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EXECUTIVE SUMMARY 

Effects of dam construction and operation on white sturgeon 
populations in the Columbia River were examined in a cooperative study 
by two state and two federal agencies. Reproduction, population 
dynamics, and habitat were compared between the unimpounded river 
downstream from Bonneville Dam and three reservoirs between Bonneville 
and McNary dams from 1986-91. 

We conclude that dams constrain movements of white sturgeon and 
have functionally isolated populations in Columbia River reservoirs. 
The status and productivity of each population of white sturgeon are 
unique, and productivity is less in reservoirs than in the unimpounded 
river downstream from Bonneville Dam. Recruitment and subsequent 
population size in impoundments are limited by the effects of river 
discharge in spring on spawning habitat, which is restricted to high
velocity areas in the tailwaters of each dam. Reservoirs provide large 
areas of suitable habitat for juvenile and adult white sturgeon, but 
compensatory population responses may reduce productivity as carrying 
capacity for a particular life stage is approached. Overexploitation of 
white sturgeon in recent years has collapsed fisheries in The Dalles and 
John Day reservoirs. Population collapse is. likely if overexploitation 
continues. 

Our conclusions suggest several alternatives for protecting and 
enhancing white sturgeon production to mitigate the detrimental effects 
of development and operation of the hydroelectric system. We recommend 
experimentally evaluating the feasibility of these alternatives. Yield 
of fisheries can be enhanced with more intensive management of harvest 
for impounded white sturgeon populations. Yield can be optimized by 
management strategies tailored to the unique attributes of each 
population, and by increased monitoring and regulation of fisheries to 
maintain optimum exploitation rates. Production might also be enhanced 
by augmenting river discharge during May and June during low flow years 
to improve spawning and recruitment. Transplants of juveniles from 
large populations in Bonneville Reservoir and downstream from Bonneville 
Dam should be evaluated for their potential to enhance recruitment-

. limited populations in The Dalles and John Day reservoirs. 

We also recommend examining and developing several other promising 
strategies for protecting, enhancing, or mitigating for white sturgeon. 
Levels of contaminants in sturgeon tissue and associated risks to fish 
health should be evaluated to identify constraints on population 
productivity. Habitat requirements of subadult and adult life stages 
and amount of suitable habitat should be estimated to determine 
constraints on enhancement. Hatchery technology should be further 
refined and evaluated for enhancement of threatened populations of white 
sturgeon. 

Finally, we suggest evaluating the need and identifying potential 
measures for protecting and enhancing populations and mitigating for the 
effects of the hydropower system on white sturgeon in the Columbia and 
Snake rivers upstream from McNary Dam where information is lacking. 
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PREFACE 

This is the final report for research on white sturgeon Acipenser 
transmontanus funded by the Bonneville Power Administration (BPA) from 
1986-92 and conducted by the National Marine Fisheries Service (NMFS), 
Oregon Department of Fi sh and Wi 1 dl i fe (ODFW), · U.S. Fi sh and Wildlife 
Service (USFWS), and Washington Department of Fisheries (WDF) .. Findings 
are presented as a series of papers, each detailing objectiv��' methods, 
results, and conclusions for a portion of this research. Volume I of 
this report includes papers which directly address objectives of the 
research program. Volume II includes supplemental papers which provide 
background information needed to support results of the primary 
investigations addressed in Volume I. Volume I also includes an 
introductory section which summarizes important results, conclusions, 
and recommendations. 

Construction and operation of the hydropower system have affected 
the productivity of white sturgeon populations restricted to a seriet of 
reservoirs and river segments. We define productivity as the capacity 
of a population to elaborate biomass and equate production with the 
capacity to provide yield. Several impounded populations can sustain 
little or no harvest and others risk extinction. · Dams have ·restricted 
movements of two principal food sources, eulachon Thaleichthys pacificus 
and lamprey Lampetra spp. lmpoundment and dam operation· have also 
altered spawning and rearing habitat. Finally, reservoir habitat has 
favored new communities of potential prey, predators, and competitors. 

This study addresses measure 903(e)(l) of the Northwest Power 
Planning Council's 1987 Fish and Wildlife Program that calls for 
"research to determine the impact of development and operation of the 
hydropower system on sturgeon in the Columbia River Basin." Study 
objectives correspond to those of the "White Sturgeon Research Pr�gram 
Implementation Pl an II developed by BPA and approved by the Northwest 
Power Planning Council in 1985. Work was conducted on the Columbia 
River from McNary Dam to the estuary. 

Research objectives included: 

1. Describe the reproduction and early life history of white sturgeon. 

2. Describe the life history and population dynamics of subadult and 
adult white sturgeon. 

3. Define habitat requirements and quantify habitat ava.ilability for 
white sturgeon. 

4. Evaluate the need and identify potential methods for protecting, 
mitigating, and enhancing populations of white sturgeon. 

To ascertain effects of the hydropower system on white sturgeon, 
we compared populations and habitat in the three lowermost reservoirs 
between Bon nevi 11 e and McNary dams, with the population and habitat in 
the unimpounded reach between Bonnevi 11 e Dam and the estuary. The 
unimpounded population has unrestricted access to the ocean, exhibits 
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seasonal migrations, spawns successfully each year, includes all 1 i fe 
hi story stages, and sustains productive fisheries. Dam construction 
likely had little effect on population characteristics and habitat use 
in the lower Columbia River. 

Tasks were apportioned among cooperating agencies as follows: 

NMFS - Describe reproduction and early life history and define habitat 
requirements for spawning and rearing downstream from Bonneville Dam. 
Quantify habitat from Bonneville Dam to the estuary. 

ODFW - Describe life history and population dynamics of subadults and 
adults between Bonneville and McNary dams. Evaluate the need and 
identify potential methods for protecting, mitigating, and enhancing 
populations between Bonneville and McNary dams. 

USFWS - Describe reproduction and early life history and define habitat 
requirements for spawning and rearing between Bonnevi 11 e and McNary 
dams. Quantify habitat available from McNary to Bonneville dams. 

WDF - Describe life history and population dynamics downstream from 
Bonneville Dam. Describe reproduction and early life history downstream 
from Bonneville Dam. Describe white sturgeon fisheries between 
Bonneville and McNary dams. 
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CONCLUSIO.NS 

A synthesis of research results presented in detail in appending 
papers {referenced with corresponding volume and letter) yields the 
following conclusions: 

1. Dams limit movements of white sturgeon and have functionally isolated 
populations in mainstem Columbia River reservoirs. Individual white 
sturgeon regularly traveled long distances in the unimpounded river 
downstream from Bonneville Dam (I.D). Fish ranged into the ocean 
offshore of Oregon and Washington and into estuaries and rivers {I.D). 
Extensive seasonal movements between the Columbia River estuary and the 
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gorge downstream from Bonneville Dam were observed (I.D). Movements of 
white sturgeon in mainstem impoundments were restricted by dams which 
bound each reservoir ( I.E). Tagged fish were seldom recovered in a 
reservoir other than where released (I.E). Existing fish passage 
facilities at dams are not extensively used by white sturgeon (I;F). 
Observed levels of movement among reservoirs may be sufficient to 
maintain genetic similarity of impounded populations ( I. E) . However, 
the productivity of each impounded population depends on resources 
available in that reservoir (I.E, I.H}. 

