 2.2.2. The USGS 12399500 gage and the CTCR Border monitor were very near each
other, so as to be indistinguishable in MASS1. Consequently, one, the USGS gage, was used for
calibration and the other, Border, was compared to the same simulated stage. Simulated water surface
elevation at French Rocks and Gifford was not affected by changes in roughness, because the stage there
is mostly the same as Grand Coulee Dam forebay stage.
In general, MASS1 simulated water surface elevation with an absolute mean error (AME) of about 0.1 m.
Time-series and scatter plot comparisons are shown in Figure 2.9, Figure 2.10, Figure 2.11, and Figure
2.12.
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Figure 2.9. Time-series comparisons of simulated and observed water surface elevations at CTCR
monitor locations.
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Figure 2.10. Scatter plot comparisons of simulated and observed water surface elevation at CTCR
monitor locations.
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Figure 2.11. Time-series comparisons of simulated and observed water surface elevations at USGS gage
locations.

Figure 2.12. Scatter plot comparisons of simulated and observed water surface elevations at USGS gage
locations.

2.2.2

Temperature

Temperature was calibrated over the same period as hydrodynamics. Simulated temperature, saved at
hourly intervals, was compared graphically and statistically to temperatures observed at the same CTCR
locations as water surface elevations. Atmospheric exchange coefficients were adjusted until a reasonable
match was obtained.
Matching simulated and observed temperature was more subjective than matching the same for water
surface elevation. It quickly became evident that simulated temperature was not going to match the
Gifford location. So, atmospheric exchange coefficients were adjusted until the time series at French
Rocks looked reasonable. Then, error statistics were computed at all locations (Table 2.3).
Temperature measured by the Border monitor was nearly 0.9°C higher than the CIBW total dissolved gas
monitor used as a boundary condition. This difference seems consistent over the available record. The
Border and CIBW monitors should be in close proximity and such a consistent temperature difference is
physically unreasonable. Simulated temperature matched the observed temperature very well at the five
monitors between Border and French Rocks. This indicates that CIBW temperature supplied as a
boundary condition was correct.
Excluding the Border and Gifford monitors, temperature was simulated within 0.5°C (AME). Time-series
and scatter plot comparisons of simulated and observed temperature are shown in Figure 2.13 and Figure
2.14.
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Table 2.3. Water surface elevation and temperature monitor locations.

Location
USGS 12399500
Border
USGS 12399500
AUX
Deadmans
Northport
Onion Creek
Little Dalles
Flat Creek
Snag Cove
Kettle Falls
French Rocks
Gifford
Border
Deadmans
Northport
Onion Creek
Little Dalles
Flat Creek
Snag Cove
Kettle Falls
French Rocks
Gifford

Average
River
Mile

Bias
R2
Water Surface Elevation, m
159.10 4393
0.99 -0.006
159.04 2432
0.92
0.125
156.75 4393
0.98 -0.009
151.71
149.32
144.07
142.15
134.89
126.39
116.23
103.81
87.40
159.04
151.71
149.32
144.07
142.15
134.89
126.39
116.23
103.81
87.40

N

3048

0.99

RMS
Error

-0.004

AME

Error
Standard
Deviation

0.097
0.209
0.144

0.068
0.181
0.113

0.097
0.168
0.144

0.115

0.082

0.115

0.138
0.147
0.113
0.063

0.095
0.100
0.072
0.050

0.138
0.147
0.113
0.063

NA
3027
3213
1702
3209

1.00
1.00
1.00
1.00

-0.000
-0.002
0.004
0.003

3236
3235

1.00
1.00

0.122
0.092

0.152
0.114

0.128
0.097

0.091
0.068

Temperature, ∘C
2120
0.98
-0.86
3048
0.99
-0.05

0.90
0.20

0.86
0.13

0.29
0.19
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Figure 2.13. Scatter plot comparisons of simulated and observed water temperature at CTCR monitor
locations.
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Figure 2.14. Scatter plot comparisons of simulated and observed water temperature at CTCR monitor
locations.

2.3 Particle Movement and Tracking
The results of MASS1 (or the modular aquatic simulation system in two dimensions [MASS2], when
created) simulations are used as environmental inputs to, or the “habitat” of, modeled sturgeon in the IBM
and are also used to determine sturgeon movement depending on life stage (see Section 4.0). Incubating
embryos and FEs are assumed to have no independent control of their lateral motion; however, FEs have
volitional vertical movements. When in the water column, they are assumed to simply drift with the fluid.
In the most general, three-dimensional (3D) case, nonvolitional sturgeon embryo (i.e., particle) motion
over some time interval from t to t+Δt is described by:
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𝑡𝑡+∆𝑡𝑡

𝑥𝑥(𝑡𝑡 + ∆𝑡𝑡) = 𝑥𝑥(𝑡𝑡) + ∫𝑡𝑡

where x (t) is the embryo position as a 3D vector at time t:

𝑣𝑣(𝑥𝑥, 𝑡𝑡)𝑑𝑑𝑑𝑑,¶

(2.4)

𝑥𝑥
𝑥𝑥 = �𝑦𝑦�,¶
𝑧𝑧

(2.5)

where x and y are horizontal coordinates that correspond to the hydrodynamic model and z is the
(simulated) height of the embryo above the channel bottom; and v (x,t ) is the fluid velocity at the
embryo location and time, also a 3D vector:

 u
v =  v =
 w







v +v' ,¶

w +w'−ω
u +u'

(2.6)

where u and v are the Cartesian horizontal components of instantaneous velocity, w is the vertical
velocity, and the overline (e.g., u ) indicates a time average of the instantaneous velocity component.
The prime (e.g., u') indicates an instantaneous, random fluctuation relative to the time average due to
turbulence, individual realizations of which are estimated by:
𝑢𝑢′ = �(𝑢𝑢′ )2 𝛷𝛷 ¶

(2.7)

𝑣𝑣 ′ = �(𝑣𝑣 ′ )2 𝛷𝛷 ¶

𝑤𝑤 ′ = �(𝑤𝑤 ′ )2 𝛷𝛷, ¶

(2.8)

(2.9)

, where Φ is a random number drawn from a Gaussian distribution with a mean of 0.0 and a standard
deviation of 1.0, and �(𝑢𝑢′ )2 , etc., are the root-mean-square of velocity component fluctuations. If the

particle time step is large enough, Φ can be drawn once for each time step and velocity component. For
smaller time steps, computed u', v', and z' may apply over multiple time steps.
Embryo settling velocity, ω, is determined assuming a spherical body settling in the Stokes regime:
2
ω= 9

(ϱp−ϱ)gr2 ¶
μ

p

(2.10)

where ϱ and r are the density and radius of the embryo “sphere”; ϱ and μ are the density and viscosity
p

p

of water; and g is the acceleration of gravity.
The embryo travels relatively close to the channel bottom and is subject to the conditions there. The
hydrodynamic model(s) used in MASS1 and MASS2 do not resolve the flow field in this region, so v(x,t)
needs to be constructed from simulated, large-scale variables.
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The vertical variation of horizontal velocity in the water column can be estimated with the power law
(Neary et al. 2013):
U
U

max

z
=  D
 

1/a

,¶

(2.11)

where U is the time averaged horizontal velocity, D is the flow depth, and a is a coefficient. Neary
et al. (2013) found that a = 5.4 best fitted data from a variety of rivers and a = 6.0 corresponds to
Manning’s equation. When a = 6.0,
U

7
≈ U ,¶

(2.12)

max 6 o

which occurs at z = D.
The vertical variation of turbulent velocity fluctuations can be estimated using the Neary et al. (2013)
approach:
2

(U')
u

*

z

−
= 2.30e d,¶

(2.13)

2

(V')
u

z

−
= 1.63e d ¶

*

(2.14)

2

(w')
*

z

−
= 1.27e d,¶

(2.15)

u

*

where, in this case, V is the lateral velocity component, perpendicular to U, and u is the shear velocity,
which is computed as:
τ

*

b

u = ϱ ,¶

(2.16)

where ϱ is the density of water and τ is the bottom shear stress, which is simulated by the hydrodynamic
b

model(s). These were developed from data in a flume, but Neary et al. (2013) showed that they work well
in actual river settings.