2. The status and dynamics of each impounded or unimpounded population 
of white sturgeon are unique. Densities ranged from 0.3 fish/hectare in 
John Day Reservoir to 14.6 fish/hectare in the unimpounded river (I.G, 
I.H). Substantial variation was observed in annual recruitment, size 
distribution, growth rate, condition factor, and size at female 
maturation (I.G, I.H}. The quantity and quality of the habitat suitable 
for white sturgeon varied for each population (I.J). 

3. Productivity of white sturgeon populations is less in reservoirs than 
in the unimpounded area downstream from Bonneville Dam. Estimates of 
sustainable annual yield in reservoir populations ranged from 0.09 
kg/hectare in John Day Reservoir to 1.27 kg/hectare in Bonneville 
Reservoir (I.H). Sustainable annual yield was estimated at 16.3 
kg/hectare for the unimpounded river (I.G). Downstream from Bonneville 
Dam, white sturgeon can range widely among scattered and diverse 
habitats to take advantage of seasonally optimum conditions (I.G). Fish 
also have access to estuary and ocean food resources ( I.G). The 
productivity of impounded populations is reduced by dam construction, 
which restricts each population to river segments that do not include 
conditions optimal for all life cycle stages (I.H). 

4. Recruitment and subsequent population size are limited by the effects 
of river discharge on spawning habitat which is restricted to high
velocity areas immediately downstream from each dam. Much of the 
difference in productivity among white sturgeon populations was related 
to differences in the number of recruits (l.H). Large numbers of 
potential spawners were present in each impounded population (I.G, I.H) 
but each population did not have access to favorable spawning conditions 
during each year (I.C, I.J). Optimum spawning habitat is characterized· 
by mean water column velocities exceeding 1 m/s and a substrate of 
cobble or boulder (I.A, I.B, I.J}. Suitable conditions were once 
provided by rapids and falls throughout the lower Columbia River (I.J} 
but impoundment has restricted suitable habitat to the tailrace areas of 
each dam only if river discharge is high enough to produce suitable 
water velocities (I.A, I.B}. The quantity of habitat suitable for 
spawning in impoundments is reduced when spring river discharge is low, 
and varies among dam tailraces at any given discharge ( I.C, I.J}. 

5. Reservoirs provide large areas of suitable habitat for juvenile and 
adult white sturgeon, but compensatory population responses may reduce 
productivity if carrying capacity is exceeded. Survival, growth rate, 
and condition factor of some size classes of white sturgeon in 
impoundments often approach or exceed levels seen in the unimpounded 
population (I.C, I.G, I.H). Impoundment actually appears to have 
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increased the amount of suitable habitat (LJ) and growth rate (ILL) 
for juvenile white sturgeon, but low densities in The Dalles and John 
Day reservoirs suggest the available habitat is underseeded (I.H). 
Negative correlations of density with growth rate, condition factor, and 
size at female maturation in Bonneville Reservoir suggest compensation 
occurs when carrying capacity is approached (I.H)� 

6. Fisheries for white. sturgeon have recently collapsed in The Dalles 
and John Day impoundments and population co 11 apse is 1 i ke 1 y if high 
exploitation continues. Exploitation rates regularly exceeded optimums 
of 5-15% predicted by simulations based on observed characteristics of 
impounded populations (LH). Recent expansion of fisheries in 
reservoirs reduced abundance and catch rates of white sturgeon, and was 
reflected in skewed shapes of catch curves (I.H). Substantial 
populations of large, mature fish remain in each reservoir, but 
exploitation rates observed in some years exceed rates at which any fish 
would survive to reproduce (I.H). 

RECOMMENDATIONS 

A synthesis of research results presented in detail in appending 
papers (referenced with corresponding volume and letter) yields the 
following recommendations for experimentally evaluating measures for 
protecting or enhancing white sturgeon, developing promising alternative 
strategies, or evaluating other populations in the Columbia and Snake 
rivers: 

1. Intensify management of fisheries for impounded white sturgeon 
populations. Tailor management strategies to the unique attributes of 
each population to optimize production and help offset the effects of 
hydroelectric system operation on yield. Closely monitor and regulate 
fisheries to maintain exploitation at optimum rates. Fisheries for 
white sturgeon in The Dalles and John Day reservoirs h•ve collapsed in 
the last ten years because of overexploitation (LH). These impounded 
populations cannot sustain exploitation rates comparable to those that 
can be sustained by the more productive population downstream from 
Bonneville Dam (LG, . LH). Yield can be optimized in each reservoir 
with specific regulatory actions tailored to the unique characteristics 
of each population and river reach (I.H). 

2. Experimentally evaluate whether augmented river discharge in May and 
June improves spawni nq and recruitment. and enhances depressed white 
sturgeon populations in The Dalles and John Day reservoirs. Poor 
recruitment limits the size and subsequent productivity of white 
sturgeon populations in The Dalles and John Day reservoirs (I.H). 
Reproductive success has been positively correlated with river discharge 
which affects the amount of habitat suitable for spawning (I.B, LC, 
I .J). Large numbers of mature spawners are present in each reservoir, 
habitat suitable for rearing of juveniles is abundant, and growth of 
juveniles is good (LC, LJ, ILL). Increased river discharge during 
spring spawning periods could improve spawning success and fully seed 
the available rearing habitat. Operations of projects within guidelines 
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that optimize physical conditions (water velocity, temperature, etc.) 
during periods of spawning and rearing may increase production. 

3. Evaluate the feasibility of enhancing depleted populations in The 
Dalles and John Day reservoirs by transplanting juvenile white sturgeon 
from populations in Bonneville Reservoir and downstream from Bonneville 
Dam. A series of recent year-class failures in The Dalles and John Day 
reservoirs has depressed populations and reduced productivity of 
fisheries (I.H). Even if increased river discharge provided an 
immediate solution to spawning limitations, the late age of recruitment 
would result in an 8-15 year lag time until fish were recruited to 
fisheries (I.H). This delay could be reduced by transplanting juvenile 
white sturgeon from more productive populations. Relatively poor growth 
of juveniles downstream from The Dalles Dam suggests removal of some 
might be compensated by improved growth of the remainder, resulting in 
no net loss in production of the source population. This alternative 
would evaluate the potential for direct supplementation without 
incurring the expense and genetic or disease risks of a hatchery (I.H). 

4. Investigate levels of contaminants in sturgeon tissue. assess risks 
to fish health, and evaluate constraints on population productivity. 
Changes in flow and sedimentation patterns related to development and 
operation of the hydropower system may have altered patterns of 
contaminant cycling through the system. Because of their longevity and 
benthic feeding habits, white sturgeon are particularly susceptible to 
bioaccumulation which could impair survival, growth, or reproduction. 
Dead eggs and deformed juveniles were observed in The Dalles Reservoir, 
but the correlation with contaminants is unknown (11.S). Identifying 
potentially harmful contaminants and determining their levels in white 
sturgeon may help define actions to protect and enhance populations. 

5. Identify habitat requirements of subadult and adult white sturgeon, 
quantify amounts of suitable habitat, and evaluate constraints on 
enhancement. Production of impounded white sturgeon populations wi 11 
ultimately be constrained by the availability of suitable habitat. 
Habitat use and availability have been determined for juveniles but not 
for larger fish (I.J). Reduced population productivity is a likely 
response of populations that exceed the productive capacity of the 
habitat. For instance, higher density of juvenile fish in Bonneville 
Reservoir is accompanied by reduced growth rate, reduced condition 
factor, and delayed maturity (I.H). Assessing the quality and quantity 
of habitats used by subadult and adult white sturgeon will help identify 
appropriate enhancement and habitat protection measures. 

6. Hatchery technology should be further refined and evaluated for 
enhancement of threatened populations of white sturgeon. Hatchery 
technology has recently been adapted for white sturgeon and might foe 
used to supplement recruitment where natural reproduction is poor and 
alternatives for increasing natural reproduction are limited (I.H). 
However, conditions optimizing growth, feed utilization, health, and 
survival of juvenile white sturgeon in rearing facilities are not 
cl early defined. Other research now focuses on broods tock development 
and nutrition. Work to define optimum rearing densities, lighting 
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conditions, and water recycling/reclamation systems will facilitate use 
of aquaculture for enhancing sturgeon. Evaluations of cost
effectiveness and genetic and disease risks are a prerequisite for 
introductions of hatchery-reared fish into a wild population {I.H). 

7. Investigate the need and potential measures for protecting and 
enhancing populations and mitigating effects of the hydropower system in 
the Columbia and Snake rivers upstream from McNary Dam, where 
information is lacking. This research concluded that impoundment 
reduced the productivity of white sturgeon populations and that 
population status varied among impoundments. White sturgeon occur in 
sections of the Columbia and Snake rivers in addition to those examined 
by this study, but information needed to estimate the effects of the 
hydropower system is limited upstream from McNary Dam. 

REPORT SUMMARY 

Reproduction and Early Life History 

A. Spawning Characteristics and Early Life History of White Sturgeon 
Acipenser transmontanus in the Lower Columbia River (McCabe and 
Tracy) 

1. Spawning downstream from Bonneville Dam occurred in all 5 years of 
the study {1987-91). ·The duration of the spawning season was 
estimated for 1988 through 1991 to range from 38 to 47 days. 

2. Newly-spawned eggs were collected near cobble and boulder 
substrates at temperatures of 10 to l8 ° C, depths of 3 to 23 m, 
mean water column velocities of 1.0 to 2.8 m/s, bottom velocities 
of 0.6 to 2.4 m/s, and turbidities of 2.2 to 11.5 NTU. 

3. Larvae dispersed as far as 175 km downstream to freshwater 
portions of the upper estuary. 

4. Young-of-the-year were most abundant in depths greater than 12 m 
and growth was rapid, with individuals reaching a minimum total 
length of 176 mm and a minimum weight of 30 g by the end of 
September. 

B. Location and Timing of White Sturgeon Spawning in Three Columbia 
River Impoundments (Anders and Beckman) 

1. Spawning between Bonneville and McNary dams occurred only in 
tailrace areas in the furthest upstream 3 km of each pool, where 
the water velocity was greatest. 

2. Spawning success was positively related to river discharge. The 
number of white sturgeon eggs collected was ten to one hundred 
times greater in average water years {1990, 1991) than in low 
water years {1987, 1988). 
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3. Spawning occurred between 12 and 20 ° C. Optimal temperatures for 
spawning were 13 to 14 ° C. 

4. Spawning usually began earliest in the season and lasted longest 
in The Dalles Dam tailrace, and started latest in the season and 
was shortest in McNary Dam tail race. 

5. The mean lengths of spawning periods were 44, 22, and 18 days in 
Bonneville, The Dalles, and John Day reservoirs. 

C. Factors Affecting Spawning and Recruitment of White Sturgeon in the 
Columbia River Downstream from McNary Dam (Parsley et a1.) 

1. The number of eggs spawned and subsequent mortality among life 
stages determines population size for each year class. The 
factors influencing the number of eggs spawned and subsequent 
mortality vary among areas that support white sturgeon; white 
sturgeon populations can be enhanced by addressing factors 
limiting each life stage. 

Life History and Population Dynamics 

D. Migration and Distribution of White Sturgeon in the Columbia River 
Downstream From Bonneville Dam and in Adjacent Marine Areas (De Vore 
and Grimes) 

1. Seasonal patterns of white sturgeon migration and distribution in 
the lower Columbia were described based on release of 40, 221 
marked fish and recapture of 5, 049 from 1965-1991. 

2. Fish generally migrated upstream in the fall, were quiescent 
during winter, moved downstream in spring (except for spawners), 
and congregated in the estuary in the summer. 

3. Distribution was related to the seasonal abundance of important 
forage species: eulachon (Tha7eichthys pacificus), northern 
anchovy (Engrau7is mordax), and salmonids (Oncorhynchus spp.). 

4. A small proportion (4%) of the white sturgeon tagged in the lower 
Columbia River were later recaptured in rivers, estuaries, and 
marine areas between the Umpqua River in southern Oregon and Heron 
Island in Puget Sound, Washington. 

E. Distribution and Movements of White Sturgeon in Three Lower Columbia 
River Reservoirs (North et a1.) 

1. Large juveniles and adults were most common in Bonneville 
Reservoir and least common in John Day Reservoir. 

2. Fish were found at depths from 10 to 30 m throughout each 
reservoir. Density generally decreased as distance from the 
upstream dam increased. 
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3. Individual fish traveled widely within each reservoir but rarely 
passed a dam. 