2.3.1

MASS1 Simulation Domain

MASS1 simulations will provide 1D, cross-section averaged flow field information. Pertinent variables
directly simulated by MASS1 are:
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• hydraulic depth, which is assumed to be the flow depth, D,
• downstream cross-section average velocity U , and
o
• cross-section average bottom shear stress, τ , computed as:
b
τ = ϱgRS ,¶
b

f

(2.17)

where τ is in units of lbf/ft2; ϱg is the unit weight of water, 64.4 lbf/ft3; R is the local hydraulic radius, ft;
b

and S is the local friction slope, which is computed from Manning’s equation:
f

S =
f

Qn

2/3,¶

(2.18)

1.49AR

in which Q is the local discharge, ft3/s; n is the local Manning’s roughness coefficient; and A is the local
cross-section area, ft2.
Because these are cross-section–averaged values, they do not represent the conditions at the actual
embryo or particle location.
Tracked particles move in a completely fictitious coordinate system, in which x is measured in linear river
distance (e.g., river meters), with longitudinal velocity u, and y and v always zero. The cross-section
average velocity from MASS1 is used in Equations (2.9) and (2.8) to compute the longitudinal velocity at
particle z. MASS1 computes τ directly, which can be used in Equation (2.13) to compute shear velocity,
b

which, in turn, is used in Equations (2.10) and (2.12) to compute velocity fluctuations.

2.3.2

MASS2 Simulation Domain

MASS2 simulations (when completed in the next contract year) will provide two-dimensional (2D),
depth-averaged flow field information, and will provide the following depth-averaged flow field
information:
• depth, D,
• depth average east velocity, U ,
x
• depth average north velocity, U ,
y
• depth average velocity magnitude, U =
o

2 2
Ux +Uy , and

• bottom shear stress, τ .
b
Tracked particles move in the same horizontal-coordinate system (x, y) as MASS2. The simulated flow
depth velocity magnitude are used in Equations (2.9) and (2.8) to compute the longitudinal velocity at the
particle z. This is split into its Cartesian components using:
U
x
u =U U ¶
o
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U
y
v = U U. ¶
o

Like MASS1, MASS2 directly computes τ , which can be used to compute velocity fluctuations as with
b

MASS1. Particle movement in the fictitious vertical direction (z) is as described above.

2.3.3

Locomotion

Once implemented in a two-dimensional hydrodynamic environment (i.e., in the next year of study),
sturgeon movement rules may be added to allow lateral movement to choose preferred habitat areas. To
functionalize this movement, habitat preference can be simulated, provided “habitat” can be described by
one or more variables that vary continuously over the domain. It is assumed in the model that the sturgeon
can sense how each habitat variable varies at its current location and knows which direction it must move
to make the habitat variable “better.” The preference is represented by adding an incremental velocity to
v(x,t) in the direction of the variable preference. For a specific habitat variable, φ, the incremental
velocity is computed as
v = Φ C
φ

where Φ (μ,σ ) =
C

vφ
φ

o

 vφ

∇φ

(φo−φ),v'φ |∇φ|,¶

=

a random number drawn from a Gaussian distribution centered on μ with a
variance of σ;
a constant scaling factor representing the strength of the preference;

=

preferred value of φ;

v'

=
φ
∇φ =

constant and specifies the variation of the preference; and
the gradient of φ.

The magnitude of v is limited to some maximum, v
φ

(2.19)

maxφ

, typically related to the physical limits of the

sturgeon, like sustained swim speed. This is not used in the current sturgeon model implementation. It
could be used in future versions to provide a stochastic mechanism for habitat selection by individual
sturgeon.

3.0 MBES Sediment Classification
An original PNNL work element included assisting the CTCR with classification of MBES data into
substrate categories using a statistical approach, if assistance was needed. However, an off-the-shelf
analysis tool for classifying MBES data (i.e., “Fledermaus”) was used by the CTCR and thus, PNNL’s
assistance was not required. Once finished, this geo-referenced data set of sediment categories will be
combined with the modeled hydrodynamic and water temperature data (i.e., MASS1 or MASS2) to
provide additional “habitat data” for sturgeon to interact with in the IBM.
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4.0 Individual-Based Fish Modeling
4.1 Sturgeon Life Stage Submodels
The early life history of white sturgeon in the Transboundary Reach of the Columbia River was described
using algorithms designed specifically to model the growth and movement of each of their first four life
stages: spawning, incubation, FEs, and early larvae, as described in the following sections. Outputs from
the MASS1 hydrodynamic and water simulation model are then able to be used as inputs to the sturgeon
algorithms as appropriate. Several years of MASS1 data were archived and are available for use with the
sturgeon IBM: 1975–2001, 2004, 2005, 2007–2015, and April–August 2016. Preliminary model results
were produced to begin validation of the model using data from years 1997, 2004, 2005, 2011, and 2016;
however, further, more extensive validation is needed in the next year of study to verify that the model is
working correctly.

4.1.1

Spawning Submodel

This submodel begins the sturgeon model simulation and describes the logic of choosing the location and
timing of spawning and embryo initialization. Only the spawning of female sturgeon is simulated and the
model assumes complete fertilization of all individual embryos being created. The location of spawning
(and embryo initialization) is at the three known spawning locations in the Transboundary Reach and
spawning was modeled to occur during the increasing water discharge rates and increasing water
temperatures of spring and early summer. Once spawning is determined to occur, fertilized embryos from
the spawning adult are then subject to rules of the "Incubation" submodel. The specifics of this submodel
include the following:
• Number of Spawning Female White Sturgeon: The model user specifies the number of spawners
that will spawn at each location and the user also specifies the number of embryos that will be
initialized from an individual spawner. When an individual sturgeon spawns, all embryos from that
sturgeon are created simultaneously.
• Initial Spawner (Embryo) Coordinates: The model begins with fertilized embryos being created at
three known spawning locations. The MASS1 cross-section transect closest to each coordinate below
will be used:
–

Zone 11U, 429536 m E, 5407311 m N; near the mouth of Flat Creek at China Bend

–

Zone 11U, 442497 m E, 5418842 m N; near the town of Northport, Washington

–

Zone 11U, 454617 m E, 5427994 m N; at the international border to simulate the spawning
location at the confluence of the Pend O’Reille and Columbia Rivers (because the modeled
habitat does not yet extend into Canada).

• Spawn Timing:
–

Model time begins on 1 April of each simulation year because, historically, sturgeon spawn in
May or June in the Transboundary Reach. However, the mechanism of sturgeon spawning is
based on water temperature and flow in the model and thus, earlier spawning would be possible
under extreme or future conditions.

–

The timing of spawning (and embryo initialization) is based on a probabilistic spawning
migration equation for white sturgeon in the Kootenai River from Paragamian and Kruse (2001),
modified with a river-stage scaling factor of 29 m, to account for differences in baseline stage
between the Bonner’s Ferry (USGS gage #12309500) and international border (USGS gage #
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12399500) USGS gages and because of differences in spawning temperatures between the
Kootenai and Transboundary populations, respectively. The scaling factor was a calibrated
variable and was set to ensure that spawning in the Transboundary Reach occurred at
temperatures between 10–18°C with peak spawning at about 14°C, whereas spawning is at colder
temperatures (peak at about 10°C) in the Kootenai River. Although the spawning equation is
actually based on a spawning migration equation, female sturgeon are known to spawn
expediently after their migration and thus for simplicity we assumed that spawning was
concomitant with the spawning migration. The probability of spawning was estimated using the
equation:
𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝑒𝑒 (−19.769+(1.228∗𝑇𝑇)+(0.550∗(𝑆𝑆−29)))

(1+ 𝑒𝑒 (−19.769+(1.228∗𝑇𝑇)+(0.550∗(𝑆𝑆−29)))

,¶

(4.1)

where T is temperature (°C) and S is river stage (meters above 1200 foot baseline) at the USGS
international boundary gage #12309500. The datum of this gage was then adjusted for the datum
used in MASS1. River stage at the border is then used to determine spawning at all three
downstream spawning locations because the trend in increasing discharge (i.e., one of the cues for
sturgeon spawning) is very similar between the three locations and there is only about a 0.5-day
lag in discharge between the border and the farthest downstream spawning location at China
Bend.
–

To determine when an individual female sturgeon spawns, Pspawn is calculated once daily (userspecified default 2400 hours) for each unspawned female and is then compared to a random
number drawn from a uniform distribution from 0 to 1. If Pspawn is greater than the random
number, the fish spawns and will not spawn again. If Pspawn is less than the random number, the
fish does not spawn, and waits until the next time step that Pspawn is calculated.

• Model Testing and Calibration: Once a drift of this submodel is complete, several checks will occur
to validate and possibly calibrate the implemented functions according to empirical data or expert
opinion. Quality assurance checks (in 2017) will include:
–

4.1.2

Spawn Timing – Model outputs will be compared to the timing of sturgeon spawning in the
Transboundary Reach and other areas with similar populations. Potential data sources include:
○

Sturgeon spawning and embryo collection data in annual reports from the Lake Roosevelt
White Sturgeon Recovery Projects (e.g., Howell and McLellan 2007).

○

Sturgeon spawn timing data provided by Parsley et al. (1993).