F. Fishway Use by White Sturgeon to Bypass Mainstem Columbia River Dams 
(Warren and Beckman) 

1. Fish locks at Bonneville Dam were used periodically from 1938-56 
to pass white sturgeon above the dam, with a peak annual passage 
of 1,526 fish in 1950. 

2. Upstream passage of white sturgeon through fishways is limited: 
annual counts averaged 36, 530, and 11 fish at Bonneville, The 
Dalles, and John Day dams from 1986 to 1991. Number of white 
sturgeon using fishways was greatest from.July through September. 

G. Dynamics and Potential Production of White Sturgeon in the Columbia 
River Downstream from Bonneville Dam (Devore et al.) 

1. Abundance and density of white sturgeon in the lower Columbia 
River was greater than that reported for any population. 

2. High population productivity results from good growth, high 
condition factor, and a low median age of maturation for femal�s. 

3. Abundant food, access to the ocean, and favorable hydrologic 
conditions during spawning contribute to the observed high 
population productivity. 

4. Natural mortality averaged 15% and exploitation in recreational 
and commercial fisheries averaged 28% from 1985-91. 

5. Average annual abundance of white sturgeon �54 cm fork length 
during the study years was 893,800 fish. Abundance of exploited 
age classes decreased during the study, which is consistent with 
increasing exploitation rates. 

6. Simulations indicated that maximum sustained yield (MSY) of 1. 4 kg 
per recruit occurred at a 32% exploitation rate assuming a 
constant number of recruits. Simulations that assume significant 
stock-dependent recruitment (Beaverton-Holt: A=0. 5) predicted an 
MSY of 0. 3 kg per recruit at a 4% exploitation rate. 

H. Dynamics and Potential Production of White Sturgeon Populations in 
Three Columbia River Reservoirs (Beamesderfer and Rien) 

1. Significant differences were observed among reservoirs in 
abundance, biomass, size composition, sex·ratio, size at female 
maturity, growth rate, condition factor, and rate of exploitation. 

2. Growth rate, condition factor, and size at female maturity were 
inversely correlated with recruitment rate and resulting density. 

3. Sustainable yield varied IO-fold among reservoirs as a result of 
differences in population dynamics. 
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4. Yield per recruit was greatest at annual exploitation rates 
between 5 and 15% and potential egg production per recruit 
declined exponentially with increasing exploitation. 

5. White sturgeon fisheries in reservoirs have collapsed with recent 
overexploitation. Reservoir populations cannot sustain harvest 
levels comparable to the unimpounded population. 

Habitat Requirements and Availability 

I. Habitat Use by Spawning and Rearing White Sturgeon in the Columbia 
River Downstream from McNary Dam (Parsley et al.) 

I. Habitat for spawning, egg incubation, yolk-sac larvae, young-of
the-year, and juvenile white sturgeon was determined. 

2. Spawning occurred in high water velocities over coarse substrates. 

3. Juveniles inhabited deep, low-velocity areas with fine substrates. 

J. An Evaluation of Spawning and Rearing Habitat for White Sturgeon in 
the Lower Columbia River (Parsley and Beckman) 

I. Hydroelectric·development has reduced spawning habitat in 
impoundments by reducing water velocity and by inundating several 
rapids and falls that provided suitable spawning conditions. 

2. The lower river provides suitable spawning habitat at very low 
river discharges, whereas greater discharges are needed to provide 
even marginal spawning habitat in the impoundments. 

3. Impoundment has increased rearing habitat. 
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Reproduction and Early Life History 
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ABSTRACT 

Although white sturgeon Acipenser transmontanus experiences intense 
fishing pressure in the Columbia River (Oregon and Washington) and other 
rivers within i ts range, little is known about the spawning 
characteristics and early life history of this long-lived species. 
Spawning characteristics and early life history of white sturgeon were 
studied in the lower Columbia River downstream from Bonneville Dam from 
1988 through 1991. Based on white sturgeon egg collections, we determined 
that successful spawning occurred in all four years ; the estimated number 
of spawning days each ye.ar ranged from 38 to 47 days. The spawning period 
extended from late April or early May through late June or early July of 
each year. Spawning occurred primarily in the fast-flowing section of the 
ri ver down st ream from Bonnev il 1 e Dam at water temperatures ranging from 1 O 
to 19 ° C. Freshly fertilized white sturgeon eggs were collected at 
turbidities ranging from 2. 2 to 11. 5 NTU, near-bottom velocities ranging 
from 0. 6 to 2. 4 m/s, mean water column velocities ranging from 1. 0 to 2. 8 
m/s, and depths ranging from 3 to 23 m. Bottom substrate in the spawning 
area was primarily cobble and boulder. With the exception of 1989, there 
were no significant regression relationships between white sturgeon egg 
catches at an index site and water velocity or Bonneville Dam discharge 
during the spawning period. Apparently, adequate water velocities for 
white sturgeon spawning were generally present throughout the spring and 
early summer. White sturgeon larvae were dispersed over a wide area (in 
some instances over 175 km) after hatching ;  larvae were collected as far 
downstream as the upper end of the Col umbia River estuary, which is a 
freshwater environment. Young-of-the-year ( YOY) white sturgeon were first 
captured in late June, less than 2 months after spawning was estimated to 
have begun. Growth was rapid during the first summer, with YOY white 
sturgeon reaching a minimum mean total length of 176 mm and a minimum mean 
weight of 30 g by the end of September. YOY white sturgeon were more 
abundant in deeper water (mean minimum depth � 12. 5 m} of the lower 
Columbia River. This research indicated that a large area of the lower 
Columbia River is used by white sturgeon at different life history stages. 
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White sturgeon Acipenser transmontanus is the largest of all sturg�on 
spec i es endemi c to North America and . is found a 1 ong the west coast of 
North America from the Aleutian Islands, Alaska, to Monterey, Cali fornia 
{Scott and Crossman 1973). Although thi s spec i es is consi dered to be 
anadromous {Scott and Crossman .1973), some populati ons i n  the Columbi a  
River Basin are landlocked because of dam construction (Cochnauer et al . 
1985 , Beamesderfer et al. 1990). 

Historically, white sturgeon · was abundant in the Columbia River 
{Oregon and Washington) and· i n  the l ate 1800s supported an intense 
commercial fishery. Commercial catches peaked in 1892 , when more than 2.4 
million kg were landed (Craig and Hacker· l 940). After the record catch in 
1892 , catches declined, and by 1899 the annual catch was less than 33 , 250 
kg. Annual catches during the early 1900s were less than 104, 930 kg 
(Craig and Hacker 1940). 

Whi te sturgeon populati ons i n  the Columbia Ri ver, parti cularly the 
one downstream from Bonneville Dam (the lowermost dam), recovered 
suffi c i ently from the overfishi ng of the late 1800s to the poi nt where 
they now support i mportant recreat i ona 1 and commerc i a 1 fi sheries. The 
populati on of whi te sturgeon i n  the lower Columbia Ri ver, which extends 
from the mouth to Bonneville Dam, i s  one of the largest in the world. 
Estimated catches of white sturgeon in recreational and commercial 
fi sheri es in the lower Columbia River in 1990 were 17, 300 and 5, 200 fish ,  
respectively (Oregon Department of  Fish and Wildlife and Washington 
Department of Fisheries 1991). Presently, white sturgeon is the most 
popular recreational fish in the Columbia River from the mouth to McNary 
Dam {River Kilometer [ RKm] 470) {Oregon Department of. Fish and Wi ldlife 
and Washington Department of F i sheries 1991). 

Although white sturgeon experiences intense fishing pressure in the 
Columbia Ri ver and other rivers within its range, little is known about 
the spawning characteristics and early life history of this long-lived 
species. Stevens and Mill er {1970) described the di stribution of white 
and/or green sturgeon A. medi rostri s 1 arvae in Ca 1 i forni a '  s Sacramento-San 
Joaquin River system, and Kohlhorst {1976) described sturgebn {most were 
probably white sturgeon) spawning i n  the Sacramento River based on larval 
collecti ons. 

From 1988 through 1991, we studi ed spawning characteri stics and early 
life history of whi te sturgeon in the lower Columbia Ri ver. Spec i fi c  
goals of the study were to define where and when spawning occurred and the 
env i ronmental condi ti ons at the ti me of spawni ng. Addi ti onal goals were 
to determine 1 arva 1 di stri but ion and habitat use by young-of-the-year 
{VOV) white sturgeon. Results from our study will be useful to resource 
managers responsi ble for white sturgeon populations i n  the lower Columbia 
River and in other areas. 

METHODS 

Egg and Larval Sampli ng 

From 1988 through 1991, sampling was conducted for white sturgeon 
eggs and larvae i n  the Columbi a  Ri ver downstream from Bonnevi lle Dam ' {RKm 
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234). The samp 1 i ng period varied among years ; however, i.n a 1 1  years, 
sampling was conducted from at least April through early July. Generally, 
sampling was conducted weekly during the spawning period. A D-shaped 
plankton net was used to collect white sturgeon eggs and larvae. This net 
was 0. 8 m wide at the bottom of the mouth opening, 0.5 m high, and was 
constructed of 7.9-mesh/cm nylon marquisette netting. Depending upon the 
water velocity, two to six lead weights (4.5 or 9.1 kg each) were attached 
to the net frame to hold the net on the river bottom. A digital flow 
meter (General Oceanics Model 20301

) was suspended in the mouth of the net 
to estimate the water volume sampled. Typically, two plankton nets were 
fished simultaneously for about 30 min from an anchored 12.2-m research 
vessel. When water velocities were extremely high, only one plankton net 
was fished, often for one hour. Artifi cial substrates constructed of 
latex-coated animal hair were also used to collect white sturgeon eggs 
(McCabe and Beckman 1990). 

In  1990 and 1991, a 3.0-m beam trawl was used in late June, July, and 
August to collect white sturgeon larvae and YOY. The overall width of the 
trawl was about 3.0 m and the height was 0.5 m ;  the estimated fishing 
width of the net was 2.7 m. A 1.59-mm knotless nylon liner was inserted 
in the body of the net. The beam trawl was towed slowly along the bottom 
for time periods ranging from 2 to 20 min. 

White sturgeon eggs and larvae were initially preserved in an 
approximately 4% buffered formaldehyde solution. Later, they were 
transferred to a 20% methanol solution. 

White sturgeon egg or larval sampling was conducted at various sites 
in the lower Columbia River from RKm 29 to 234 (Table 1, Figure 1) . We 
selected a site at RKm 230 for detailed monitoring of white sturgeon 
spawning in the lower Columbia River. The most frequent egg sampling was 
done at this site, henceforth referred to as the index site. 

In 1988, a 12-h study using a plankton net was done at this index 
site to determine if catches of white sturgeon and larvae changed during 
different light conditions. The 12-h study began at 1843 hours on 25 May 
and ended at 0623 hours on 26 May. One plankton net was normally fished 
for 1 h during each sampling effort. 

Young-of-the-Year Sampling 

A 7. 9-m (headrope length) semiballoon shrimp trawl was used from 1988 
through 1991 to collect juvenile white sturgeon, including YOY. Mesh size 
in the trawl was 38 mm (stretched) in the body; a 10-mm mesh liner was 
inserted in the cod end. In 1990 and 1991, a 3.0-m beam trawl was also 
used to collect YOY white sturgeon (see Egg and Larval Sampling) . Shrimp 
trawl efforts were normally 5 min in duration in an upstream direction. 
The trawling effort began when the trawl and the proper amount of cable 
were deployed, and the effort ended 5 min later. The beam trawl was 
fished for 2 to 20 min depending upon water velocity, bathymetry, and 

1 Reference to trade names does not imply endorsement by NMFS or NOAA , 

22 



Table I .  Numbers of sampling efforts for white sturgeon eggs� 1 arvae ; and 
young-of-the-year in the lower Columbia River , 1988-1991. When two p 1 ankton nets 
were fi shed si multaneously, the data were combi ned and considered as one sampli ng 
effort . Location i s  shown i n  River Kilometers {RKm} . 

Year Mar Apr May Jun Jul Aug Sep Oct Total 
Location 

Plank.ton net 
1988 

RKm 172-228 0 0 8 17 1 0 0 0 26 
RKm 229-230 1 2 16 5 2 1 0 0 27 
RKm 231-233 1 3 6 1 0 0 0 0 11 

1989 
RKm 153-171 0 0 2 0 0 0 0 0 2 
RKm 172-228 0 0 18 16 5 0 0 0 39 
RKm 229-230 1 2 4 5 3 1 0 0 16 
RKm 231-233 0 0 1 0 0 0 0 0 1 

1990 
RKm 112-171 0 0 0 1 0 0 0 0 1 
RKm 172-228 0 0 29 10 3 0 0 0 42 
RKm 229-230 0 5 5 4 3 0 0 0 17 
RKm 231-233 0 1 2 2 0 0 0 0 5 

1991 
RKm 193-228 0 1 13 8 5 0 0 0 27 
RKm 229-230 0 4 4 7 6 0 0 0 21 
RKm 231-233 0 0 0 0 0 0 0 0 0 

Arti fi ci al substrate 
1988 

RKm 197-228 0 0 3 1 0 0 0 0 4 
RKm 229-230 0 0 5 1 2 0 0 0 8 
RKm 231-234 0 0 5 6 0 0 0 0 11 

1989 
RKm 220-228 0 0 2 3 0 0 0 0 5 
RKm 229-230 0 1 0 0 0 0 0 0 1 
RKm 231-234 0 0 12 6 0 0 0 0 18 

1990 
RKm 229-230 0 3 5 0 0 0 0 0 8 
RKm 231-234 0 0 9 4 2 0 0 0 15 

1991 
RKm 229-230 0 2 3 3 3 0 0 0 11 
RKm 231-234 0 0 6 4 0 0 0 0 10 
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Table I .  Conti nued. 