Incubation Submodel

The Incubation submodel details the computational algorithms that are implemented for embryos
immediately upon creation (i.e., spawning) until embryos hatch and enter the FE life stage submodel.
Upon creation, incubating embryos are located at a user-specified height above the substrate and are
immediately subject to the physical attributes of the modeled habitat (e.g., flow and temperature) until
embryos adhere to the river substrate at a user-specified amount of time after initialization. In general,
incubating embryos are not able to move once they encounter and adhere to the substrate following the
user-specified interval; they develop and hatch based on temperature, and are able to incur mortality when
temperatures above 20°C occur. The specifics of the Incubation submodel include the following:
• Location: Fertilized embryos are initially created at the same three sites at which spawning occurs.
The MASS1 cross-section transect closest to each coordinate below will be used:
–

Zone 11U, 429536 m E, 5407311 m N; near the mouth of Flat Creek at China Bend
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–

Zone 11U, 442497 m E, 5418842 m N; near the town of Northport, Washington

–

Zone 11U, 454617 m E, 5427994 m N; at the international border to simulate the spawning
location at the confluence of the Pend O’Reille and Columbia Rivers (because the modeled
habitat does not yet extend into Canada)

• Embryo Height Above Substrate: At each spawning location (i.e., MASS1 transect), individual
embryos will be initialized at a user-specified height above the substrate (default: mean = 30 cm, SD
= 0). The default was chosen based on videos of lake sturgeon spawning in the St. Lawrence River
(YouTube 2016); no videos or data indicating spawning heights above the substrate for white
sturgeon were found.
• Embryo Movement After Initialization:
–

Immediately after initialization, individual embryos are subject to flow within the model (e.g.,
velocity and bottom shear stress) and are modeled as having a user-specified spherical diameter
of 3.5 mm (Coutant 2004 as cited in NHC 2006) and a user-specified density of 1.050 g/cm3
(NHC 2006). Although embryo density is unknown, we followed the protocol of a similar
sturgeon embryo simulation model, which stated that the known settling velocity of sturgeon eggs
(5.48 +/- 0.3 cm/s; Gary Barton, personal communication, as cited in NHC 2006), corresponds to
that of a 3.5 mm sphere with a density of 1.050 g/cm3 in still water at 20°C (NHC 2006).

–

Embryos continue to be subject to the model’s flow (i.e., they are subject to drift) until a userspecifiable amount of time following initialization (default = 5 min) has occurred. If an embryo is
on the substrate at this time, it adheres; if not (if it is in the water column), it will adhere the next
time it touches the substrate. We based our default adhesion timing on Cherr and Clark (1985),
who indicated that upon first contact with freshwater, white sturgeon eggs begin to form a jelly
(adhesive) coating that is completely hydrated (i.e., sticky) within 5 minutes. Upon adhesion,
embryos then enter the Incubation life stage submodel.

• Growth and Development: Development of incubating white sturgeon embryos is driven by the
following equation from Wang et al. (1985) that calculates the number of hours required to hatch an
embryo at a given temperature:
𝑌𝑌ℎ𝑎𝑎𝑎𝑎𝑎𝑎ℎ = 𝑎𝑎𝑒𝑒 𝑏𝑏𝑏𝑏 ,¶

(4.2)

where a and b are model parameters (a = 1185.03, b = -0.127) and T = temperature (°C).
–

To implement this equation, Yhatch is calculated hourly for each incubating embryo from adhesion
onward using the instantaneous temperature at its location (i.e., MASS1 transect). The percent
that an incubating embryo develops during that hour is then calculated such that:
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃ℎ𝑎𝑎𝑎𝑎𝑎𝑎ℎ =

1

𝑌𝑌ℎ𝑎𝑎𝑎𝑎𝑎𝑎ℎ

∗ 100,¶

(4.3)

where PDevhatch is the percent development per hour until hatch.
–

Subsequent hours are calculated similarly and each hour’s percent development value will be
added to the prior hour’s cumulative total such that when an individual’s percent development
equals 100%, it will enter the FE life stage.

• Survival: Survival of incubating embryos will only be affected by temperatures that exceed 20°C
according to Wang et al. (1985, 1987). A running count of the number of embryos dying from
temperature exceedance each day will be a model output.
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• Model Testing and Calibration: Several quality control checks will be completed to validate that
this submodel is functioning correctly and according to empirical data and expert opinion. Quality
checks will include the following:
• Location of adhered embryos
–

Compare longitudinal distribution of sturgeon embryos to drifting embryo and FE data collected
from grey literature reports (e.g., Howell and McLellan 2009).

–

Development rates

–

○

Development from fertilization to embryo hatch will be compared to hatch rates in Wang et
al. (1985) and Wang et al. (1987) to ensure equation was implemented correctly.

○

Compare modeled development rates against development rates of sturgeon from
conservation aquaculture (unpublished) program ran by Spokane Tribe hatchery.

Survival
○

4.1.3

Mortality for individuals that exceed 20°C will be examined to ensure that unrealistic
amounts of mortality are not occurring based on known water temperatures

Free Embryo Submodel

The FE submodel describes the computational algorithms and functions that represent the white sturgeon
life history from hatch until the yolk sac has been metabolized. In general, development of FEs is
accomplished by a bioenergetics equation with several user-specifiable inputs, and movements are driven
by a combination of FE developmental stage and water column velocities and bottom shear stress. In the
FE life phase, individuals are relatively sedentary and bottom-oriented; however, observations from
CTCR biologists suggest that there is a drift phase approximately 0–2 days post hatch and another about
10–12 days post hatch in the Transboundary Reach (Jason McLellan and Matt Howell, personal
communication). These drift periods are likely due to a combination of volitional and nonvolitional
movements. For example, younger FEs with little control over their movements may be swept into the
water column from bottom shear stress and transported downstream. Later-stage FEs nearing the larvae
(exogenous feeding) stage may choose to drift to find suitable foraging habitat. Once the yolk sac has
been used, the FE will enter the early larvae life phase submodel. The specifics of this submodel include
the following:
• Location: Each modeled FE will begin its location (i.e., longitudinal river section for the 1D model
or coordinate for the 2D model) where it ended its Incubation life stage (i.e., when it hatched).
• Growth and Development: Development of FE white sturgeon will occur using the following
equation from Wang et al. (1985) that calculates the number of hours required for a FE to consume its
yolk sac at a given temperature:
𝑌𝑌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑎𝑎𝑒𝑒 𝑏𝑏𝑏𝑏 , ¶

(4.4)

where a and b are model parameters (a = 1535.62, b = -0.071), and T is temperature (°C).
–

To implement this equation, Yfree is calculated hourly for each FE based on the instantaneous
water temperature at its location. The percent that a FE develops during that hour is then
calculated such that:
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

1

𝑌𝑌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

∗ 100, ¶

where PDevfree is the percent development per hour until yolk sac consumption.
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–

Subsequent hours are calculated similarly and each hour’s percent development value will be
added to the prior hour’s cumulative total such that when an individual’s percent development
equals 100%, it will enter the early larvae life stage.

• Survival: FE mortality will only occur when temperatures exceed 20°C according to Wang et al.
(1985, 1987). A running count of the number of embryos dying from temperature exceedance each
day will be a model output.
• Movement: The mechanism of movement of FEs is likely related to the quality of the substrate,
which is likely correlated to food availability and appropriateness of habitat for hiding from predators.
However, substrate availability in the Transboundary Reach is currently unknown, and to allow
movement of FEs, a simplified algorithm of movement is used in the model such that:
–

At each user-specified FE submodel movement timestep (default = 15 s), a probability of FE
sturgeon drift is determined for each individual based on the age (days post hatch) from Table
4.1. These data were derived from an average of the three substrate categories in Figure 3 of
Kynard et al. 2013 (data captured using DataThief software [Tummers 2006]). To implement this
algorithm, for each individual, a random number is first drawn from a uniform distribution from 0
to 1 and compared against the calculated probability of downstream migration, which will be
randomly selected from a Gaussian distribution with a mean and error (2*standard deviation)
from Table 4.1. If the random number drawn is less than Pdrift, the individual will be immediately
located a user-specifiable distance above the substrate (default = 30 cm) and will be subject to the
physical forces of the model. The FE is assumed to be negatively buoyant similar to the
Incubation life stage and thus, it will remain within the water column or return to the substrate
depending on velocity and shear stress encountered in the model. This decision will be repeated at
every submodel movement timestep until the individual becomes an early larva.