Vear Mar Apr May Jun Jul Aug Sep Oct Total 
Locati on 

Beam trawl 
1990 

RKm 29-120 0 0 0 15 11 5 0 0 31 
RKm 121 -21 2 0 0 0 2 1 2  2 0 0 16 

1991 
RKm 44-120 0 0 1 9 19 4 0 0 33 
RKm 121-218 0 0 1 12 9 4 0 0 26 

Shrimp trawl 
1988 

RKm 46-120 4 3 3 6 6 3 4 3 32 
RKm 121-211 19 17 10 31 40 56 6 39 218 

1989 
RKm 38-120 3 3 3 6 18 11 7 30 8 81 
RKm 121-218 17 24 34 40 50 67 25 49 306 

1990 
RKm 45-120 0 42 29 24 27 37 13 32 204 
RKm 121-212 0 18 21 0 19 5 4 23 90 

1991, 
RKm 45-120 0 33 29 16 15 30 31 0 154 
RKm 121-212 0 24 2 20 21 1 25 0 93 

• I ncludes ei ght sampli ng efforts conducted i n  November. 
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bottom substrate. Using a radar range-finder, we estimated the distance 
fished during each sampling effort. 

Trawling was conducted from 1 ate March or early Apri 1 through 
September or October of each year. In 1 989 , a limited amount of sampling 
was conducted in early November. Trawling was done at selected sampling 
stations extending from RKm 29 to 218 (Table 1). Sampling stations were 
selected to determine the range of habitat used by juvenile white 
sturgeon; no attempt was made to randomly select the sites . .  Trawling 
effort and the geographic range of sampling varied among years (Table 1). 
In 1 988 and 1989, more trawling effort was concentrated in the river 
upstream from RKm 120 . However, in 1990 and 1991, much more trawling was 
done· in the river between RKm 45 and 120 than in previous years. White 
sturge.on captured in the bottom trawls were measured (total length) and 
weighed (g). 

In  1990, a 20-h study was conducted during part of the day and all of 
the night at RKm 75 to determine if catches of juvenile white sturgeon, 
particularly YOY, increased during hours of darkness. · On 31 July and I 
August, 14 trawling efforts (7 .9-m shrimp trawl) were done from 1155 
through 0800 hours. 

Physical Conditions 

Selected physical parameters were measured in conjunction with 
biological sampling : minimum and maximum bottom depth (m); bottom water 
temperature ( ° C ) ; bottom water turbidity (NTU); and water velocities at 
0.2 of the total depth, 0.8 of the total depth, and about 0.6 m above the 
bottom. By averaging the water velocities measured at 0.2 and 0.8 of the 
total depth, we calculated a mean water column velocity (Buchanan and 
Somers 1 969) . Water velocities were measured only during egg and larval 
sampling . · Depth was measured with electronic depth sounders, and velocity 
with a Gurley current meter attached to a 45.4-kg lead fish. Turbidity 
was determined in the laboratory using a Hach Model 2100A Turbidimeter. 

Data Analyses 

The developmental stages of white sturgeon eggs were determined based 
on descriptions devel oped by . Beer (1981). Timing of egg deposition was · 
estimated using developmental stages of eggs and temperature-egg 
developmental data from Wang et al. (1985); water temperature at the time 
of egg collection was used in making the estimates. A daily index of 
spawning activity was calculated based on back-calculated spawning dates. 

S i mple and mul tiple regressions were used to determine relationships 
between measured physical parameters (water temperature, turbidity, water 
velocity, and Bonneville Dam discharge) and abundance of freshly 
fertilized (stage 2) white sturgeon eggs collected in plankton nets at the 
index site (RKm 230). It was assumed that stage 2 eggs were approximately 
3 h or less old ( Beer 1981). Bonneville Dam discharge for these 
comparisons was determined by averaging hourly discharges at the time of 
sampling and during the 3 h prior to sampling. We assumed that white 
sturgeon egg abundance did not follow a normal distribution; consequently, 
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we transformed egg abundance, whi ch was expressed as number/ 1 , 000 m3 of 
water, to log1 0  of (number + 1/1, 000 m3

) prior to analysis. One was added 
to the catches because of some zero values (Sokal and Rohlf .1969). Data 
collected just prior to ; during, and just after the spawning period were 
used for these comparisons. 

Day and night catches of freshly fertilized white sturgeon eggs from 
the 12-h study (25-26 May 1988) at the index site (RKm 230) were compared 
using a two-sample t-test (Ryan et al. 1985). Day was defined as the 
period from 0.5 h before sunrise to 0.5 h after sunset. The data were 
standardi zed to number of eggs/1, 000 m3 of water and then transformed to 
log1 0  of (number of eggs + 1/1, 000 m3

) .  White sturgeon larval catches were 
compared in a manner similar to freshly fertilized eggs, except it was not 
necessary to add one to the catches. 

For data analysis, YOY white sturgeon were separated from older 
juvenile sturgeon using length frequencies. A YOY was defined as being 
less than 1 yr old and �25 mm total length. 

Day and night catches of YOY white sturgeon from the 20-h study (31 
July-I August 1990) at RKm 75 were compared ysing a two-sample t-test. 
Prior to using the t-test, we calculated the area fished for each effort 
using the distance fished during a trawl effort and the estimated fishi ng 
width of the 7.9-m semiballoon shrimp trawl (5.3 m). Then the data were 
standardized to number of YOY/ha and transformed to log1 0 of (number of 
YOY + I /ha) ; transformed values were used in the t-test. 

RESULTS 
Eggs 

The number of whi te sturgeon eggs collected from 1988 through 1991 
varied annually, ranging from 1, 404 in 1988 to 2, 785 in 1990 (Table 2) ; 
however, sampling effort was not equal e.ach year. The percent of whi te 
sturgeon eggs collected in plankton nets (as opposed to artific i al 
substrates) also varied annually, ranging from 37% in 1991 to 87% in 1989. 
Virtually al l white sturgeon eggs were tollected i n  a 1 1-km long section 
of the river extending from RKm 223 to 234. In both 1990 and 1991, four 
white sturgeon eggs were collected at RKm 193. In all years, 4% or less 
of white sturgeon eggs collected in plankton nets were fungus infected. 