–

We chose to use data from Figure 3 in Kynard et al. (2013) to implement movement because the
proportions of FE sturgeon drifting downstream in relation to age in their laboratory study was
similar to known patterns of drift in the Transboundary Reach, both from anecdotal observations
(Jason McLellan and Matt Howell, CTCR, personal communication) as well as observation data
from Miller et al. (2014) and Howell and McLellan (2014b). We chose to use the single-substrate
data rather than the mixed substrate data from Kynard et al. (2013) because we believe that the
Columbia River’s Transboundary Reach may have large areas of homogeneous substrate data
according to preliminary data from 2016 substrate mapping (Jason McLellan and Matt Howell,
CTCR, personal communication).

Table 4.1. Lookup table for a sturgeon individual-based model describing the probability of sturgeon FE
drift based on days post hatch. Data were derived from averaging data from the three substrate
categories in Figure 3 of Kynard et al. 2013; data were extracted using DataThief software.
Days Post
Hatch
0
1
2
3
4
5
6
7
8

Mean Probability of
Downstream Drift (Pdrift)
0.06
0.12
0.00
0.00
0.03
0.02
0.14
0.27
0.28
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2*SD
0.14
0.06
0.00
0.00
0.09
0.04
0.06
0.17
0.28
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9
10

0.11
0.02

0.19
0.03

Table 4.1. (contd)
Days Post
Hatch

Mean Probability of
Downstream Drift (Pdrift)

2*SD

11
12
13

0.12
0.10
0.31

0.05
0.18
0.24

• Model Testing and Calibration: Several quality control checks will be completed to validate the
functionality of the FE life stage submodel according to empirical data and expert opinion. Quality
checks will include:
–

–

4.1.4

Growth and development of modeled sturgeon will be compared to empirical data sources.
○

Development data from Colville reports on FEs captured in the wild

○

PNNL unpublished data on sturgeon development in PNNL’s Aquatic Research Laboratory

○

Development rates in peer-reviewed laboratory studies (e.g., Kynard et al. 2013)

Movement of modeled sturgeon will be compared quantitatively and qualitatively with several
grey and peer-reviewed literature sources.
○

Compare modeled drift rates to empirical drift rates from Lake Roosevelt White Sturgeon
Recovery Project reports (e.g., Howell and McLellan 2007, 2009, 2011, 2013, 2014a, 2014b,
Miller et al. 2014, 2016)

○

Kynard et al. 2013 has two independently collected data sets for downstream drift—one
collected by camera and one collected by manual human observation; one could be used as
training data set, the other for validation.

Early Larvae Submodel

The early larvae submodel simulates the white sturgeon life stage immediately following the FE stage,
from the beginning of exogenous feeding (assumed to be 13 days after embryo hatch) until 25 days post
hatch. During this life stage submodel, early larvae sturgeon are known to have an active downstream
drift phase, which tapers off toward the end of the life stage, and are modeled as such using a function
developed from the peer-reviewed literature. Growth is also modeled in this life stage based on several
user-specified inputs including assumptions about the caloric value of available prey, the proportion of
prey that are consumed by sturgeon in their natural environment, and sturgeon activity level. The
simulation model currently ends once all individuals complete the early larval life stage. The specifics of
this submodel include the following:
• Initial Location: Each modeled early larval sturgeon will begin at the location (MASS1 transect or
MASS2 coordinates) in which it ended the FE life phase.
• Growth:
–

Initial size/weight
Upon finishing the FE phase (when FE development is 100%), individuals are assigned a random
weight based on a Gaussian function with mean 0.0396 and SD 0.002, which was determined
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using a bioenergetics model from Bevelhimer (2002) fit to growth variability data in Deng et al.
(2002) at 13 days post hatch.
–

Growing fish
Fish grow according to a bioenergetics model by Bevelhimer (2002) that is based on a fish’s
previous day’s weight and water temperature, and requires several user inputs. Growth of each
fish in grams per day is calculated as:

where Ccons
R =
F =
U =

where W =
fT =
Cdiet =

P =

(𝐶𝐶

−𝑅𝑅−𝐹𝐹−𝑈𝑈)

𝐺𝐺 (𝑔𝑔 𝑑𝑑𝑑𝑑𝑑𝑑 −1 ) = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
,¶
1050
=
the calories consumed by an individual per day,
resting metabolic rate,
egestion, and
excretion. Calories consumed per day is specified by:

(4.6)

𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑 −1 ) = 0.18 ∗ 𝑊𝑊 0.75 ∗ 𝑓𝑓𝑓𝑓 ∗ 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∗ 𝑃𝑃 ,¶
(4.7)
the previous or starting day’s weight (g),
a function that produces the temperature dependence of food consumption,
the caloric value of food consumed each day (mean and SD will be user-specified,
but defaults of μ = 600 cal/g (per Bevelhimer 2002) and σ = 400, which was set
per caloric values reported by Fish Bioenergetics 3.0 [Hanson 1997] and Muir et
al. 2000), and
the proportion of maximum available calories that are consumed in a natural
environment (user specifiable 0-1, but default of 0.79 based on Bevelhimer 2002).

fT is calculated as:
𝑓𝑓𝑓𝑓 = (3.5 − 0.125 ∗ 𝑇𝑇)1.57 𝑒𝑒 (0.19625∗𝑇𝑇−3.925) ,¶

(4.8)

𝑅𝑅 (𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑 −1 ) = 7.13 ∗ 𝑊𝑊 0.78 ∗ 𝑒𝑒 (𝑇𝑇∗0.0693) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴 + 0.12 ∗ 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,¶

(4.9)

𝐹𝐹 (cal day −1 ) = 0.15 ∗ 𝐶𝐶cons ¶

(4.10)

𝑈𝑈 (cal day −1 ) = 0.05 ∗ 𝐶𝐶cons . ¶

(4.11)

where T is water temperature (Celsius). Resting metabolic rate is then calculated as:

where ACT is an activity multiplier that increases the metabolic rate above the resting rate to
account for routine activity (user-specifiable 0-99, default of 1.0). Egestion (fecal waste) and
excretion (nitrogenous waste) per day is then calculated as:

and

–

Converting weight to fish fork length

Fish length (FL, fork length) is then converted (weight and FL are both model outputs) per:

Movement:
–

𝐹𝐹𝐹𝐹 = 𝑒𝑒

ln 𝑊𝑊−ln 0.000002735
�
3.232

�

Downstream drift
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The literature indicates that early larval white sturgeon have obligatory downstream movements,
which are presumed to occur to find food resources or to hide from predators. Although it is
known that food resources are likely highly related to substrate type, substrate is not modeled
within the 1D hydrodynamic model and thus, a simplified mechanism of movement is
implemented until the 2D model is finished.
Early larvae downstream velocity is calculated based on water velocity at the fish’s location, and
fish age. A function describing this relationship was created based on raw data from Figure 2 of
Kynard et al. (2014); data were estimated using DataThief software (Tummers 2006):
𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 0.8880 + 0.6676 ∗ 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 0.1478 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴 + (𝐴𝐴𝐴𝐴𝐴𝐴 − 19) ∗ �(𝐴𝐴𝐴𝐴𝐴𝐴 − 19) ∗ −0.3364� ,¶(4.13)

where Vdrift is the downstream (or upstream) velocity (cm/s) of early larval sturgeon, Vwater is the
point estimate of water velocity (cm/s), and Age is the age of the fish expressed as days post hatch
(dph). This equation is relevant to fish from 13–25 dph.

–

Fish Depth
Fish depth likely varies throughout the period when early larval sturgeon drift; periods of drifting
are followed by settlement periods when sturgeon are feeding or hiding. Based on this up-anddown motion described by Brannon et al. (1985) and Kynard et al. (2010), fish depth is calculated
in the model using a sinusoidal function developed by the USGS and Idaho Power Company
(Rich McDonald, USGS, personal communication) for a white sturgeon larval drift model created
for the Snake River in Idaho:

where H
A
P
t
eta

=
=
=
=
=

1

1

𝐻𝐻 = 𝐴𝐴(𝑡𝑡) sin �2𝜋𝜋 � � 𝑡𝑡� + 𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) ¶
2
𝑃𝑃
the height of an individual sturgeon over the substrate,
the amplitude,
the period of the sine function,
time, and
the bed elevation.

(4.14)

Amplitude, A, is calculated to be 0.5 m plus 20% of the local depth, which is based on general
drift-above-substrate heights (~1 m) quantified in Kynard et al. (2010), but scaled for the greater
depths found in the Transboundary Reach of the Columbia River (~10 m) as opposed to the
maximum depth of 1.5 m in the laboratory study by Kynard et al. (2010). If the height of a
sturgeon is above the water surface, the particle is set 0.1 m below the water surface elevation.
The period, P, is set at 60 seconds, which was chosen based on the presumed time a larval
sturgeon would drift until it encounters a new habitat where it would presumably feed or hide
from predators.
• End of Model:
The model will finish after all sturgeon have reached the age of 25 days post hatch.
• Model Testing and Validation: Several quality control checks will be completed to validate the
functionality of the early larval life stage submodel according to empirical data and expert opinion.
Quality checks will include the following:
–

Growth
○

Compare the size of the fish by age to larvae captured in sampling in the Transboundary
Reach (e.g., Howell and McLellan 2007, 2009, 2011, 2013, 2014a, 2014b, Miller et al. 2014,
2016).
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–

Movement/Location
○

Page 39 and Page 40/Table 7 from Howell and McLellan (2014b) has empirical data on FE
and larvae catch rates at China Bend/Bar.

○

Some testing of the model will need to be done to determine if there is a time gap between
when fish end the FE stage and start the early larvae stage; e.g., fish start the early larval
stage at 13 days post hatch, but the development equations for the FE phase may have fish
finishing this stage at 11 or 12 days post hatch.

4.2 Preliminary IBM Results
To initiate validation of the sturgeon model, draft model outputs were produced for the four historical
years simulated with the MASS1 model: two sturgeon recruitment years (i.e., 1997 and 2011) and two
presumed nonrecruitment years (i.e., 2004 and 2005). Summaries of the timing of the spawning,
incubation (termed “eggs” in the below figures), and FEs (termed “embryos” in the below figures)
indicate that the model is producing ballpark estimates of the timing of spawning, incubation, and FE
rearing (Figure 4.1). These results should be viewed as being very tentative because the model has not yet
been tested thoroughly; the results are only presented here to show the variability in simulation results due
to differences in modeled habitat and fish growth and behavior. In this example, 10 female spawners with
100 embryos each (fertilization assumed) were placed at each of the three primary spawning locations on
1 April of each year and allowed to spawn volitionally according to water temperature and flow. The first
spawning events in 1997 and 2004 (albeit outliers) occurred in mid-May whereas first spawning occurred
in early- and mid-June in 2005 and 2011, respectively. A majority of spawning occurred several weeks
later than the first spawning event in all simulations. Notably, spawning occurred over a relatively
protracted period in 1997 (~1.5 months), whereas spawning occurred over a relatively contracted period
in 2011 (~3 weeks). In 1997, the period of development for incubating and FEs was relatively long
whereas in 2011, it was relatively short. It is likely that differences in water temperature warming
between years drove much of this effect. However, further testing of the model is needed to confirm this
speculation.
Although the early larval submodel is still in development, a preliminary model run of all four life stages
using 2016 hydrology and water temperature is shown below (Figure 4.2). From this analysis, it can be
seen that the spawning period was relatively protracted (almost 2 months) as were the incubating embryo
and FE life stages. Similarly, FEs first became early larvae as early as mid-June, but a majority of the
early larvae did not occur until the first half of July. One likely portion of the early larvae model that
needs to be calibrated is the development period of the early larvae stage. As can be seen in Figure 4.2,
there was only about a 5-day difference between sturgeon finishing the FE stage and those finishing the
early larvae stage. Validation of these data is needed to determine if this is accurate, or if the early larvae
model needs to be corrected.
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Figure 4.1. Preliminary individual-based sturgeon model results showing the occurrence timing and
abundance of the spawning (“spawners”), incubating embryo (“eggs”), and FE (“embryos”)
life stages for four historical water-years potentially correlated with recruitment success of
white sturgeon in the Transboundary Reach of the Columbia River: 1997 (recruitment year,
top left panel), 2004 (nonrecruitment year, top right panel), 2005 (nonrecruitment year,
bottom left panel), and 2011 (recruitment year, bottom right panel).
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Figure 4.2. Preliminary individual-based sturgeon model results showing the occurrence timing of the
four life stages using 2016 hydrology and water temperature.
Finally, Figure 4.3 shows the location distribution of individual embryos and FEs at the end of their
respective life stages in the 1997 simulation year. Notable characteristics of this graph indicate the drift
distance of embryos from the spawning site (vertical lines), which, on average, was less than or equal to
about 1 km for all three spawning groups. FE drift distance was relatively long for the Waneta group at
about 3–4 km, whereas China Bend-spawned FEs drifted only a couple of kilometers. Again, it is
important to note that these drift distances are not final—model validation has not occurred; however, it is
useful information toward understanding the impact of differing water velocities in these areas on embryo
and FE drift distance, as well as the variability (width of the location distribution) of cohorts from the
upstream to the downstream spawning areas.
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Figure 4.3. Longitudinal distribution of embryos and free embryos at the end of each life stage for the
white sturgeon spawning areas at Waneta, Northport, and China Bend (denoted by vertical
black lines from left to right, respectively) using 1997 historical water data.

5.0 Next Steps
As of the writing of this report, the MASS1 model has been fully constructed and validated, a first draft of
the coding and implementation of the Spawning, Incubation, and FE sturgeon IBM submodels has been
completed and the early larvae submodel is near completion. Based on these cursory analyses, the model
is performing as expected and is producing correct ballpark estimates of the timing of the spawning,
incubation, and FE life stages. An initial assessment of performance of the early larvae submodel is yet to
be completed because coding of this submodel continues. Consequently, a thorough review of submodel
validation and calibration will need to occur in the next year of study before hypothesis testing can occur
to begin to understand relationships between 1-dimensional river dynamics and young sturgeon behavior.
For the next year of study, we propose to finish validation and calibration of the sturgeon IBM and to
perform analyses on model outputs to differentiate sturgeon behavior and environmental conditions
between purported recruitment and nonrecruitment years from MASS1 simulations. This analysis would
be followed by a progress report to document our results and steer the direction and implementation of the
MASS2 two-dimensional hydrodynamic and water temperature model, as well as adaptation of the onedimensional sturgeon model to MASS2 outputs. Adaptation of the sturgeon IBM for two dimensions will
allow sturgeon to interact with two-dimensional substrate data (from the sediment facies map being
constructed by the CTCR) as well as more specific modeled estimates of velocity, bottom shear stress,
and temperature from MASS2, resulting in more accurate and realistic predictions of sturgeon
development and behavior. More detailed hypothesis testing could then occur to understand the
mechanisms limiting or enabling sturgeon recruitment, which would be documented in a peer-reviewed
publication at the end of 2017.
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Appendix A
–
ADCP Measurements
Vessel-mounted ADCP transect measurements were used to measure the discharge and spatial variability
of the flow velocity at 15 locations on the Columbia River. For these measurements, an RDI Workhorse
Sentinel 600 kHz ADCP was mounted in a downward-looking orientation from a research vessel to
measure the water velocity relative to the boat. By enabling “bottom-tracking,” the ADCP measured the
speed of the boat relative to the riverbed. The boat speed was then subtracted from the measured water
velocity using WinRiver II to calculate the true flow velocity in the coordinate system of the instrument.
An integrated differential Global Positioning System (GPS) system was used to record the locations of the
velocity transects, allowing them to be mapped over the area of interest. The measured velocity was
converted from the instrument coordinate system to the earth coordinate system through a matrix
transformation using instantaneous pitch, roll, and heading information collected by the ADCP during
deployment.
The research vessel used for these field measurements is shown in Figure A.1 with the ADCP mount and
GPS antenna on the starboard side of the boat. In this image the ADCP mount is stowed for travel, but it
is rotated 90° during transects to hold the ADCP vertically over the starboard gunnel.

GPS Antenna

ADCP

Figure A.1. Research vessel used for ADCP discharge measurements.
The operation of the ADCP instrument used is based on the assumption of homogeneous flow conditions
between the diverging acoustic beams. The validity of this assumption is often reduced near bends in the
river, where the spatial variability of velocity is increased, and so these areas were avoided. Vessel-mounted
ADCP measurements were performed at relatively straight sections of the study region, where the spatial
variation in velocity is minimized.
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The velocity of the boat during a transect measurement remained less than the mean flow speed where
possible. 1 This was impractical in particularly slow reaches of the river, where a maximum boat speed of
1 m/s was common. Smooth boat operation was prioritized above straight transects in the interest of
obtaining accurate measurements. 2
An indication of measurement accuracy is achieved by repeating transects across the same location until
the calculated discharge between transects agrees to within 5%. This typically was achieved with a single
repetition. However, in cases where the repeated transect did not yield this agreement in discharge, further
transects were measured.
The duration of the field study spanned from May 10, 2016 to July 11, 2016. Though it took a maximum
of three transects to verify the discharge measured by the ADCP, each location was surveyed multiple
times during this field measurement campaign. The discharge at each location is therefore a function of
both the location and survey time (and associated river stage).
A fixed angle compass calibration was performed at the beginning of each day of data acquisition with a
maximum acceptable error threshold of 0.5°.
The ADCP deployment settings used in this study are presented in Table A.1.
Table A.1. ADCP deployment settings.
ADCP Deployment Setting

Value

Number of Depth Cells

60

Depth Cell Size

0.5 m

Blanking Distance

0.25 m

Pings per Ensemble

1

Bottom-Track Pings per Ensemble

1

A total of 90 transects, measured at 15 locations on the Columbia River (shown in Figure A.2) were
considered in this analysis. A summary of the locations is presented in Table A.2 in order of most upstream
location to most downstream location. An example of the velocity magnitude measured using the ADCP is
presented in Figure A.3.