Based on the spawning index, which was derived from back calculati ons 
using the developmental stages of all eggs, we estimated that spawning 
occurred on 38 days in 1988 (beginning on 22 April and ending on 2 2  June), 
with 58% of the spawning days in May (Figure 2). In 1989, spawning 
occurred on an estimated 43 days (beginning on 22 April and ending on 2 
July), with 53% of the spawning .days i n  May. In 1990, spawning was 
esti mated to have occurred on at 1 east 47 days (beginning on 23 April and 
ending on 9 July), with 47% of the spawning days in May. It is likely 
that some spawning occurred after 9 July 1990 because post-hatch larvae 
were collected on 18 July. Considering the water temperature at this 
time, these post-hatch larvae probably developed from eggs . spawned on 
about 14 July. Finally, for 1991, we estimated that spawning occurred on 
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Tabl e 2 .  Numbers of white sturgeon eggs and l arvae col l ected in the Col umbia 
River downstream from Bonnevil l e  Dam, 1988-1991 ; pl ankton nets and artificial 
substrates were used to col l ect eggs, and pl ankton nets and a 3.0-m beam trawl 
(in 1990 and 1991) were used to col l ect l arvae . Area refers to the geographic 
range (in River Kil ometers [RKm] ) over which eggs or l arvae were col l ected . 
Fungus-infected eggs col l ected in pl ankton nets are shown in parentheses and are 
incl uded in the numbers reported for the nets. A hyphen (-) indicates that no 
sampl ing was conducted. 

Eggs Larvae 

Sampl ing 
period Area (RKm) Net Substrate Area (RKm) Net Trawl 

1988 

15-30 Apr 230-23 1 19 0 
1-15 May 228-233 163 (1) 46 228-230 11 

16-31 May 230-233 405 (10) 539 193-231 71 
1-15 Jun 226-234 112 ( 5 ) 84 181-230 5 

16-30 Jun 226-230 20 (1) 16 226 3 
1-15 Jul 0 0 0 

16-31 Jul 0 0 0 

Total 719 (17) 685 90 

1989 

15-30 Apr 230 385 47 0 
1-15 May 224-234 275 (1) 37 174-232 19 

16-3 1 May 224-234 703 (6) 212 181-230 39 
1-15 Jun 222-234 640 (23) 9 193-230 64 

16-30 Jun 226-230 13 (3) 0 181-230 13 
1-15 Jul 226 2 (1) 0 

16-31 Jul 0 0 

Total 2, 018 (34) 305 135 

1990 

15-30 Apr 230-231 386 258 0 
1-15 May · 223-234 904 (38) 153 223-232 34 

16-31 May 193-234 187 ( 7 ) 275 181-230 34 
1-15 Jun 224-234 210 (8) 260 112-230 33 

16-30 Jun 224-230 109 (20) 0 45-230 41 12 
1-15 Jul 226-234 8 35 67-226 1 25 

16-31 Jul 0 0 127-230 9 1 

Total 1, 804 (73) 981 152 38 
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Table 2. Continued. 

Eggs Larvae 

Sampling 
period Area (RKm} Net Substrate Area (RKm} Net Trawl 

1991 

15-30 Apr 0 0 0 
1-15 May 224-234 129 ( 1 ) 589 0 

16-31 May 193-234 303 (3) 265 193-230 28 0 
1-15 Jun 226-234 46 (7) 205 193-230 17 

16-30 Jun 224-234 227 ( 1) 164 45-230 45 33 
1-15 Jul 193-230 30 (2) 50 98-230 37 18 

16-31 Jul 0 0 0 0 

Total 735 (14) 1 , 273 127 51 
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estimated that white stu rgeon spawned .. 



39 days {beginning on 5 May and ending on 1 4  July ) ,  with 56% of the 
spawning days i n  May. · · 

Water temperatures , measured at Bonne�ille Dam and at sampling sites 
during the . spawning period , v·aried annuall y {Figure 2). Water 
temperatures at Bonnevi 11 e Dam sometimes differed from those at egg 
collection sites. Combining data from .4 years, we observed that spawning 
occurred at water temperatures ranging· from 1 0  to 19 ° C {Bonneville Dam or 
sampling site temperatures). 

Bonneville Dam discharge {mean hourly discharge by day) also varied 
annually {Figure 2). The highest daily flows through Bonneville Dam 
occurred during spawning periods in 1990 and 1991. Combining data from 
all years, we found that spawning occurred at mean discharges ranging from 
3 , 399 to 10 , 505 m3/s; however , virtuall{ all spawning occurred on days when 
mean discharge was greater than 4 , 000 m /s. Bonneville Dam discharges were 
less than 4 , 000 m3/s for only 2 days during the 1988 spawning period and 
for only 6 days during fhe 1989 spawning period. The spawning index 
indicated that spawning occurred on one of these days i n  1989. In 1990 
and 1991, Bonneville Dam discharges were greater than 4 , 000 m3/s throughout 
spawning periods. 

During the 4-year study , freshl y fertilized white sturgeon eggs were 
collected at temperatures ranging from 10 to l8° C ,  turbidities ranging 
from 2. 2 to 11. 5 NTU , near-bottom v�locities ranging from 0. 6 to 2. 4 m/s , 
mean water column velocities ranging from 1. 0 to 2. 8 m/s ,  and depths 
ranging from 3 to 23 m. \ . : 

Spawning occurred primarily in the area near RKm 23b and upstream. 
Freshly fertilized white sturgeon eggs were collected from RKm 234 , about 
600 m downstream froni the spillways at Bonneville Dam , to RKm 193. 
However , in each year , more than 70% of freshly fertilized eggs co 11 ected 
in plankton nets were taken at the index site {RKm 230) or upstream from 
the index site. In three of four years {1988�1990 } ,  94% or more of the 
freshly fertilized eggs (plankton nets) were collected at the index site 
or upstream from the index site. Only small numbers of freshly fertilized 
eggs were collected at RKm 193--three in 1990 and one in 1991. 

Substrate in the river section where freshly fertilized eggs were 
most abundant was primarily cobble and boulder. We are not sure of the 
composition of the sub st rate near RKm. 193 ; however , there are sma 11 rocky 
islands in the area , and on occasion l arge amounts of sand were collected 
in the plankton net. In addition , there is a rocky reef several 
kilometers upstream from this sampling site. 