1

Oberg KA, SE Morlock, and WS Caldwell. 2005. Quality-Assurance Plan for Discharge Measurements Using Acoustic
Doppler Current Profilers. USGS Scientific Investigations Report 2005-5183

2

Simpson, M.R., 2002, Discharge measurements using a Broad-Band Acoustic Doppler Current Profiler: U.S. Geological
Survey Open-File Report 01-01, 122 p.: accessed June 17th, 2015, at http://pubs.usgs.gov/of/2001/ofr0101/text.pdf
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Table A.2. Transect locations and sampling frequency.
Latitude (°N)

Longitude (°W)

Total Number of
Transects

River km from Grand
Coulee Dam

USGS Cable
Black Sand Reach
Scriver Creek
Steamboat

48.9841
48.9659
48.9521
48.9403

117.6413
117.6665
117.7007
117.741

6
8
6
6

254.0
250.5
247.5
243.5

Northport
Onion Creek
China Bend Winery
Upper China Bend
Flat Creek
Bossburg
Evans Narrows
Marcus Island
Kettle Bridge
Rickey Point
Gifford
Total

48.9189
48.8795
48.8577
48.8441
48.8162
48.7715
48.7219
48.6737
48.6219
48.5456
48.285
-

117.7879
117.8417
117.8943
117.9224
117.9674
118.0242
118.0451
118.0449
118.1198
118.1457
118.151
-

6
4
6
6
6
6
6
8
6
6
4
90

239.0
232.5
227.0
224.5
217.5
209.5
202.0
195.0
184.5
175.0
140.0

Transect Location
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Figure A.2. ADCP transect locations on the Columbia River
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Figure A.3. Representative mobile ADCP transect showing the velocity magnitude as a function of
transect distance at the Onion Creek measurement location. The laterally and vertically
averaged velocity magnitude is also presented.
The velocity vectors were averaged throughout the depth of the water column and these vertically
averaged velocity vectors were exported to Google Earth to validate the associated GPS locations and
measured velocity directions. Representative velocity vectors measured at Onion Creek are shown in
Google Earth in Figure A.4.
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Figure A.4. Depth-averaged velocity vectors shown in Google Earth for representative site of Onion
Creek.
The discharges measured at each individual transect are presented in Table 3.
Table A.3. Transect and discharge summary.

Transect Name

USGS_cable_000_20160512
USGS_cable_001_20160512
USGS_Cable_000_20160525
USGS_Cable_001_20160525
USGS_Cable_000_20160711
USGS_Cable_001_20160711
Black_Sand_001_20160512
Black_Sand_002_20160512
Black_Sand_003_20160512
Black_Sand_000_20160525
Black_Sand_001_20160525
Black_Sand_002_20160525
Black_Sand_Reach_001_20160711
Black_Sand_Reach_002_20160711
Scriver_Creek_000_20160512
Scriver_Creek_001_20160512

Transect Time

Mean
Latitude
(°N)

Mean
Longitude
(°W)

Discharge
(m3/s)

Discharge
(kcfs)

5/12/2016 9:26
5/12/2016 9:33
5/25/2016
5/25/2016
7/11/2016
7/11/2016
5/12/2016 9:58
5/12/2016
5/12/2016
5/25/2016
5/25/2016
5/25/2016
7/11/2016
7/11/2016
5/12/2016
5/12/2016

48.9841
48.9842
48.9842
48.9842
48.9841
48.9841
48.9658
48.9659
48.9659
48.9658
48.9663
48.9664
48.9656
48.9656
48.9521
48.9520

117.6414
117.6413
117.6413
117.6413
117.6412
117.6414
117.6665
117.6664
117.6665
117.6668
117.6652
117.6652
117.6677
117.6676
117.7007
117.7008

3920
3995
4305
4284
3261
3258
3764
3927
3893
4272
4124
4170
3238
3217
3799
3901

138.4
141.1
152.0
151.3
115.2
115.1
132.9
138.7
137.5
150.9
145.6
147.3
114.3
113.6
134.2
137.8

A.6

River
km
from
Grand
Coulee
Dam
254.0
254.0
254.0
254.0
254.0
254.0
250.5
250.5
250.5
250.5
250.5
250.5
250.5
250.5
247.5
247.5
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Table A.3. (contd)

Transect Name

Transect Time

Mean
Latitude
(°N)

Mean
Longitude
(°W)

Discharge
(m3/s)

Discharge
(kcfs)

Scriver_Creek_000_20160525
Scriver_Creek_001_20160525
Scriver_Creek_000_20160711
Scriver_Creek_001_20160711
Steamboat_000_20160512
Steamboat_001_20160512
Steamboat_000_20160525
Steamboat_001_20160525
Steamboat_000_20160711
Steamboat_001_20160711
Northport_000_20160512
Northport_001_20160512
Northport_000_20160525
Northport_001_20160525
Northport_000_20160711
Northport_001_20160711
Onion_Creek_000_20160512
Onion_Creek_001_20160512
Onion_Creek_000_20160525
Onion_Creek_001_20160525
China_Bend_Winery3_000_20160511
China_Bend_Winery3_001_20160511
China_Bend_Winery_000_20160525
China_Bend_Winery_001_20160525
China_Bend_Winery_000_20160711
China_Bend_Winery_001_20160711
Upper_China_Bend2_000_20160511
Upper_China_Bend2_001_20160511
Upper_China_Bend_000_20160525
Upper_China_Bend_001_20160525
Upper_China_Bend_000_20160711
Upper_China_Bend_001_20160711
Flat_Creek2_000_20160511
Flat_Creek2_001_20160511
Flat_Creek_000_20160525
Flat_Creek_001_20160525
Flat_Creek_000_20160711
Flat_Creek_001_20160711
Bossburg_000_20160511
Bossburg_001_20160511
Bossburg_000_20160525
Bossburg_001_20160525

5/25/2016
5/25/2016
7/11/2016
7/11/2016
5/12/2016
5/12/2016
5/25/2016
5/25/2016
7/11/2016
7/11/2016
5/12/2016
5/12/2016
5/25/2016
5/25/2016
7/11/2016
7/11/2016
5/12/2016
5/12/2016
5/25/2016
5/25/2016
5/11/2016
5/11/2016
5/25/2016
5/25/2016
7/11/2016
7/11/2016
5/11/2016
5/11/2016
5/25/2016
5/25/2016
7/11/2016
7/11/2016
5/11/2016
5/11/2016
5/25/2016
5/25/2016
7/11/2016
7/11/2016
5/11/2016
5/11/2016
5/25/2016
5/25/2016

48.9521
48.9521
48.9521
48.9520
48.9410
48.9409
48.9398
48.9400
48.9402
48.9400
48.9189
48.9189
48.9189
48.9189
48.9190
48.9189
48.8797
48.8798
48.8791
48.8793
48.8577
48.8576
48.8577
48.8579
48.8578
48.8577
48.8440
48.8441
48.8444
48.8443
48.8440
48.8440
48.8166
48.8165
48.8154
48.8153
48.8168
48.8166
48.7716
48.7716
48.7715
48.7713

117.7007
117.7006
117.7007
117.7007
117.7397
117.7395
117.7417
117.7420
117.7414
117.7414
117.7877
117.7877
117.7880
117.7879
117.7880
117.7880
117.8413
117.8415
117.8421
117.8421
117.8946
117.8946
117.8940
117.8941
117.8942
117.8942
117.9224
117.9223
117.9222
117.9220
117.9226
117.9227
117.9691
117.9691
117.9640
117.9639
117.9690
117.9691
118.0241
118.0240
118.0243
118.0246

4298
4284
3439
3425
4002
3955
4263
4415
3487
3465
3930
3966
4273
4335
3454
3444
3934
3944
4308
4275
4055
3997
4158
4227
3204
3283
3981
4059
4271
4327
3505
3510
4161
4087
4256
4179
3536
3617
3965
3987
4186
4324

151.8
151.3
121.4
121.0
141.3
139.7
150.5
155.9
123.1
122.4
138.8
140.1
150.9
153.1
122.0
121.6
138.9
139.3
152.1
151.0
143.2
141.2
146.8
149.3
113.1
115.9
140.6
143.3
150.8
152.8
123.8
124.0
146.9
144.3
150.3
147.6
124.9
127.7
140.0
140.8
147.8
152.7

A.7

River
km
from
Grand
Coulee
Dam
247.5
247.5
247.5
247.5
243.5
243.5
243.5
243.5
243.5
243.5
239.0
239.0
239.0
239.0
239.0
239.0
232.5
232.5
232.5
232.5
227.0
227.0
227.0
227.0
227.0
227.0
224.5
224.5
224.5
224.5
224.5
224.5
217.5
217.5
217.5
217.5
217.5
217.5
209.5
209.5
209.5
209.5
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Table A.3. (contd)

Transect Name

Bossburg_000_20160711
Bossburg_002_20160711
Evans_Narrows_000_20160511
Evans_Narrows_001_20160511
Evans_Narrows_000_20160525
Evans_Narrows_001_20160525
Evans_Narrows_000_20160711
Evans_Narrows_001_20160711
Marcus_Island_000_20160511
Marcus_Island_001_20160511
Marcus_Island_000_20160526
Marcus_Island_001_20160526
Marcus_Island_002_20160526
Marcus_Island_003_20160526
Marcus_Island_000_20160711
Marcus_Island_002_20160711
KettleBridge_000_20160510
KettleBridge_001_20160510
Kettle_Bridge_000_20160526
Kettle_Bridge_003_20160526
Kettle_Bridge_000_20160711
Kettle_Bridge_001_20160711
RickeyPoint_001_20160511
RickeyPoint_002_20160511
Rickey_Point_000_20160512
Rickey_Point_001_20160512
Rickey_Point_000_20160711
Rickey_Point_001_20160711
Gifford_000_20160510
Gifford_001_20160510
Gifford_002_20160510
Gifford_003_20160510

Transect Time

Mean
Latitude
(°N)

Mean
Longitude
(°W)

Discharge
(m3/s)

Discharge
(kcfs)

7/11/2016
7/11/2016
5/11/2016
5/11/2016
5/25/2016
5/25/2016
7/11/2016
7/11/2016
5/11/2016
5/11/2016
5/26/2016
5/26/2016
5/26/2016
5/26/2016
7/11/2016
7/11/2016
5/10/2016
5/10/2016
5/26/2016 9:00
5/26/2016 9:14
7/11/2016
7/11/2016
5/11/2016 8:46
5/11/2016 9:01
5/12/2016
5/12/2016
7/11/2016
7/11/2016
5/10/2016
5/10/2016
5/10/2016
5/10/2016

48.7715
48.7715
48.7219
48.7220
48.7221
48.7220
48.7218
48.7218
48.6737
48.6737
48.6737
48.6736
48.6737
48.6737
48.6739
48.6739
48.6220
48.6220
48.6220
48.6219
48.6219
48.6218
48.5456
48.5456
48.5458
48.5457
48.5455
48.5454
48.2851
48.2848
48.2850
48.2849

118.0242
118.0241
118.0451
118.0450
118.0451
118.0451
118.0452
118.0449
118.0449
118.0449
118.0454
118.0449
118.0449
118.0448
118.0453
118.0444
118.1199
118.1195
118.1198
118.1199
118.1199
118.1195
118.1457
118.1460
118.1457
118.1454
118.1456
118.1455
118.1508
118.1511
118.1513
118.1511

3627
3617
3970
3957
4262
4212
3688
3638
3907
4041
4216
4223
4193
4133
3763
3665
4155
4093
4723
4668
3718
3758
3774
3853
4339
4457
3682
3547
4012
4033
3868
3912

128.1
127.7
140.2
139.7
150.5
148.7
130.2
128.5
138.0
142.7
148.9
149.1
148.1
146.0
132.9
129.4
146.7
144.5
166.8
164.8
131.3
132.7
133.3
136.1
153.2
157.4
130.0
125.3
141.7
142.4
136.6
138.2

River
km
from
Grand
Coulee
Dam
209.5
209.5
202.0
202.0
202.0
202.0
202.0
202.0
195.0
195.0
195.0
195.0
195.0
195.0
195.0
195.0
184.5
184.5
184.5
184.5
184.5
184.5
175.0
175.0
175.0
175.0
175.0
175.0
140.0
140.0
140.0
140.0

The remainder of the figures in this appendix present the velocity magnitudes measured at each transect in
three plots:
• contour plot showing the velocity magnitude as a function of water depth and distance from the
beginning of the transect
• vertically averaged velocity magnitude as a function of distance from the beginning of the transect
• laterally averaged velocity magnitude as a function of water depth.
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Appendix B
–
Development of Bathymetric Surface
This appendix describes the process used to develop the bathymetric surface of the Columbia River
channel used for the modeling efforts to support White Sturgeon recovery efforts.

B.1 Data Sets
The data used to construct the bathymetric surface for this study included channel bottom elevations and
depths, shoreline delineations, topographic elevations, and aerial imagery. The only new data sets
developed for this task were improved river shorelines and supplemental contours used for controlling the
automated surface generation. The remaining data sets were compiled from existing sources.
Shorelines were developed from aerial imagery available from the World_Imagery layer of the
service.arcgisonline.com geographic information system (GIS) server. Supplemental topographic data,
used only for the Canadian reach, was downloaded from Natural Resources Canada
(http://geogratis.gc.ca/site/eng/extraction) in the form of a 0.75-second (~20 m) raster. Shore elevations
for the imagery were not known, so elevations were estimated from nearby topographic and bathymetric
data and assumptions about river gradient.
Bathymetric elevations comprised the vast majority of the data. Figure B.1 shows the extents of
bathymetric data sets. Where available data sets overlapped, those judged to be of higher quality were
used. No bathymetric data (labeled NA in the figure) were available for the Pend Oreille and Kootenay
Rivers, but were not required for the present modeling effort.
Descriptions of each data set are provided below. Note that Columbia River locations are referenced to
Grand Coulee Dam, which is defined as reservoir kilometer 0.

B.1.1

Ferrari

Ferrari (2012) conducted the most extensive and detailed bathymetric survey of the study region. This
work focused on the collection of data in Lake Roosevelt below elevation 353.6 m. The survey used boatmounted sonic depth recorders to map the reservoir from Grand Coulee Dam upstream to river kilometer
215. The vast majority of data were collected using multi-beam equipment, which collected data over
swaths approximately 3.5 times as wide as the water depth below the transducer. Shallower regions and
coves were mapped using single-beam transducers, which resulted in much courser data coverage.
Ferrari combined the newly collected data with existing topographic and bathymetric data sets to create a
comprehensive digital surface. The regions between elevations 353.6 and 390.1 m were supplemented
with 10 ft contours developed from photogrammetric data collected in 1974 when the water level was
reduced to an elevation of 353.6 m during construction of the third powerhouse at Grand Coulee Dam.
High-resolution LiDAR data collected in 2009-2010 at a pool elevation of 390.1 m provided additional
topographic data. A coarse bathymetric dataset obtained from the CTCR covering the reservoir between
river kilometers 215 and 238 was also incorporated.
The surface developed from these data sets was delivered as 10x10-foot (3.1x3.1-meter) ArcGIS grid with
horizontal coordinates in NAD83 Washington State Plane North (feet) and elevations in NAVD88 (feet).
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Though not documented by Ferrari, the spatial resolution of the bathymetry above elevation 353.6 m and
upstream of river kilometer 215 is likely much coarser than 3.1 m, averaging from 30 to over 100 m.

Figure B.1. Extents of bathymetric data sets used in surface development.
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B.1.2

Northwest Hydraulic Consultants

Northwest Hydraulic Consultants (NHC) developed numerical models of Columbia River flow at two
sites near Northport, Washington, for the CTCR in 2011. Bathymetric data collected for this effort by
Northwest Hydro, Inc., were obtained directly from the CTCR. One site, NHC_s1, encompassed Dead
Man’s Eddy reach upstream of Northport (kilometers 239–247) and the other, NHC_s3, covered China
Bend, downstream of Northport (kilometers 215–225). These data superseded the Ferrari data set for
those locations. The data were reported in NAD83 UTM Zone 11N (meters) and NGVD88 (meters) in the
form of ArcGIS shapefiles.

B.1.3

United States Geological Survey

The United States Geological Survey (USGS) conducted a multi-beam echo sounder survey of two
locations in the Columbia River between Kettle Falls, Washington, and Northport in 2008 and 2009
(Weakland, R.J., Fosness, R.L., Williams, M.L., and Barton, G.J., 2011, Bathymetric and sediment facies
maps for China Bend and Marcus Flats, Franklin D. Roosevelt Lake, Washington, 2008 and 2009: U.S.
Geological Survey Scientific Investigations Map 3150, 1 sheet). The Marcus Flats site, USGS_newmarc,
consisted the western shore region between kilometers 187 and 191 and the China Bend site,
USGS_gs_china, included the center of the channel between kilometers 220 and 223. These data sets
superseded the Ferrari and NHC_s3 data sets, respectively, in those locations. The data were reported in
NAD83 Washington State Plane North (feet) and NAVD88 (feet) in the form of ArcGIS shapefiles.

B.1.4

National Oceanic and Atmospheric Administration

Bathymetry for a 1 kilometer section of Columbia River above the upstream extent of the Ferrari data set
(at kilometer 253) was determined from depth points and contours obtained from a National Oceanic and
Atmospheric Administration (NOAA) raster navigational chart. The reference water level for this reach,
393 m, was estimated by comparing the nearby Ferrari bottom elevations to corresponding chart depths.

B.1.5

Canadian Hydrographic Service

The bathymetry for the majority of the Canadian reach of the Columbia River was developed from a
nautical chart 3055 (Waneta to Hugh-Keenleyside Dam) published by the Canadian Hydrographic Service
(CHS). The chart depicted water depth points and contours that were referenced to a sloping datum based
at three points tied to the CGVD28 vertical datum.

B.1.6

Golder Associates

Golder Associates (Golder) performed a series of single-beam transects at the confluence of the Columbia
and Kootenay Rivers (kilometers 302–306) to develop a bathymetric contour map with a 0.25 m interval
(Golder 2013). Profiles were spaced between 3 and 200 m apart, so resolution was highly variable. The
data were only available as contour map images and the vertical datum was not documented but assumed
to be CGVD28 (meters).

B.2 Data Processing
Most elevation data processing was conducted using the GIS application ArcGIS (ESRI, Redlands,
California). Prior to surface creation, some of the data sets required digitization or transformations to a
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common coordinate system. Then, point and contour elevations were combined to produce a triangulated
surface model. Finally, the surface was interpolated to a raster grid for use in the flow modeling process.

B.2.1

Coordinate Standardization

The standard project coordinate system was NAD83 Washington State Plane North (meters) and
NAVD88 (meters). Available data sets were reported in several vertical and horizontal datums.
Horizontal-coordinate transformations were made using ArcGIS. Vertical adjustments involved either a
unit conversion from feet to meters, or, for data sets in Canada that referenced the CGVD28 vertical
datum (CHS and Golder), a more elaborate transformation using the GPS-H HTv2.0 program
(http://webapp.geod.nrcan.gc.ca/geod/tools-outils/gpsh.php?locale=en). Within the Canadian reach,
NAVD88 elevations are approximately 1.3 m higher that CGVD28 elevations.

B.2.2

Digitization

The NOAA, CHS, and Golder data sets, which were image based, required digitization prior to further
processing. To accomplish this in ArcGIS, the image was first oriented appropriately in the project
horizontal-coordinate system by matching identifiable points on the images to corresponding points on a
GIS base map. Then point and line features were traced and elevation attributes assigned.

B.2.3

Surface Generation

Once all data sets were electronically available, a “terrain” surface was created in ArcGIS. Terrains in
ArcGIS are based on triangulated irregular networks, which are surfaces consisting of triangles formed
from known elevation points. In locations of sparse data, the automated triangulation can lead to
elongated triangles and unrealistic results. For this reason, supplemental contours were added to help
control this process. The terrain surface was interpolated onto a 3x3 m raster grid and exported to a file in
ERDAS IMAGINE (Hexagon Geospatial) format.
Figure B.2 (left) shows a sample of the bathymetric surface for a region with high data resolution based
on the Ferrari dual-beam data set. Figure B.2 (right) shows a region with lower resolution based on the
CHS and Golder data sets.
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Figure B.2. Sample bathymetric surfaces for regions with high (left) and low (right) data resolution.

B.3 References
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Appendix C
–
Field Temperature and Water Surface Elevation
Measurements
This appendix summarizes the results of field measurements of Columbia River temperature and water
surface elevation collected in support of white sturgeon recovery efforts. Time-history recordings of water
temperature and elevation were collected at eight locations (see Figure C.1) in the Columbia River
between Gifford boat launch (at reservoir kilometer 140) to the Canadian border (kilometer 256).
Additionally, barometric pressure data was recorded at Northport, Washington (kilometer 240). The
primary purpose for these data is to help calibrate and validate flow and temperature modeling.

C.1 Methods
Personnel from the CTCR deployed the data logging devices in the field, periodically downloading the
data, while personnel from PNNL reduced the measurements to a usable form.

C.1.1

Data Collection

Each water temperature and water surface elevation station consisted of submerged temperature and
pressure transducers connected to an Onset HOBO data-logger that recorded measurements at a frequency
of 15 minutes. The transducers were secured inside a piezometer housing to maintain a constant elevation.
The top of the housing was surveyed using a Real-Time Kinematic Global Positioning System (GPS)
during deployment and retrieval. To allow conversion of water pressure data to water surface elevation,
air pressure was measured at Northport.
After the first deployment, the GPS survey method was verified by checking four Washington State
Department of Transportation (WSDOT) benchmarks located within the study reach.

C.1.2

Data Reduction

PNNL obtained the following datasets from the CTCR for use in data processing:
• Survey Results for WSDOT Benchmarks. Comma-separated values file containing the GPS survey
results for the WSDOT benchmarks 4311, 4312, 4322, and 4339. Horizontal coordinates were
reported in NAD83 Washington State Plane North (feet) and elevations in NAD83 (feet).
• Logger Survey Data. Excel workbook containing GPS-surveyed coordinates for each logger station.
Horizontal coordinates were reported in NAD83 Washington State Plane North (feet) and elevations
in NAD83 (feet).
• Logger Time-History Record. Comma-separated values file containing measurement date/time
(GMT), absolute water pressure (kPa), and water temperature (°C) for each station at a frequency of
15 minutes.
• Barometric Pressure at Northport. Comma-separated values file containing measurement date/time
(GMT), absolute air pressure (kPa), and air temperature (°C) for the Northport station at a frequency
of 15 minutes.
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PNNL combined these data sets into a single Excel workbook for processing. All survey data were
converted to Washington State Plane North (meters) and NAVD88 (meters).

Figure C.1. Locations of data-logger deployments.
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Conversion between NAD88 (feet) and NAVD88 (meters) was performed using the NOAA utility found
at http://www.ngs.noaa.gov/cgi-bin/GEOID_STUFF/geoid12B_prompt1.prl. In the study area, NAVD88
elevations range from 16.8 to 18.1 m higher than NAD88 elevations.
All date/time measurements were converted from GMT to PST with the addition of 8 hours.
Water surface elevation was computed according to the formula
𝑍𝑍𝑊𝑊𝑊𝑊 = 𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎
𝜌𝜌𝑇𝑇 ∙ 𝑔𝑔𝑥𝑥𝑥𝑥

where 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 is the sensor pressure adjusted by the barometric pressure (𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ) at Northport using
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∙ (𝑍𝑍𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑍𝑍𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ) ∙ 0.012

𝜌𝜌𝑇𝑇 is the density of water at the measured temperature
(http://nvlpubs.nist.gov/nistpubs/jres/097/jresv97n3p335_A1b.pdf), and 𝑔𝑔𝑥𝑥𝑥𝑥 is the gravitational
acceleration at the location of the station (http://www.sensorsone.com/local-gravity-calculator/). The
elevation of the sensor (𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) was computed as the average of the elevations measured at deployment
and retrieval.

C.2 Results
Data recording began on April 26, 2016, (Flat Creek, Little Dalles, Snag Cove), April 27 (French Rocks,
Gifford), and May 4 (Northport, Border, Deadman’s, Onion Creek). Because the Northport barometric
readings were required for data reduction, the usable record began on May 5. Downloads occurred May
23–24, July 6–7, and September 7–9. At the Kettle Falls station, the retrieval line broke during the first
recovery attempt and the logger was lost, so no data were obtained. Third-deployment data from the Flat
Creek station were corrupt and unusable. Low water levels at the Border station beginning on August 1
left the transducers periodically dry so data beyond July 31 were discarded.

C.2.1

Surveying

Project GPS elevations differed from WSDOT benchmarks by an average of 0.03 m. The maximum
discrepancy was 0.15 m at benchmark 4339. Horizontal discrepancies averaged 4.0 m with a maximum
value of 4.6 m at benchmark 4339.
Differences in sensor elevation over the course of a deployment averaged 0.07 m with a maximum value
of 0.29 m recorded for deployment 1 at the Border station.

C.2.2

Logger Data

Figure C.2 summarizes the water surface elevations over time for all stations. All stations show diurnal
variations with amplitudes increasing with reservoir kilometer. Figure C.3 summarizes water
temperatures for all stations.

C.3

2016 Draft Annual Report

Figure C.2. Water surface elevations for all stations.

Figure C.3. Water temperature data for all stations.
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