At the index site , freshly fertilized white sturgeon eggs were 
collected over a range of environmental conditions from 1988 through 1991 
{Table 3). Water temperatures ranged from 10 to 18 ° C ,  bottom water 
turbidities ranged from 2. 2 to 11. 5 NTU , near-bottom water velocities 
ranged from 1. 0 to 2. 1 m/s ,  and mean water column velocities ranged from 
1. 5 to 2. 6 m/s. Estimated Bonneville Dam discharges at the index site 
during spawning ranged from 3 , 890 to 9 , 600 m3/s. In all years , the highest 
catches occurred during late April or May. 
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Table 3. White sturgeon egg (freshly ferti 1 ized ) catches and accompanying 
physical measurements for the index site near RKm 230 in the lower Columbia 
River, 1 988- 1 991 . Water temperatures (on site) , turbidities, and bottom 
velocities were measured just above the bottom; Bonneville Dam flow was the 
average of the hourly discharges at the time of sampling and during the 3 h prior 
to sampling . 

Vel ocity (m/s) 
Date Temp. Turb. Dam flow No. eggs Eggs/ 

( D C) (NTU) Bottom Mean (m3/s x 1 , 000) 1 , 000 m3 

column 

1988 

25 Apr 10 4 . 5  1. 0 1. 5 3. 89 3 0 . 9  
5 May 1 1  6. 4 1. 4 1 . 8  5. 14 24 10. 3 

10 May 13 6. 0 1. 0 1. 6 5. 95 80 28 . 4  
18 May . 13 6. 0 1. 2 1. 6 6 . 24 4 1. 1 
23 May 14 5. 4 1 . 2 2 . 1  5 . 59 10 3. 4 
2 Jun 14 6. 0 1. 4 2. 3 6. 51 18 5 . 4  
8 Jun 14 3. 5 1. 4 2. 0 5. 43 19 6 . 5  

16 Jun 16 3. 5 1. 1 1. 8 4 . 50 0 0. 0 
20 Jun 16 3. 2 1. 1 1. 5 4. 17 9 3. 6 
29 Jun 17 3 . 1  1. 0 1. 6 3. 90 0 0. 0 

1989 

18 Apr 10 12. 0 . 1. 5  1. 9 6. 46 0 0. 0 
27 Apr 12 10. 0 L S  2. 2 7 .1 1 348 1 1 5 . 6  
1 May 12 7. 5 . 1. 7 2. 0 6. 96 17 5. 4 

10 May 13 7. 5 2. 4 7. 89 70 21. 5 
17 May 14 9. 2 1. 6 2. 3 8. 30 525 1 49 . 6  
24 May 14 5 . 9  1. 4 2. 2 6. 82 18 5. 7 
1 Jun 14 5. 4 1. 6 2. 2 6. 80 1 0. 3 
8 Jun 16 5. 3 2. 0 2. 6 7. 66 99 30. 6 

15 Jun 17 3. 4 1. 5 2. 2 5. 91 0 0. 0 
21 Jun 17 3. 7 1. 0 1. 9 4. 60 0 0. 0 
28 Jun 18 3. 3 1. 1 1. 6 3. 98 0 0. 0 
6 Jul 1 9  . 3. 5 1. 0 1. 6 3. 72 0 0. 0 

1990 

23 Apr 1 1  3. 0 1. 1 1. 5 6. 61 0 0. 0 
30 Apr 1 1  3. 5 1. 1 2. 2 7. 20 225 70. 07 
7 May 12 3. 9 I .  7 2. 6 7. 57 32 7. 8 

14 May 12 3. 7 1. 8 2. 3 7. 03 292 87. 8 
22 May 13 3. 0 1. 1 1. 7 4. 69 0 0. 0 
29 May 1 4  3. 0 1. 4 2. 3 5. 90 39 13. 5 
5 Jun 1 5  3. 4 1. 7 2 . 5  8. 32 19 5 . 2  

1 1  Jun 1 5  6 . 5  1. 5 2. 4 9. 07 23 6 . 8  
18 Jun 1 5  5 . 6  2. 1 2. 7 9. 01 0 0. 0 
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Table 3. Continued. 

Vel ocity (m/s) 
Date Temp. Turb. Dam flow No. eggs Eggs/ 

( ° C ) (NTU) Bottom Mean (m3/s x 1, 000) 1, 000 m3 

column 

1990 (continued) 

25 Jun 17 3.7 1. 7 2.5 7.52 2 0.6 
2 Jul 18 2.2 1.2 2.1 6. 71 1 0.3 
9 Jul 19 1.9 1.1 2.2 5.56 0 0.0 

18 Jul 20 2. 0 1.1 1.8 4.25 0 0.0 

1991  

30 Apr 10 3. 6 1. 3 2. 1 7. 67 0 0. 0 
6 May 11 3.0 1. 3 2.1 6.80 2 0.6 

14 May 12 4.2 1.4 2.0 6.81 98 29.7 
20 May 12 5.3 2.1 2.6 9.60 15 7.6 
29 May 14 6.3 1. 5 2.6 8.79 2 0.7 
3 Jun 14 11.5 2.1 2.6 9.10 11 3.7 

19 Jun 16 4.2 1.4 2.5 7.39 0 0.0 
26 Jun 15 3.7 I .  I 2.2 7.36 12 4.0 
3 Jul 18 4.3 1. 7 2.4 7.38 9 2.7 
9 Jul 19 2.8 1.2 1.6 5.55 0 0.0 

15 Jul 19 3.5 1.0 1. 8 5.40 0 0.0 
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Results of simpl e regressions between white sturgeon ' egg (freshly 
fertilized) abundance and five physical parameters (water temperature, 
turbidity, near-bottom velocity, mean water column velocity, and 
Bonneville Dam discharge) for the index site were not significant (P > 
0. 05), with the exceptions of mean water colunin velocity and discharge in 
1989 and temperature in 1990 (Table 4). These analyses indicate that once 
spawning began near RKm 230, changes in discharges from Bonneville Dam and 
accompanying water velocity changes did not generally have a significant 
impact on spawning (as measured· by egg collections). Apparently, adequate 
water velocities for white sturgeon spawning were generally present 
throughout the spring and early summer, at least near RKm 230. Results 
from multiple regressions between white sturgeon egg abundance and 
physical parameters were si gnificant (P < 0. 05) for the following 
combinations : 1) temperature and discharge in 1989 ; 2) temperature, 
turbidity, and discharge in 1989 ; and 3) temperature and mean water column 
velocity in 1990 (Table 4). 

Results from the 1 2-h study at the index site are presented in 
Table 5. Catches of freshly fertilized white sturgeon eggs were not 
significantly different between night and day {two-sample t-test, P > 
0. 05). The plankton net was damaged during the effort that started at 
1951 hours; data from this set were not used in the statistical analysis. 
Based on collections of freshly fertilized eggs during the 12-h study and 
daylight collections during the four years, it appears that adult white 
sturgeon spawn throughout the 24-h day. 

Larvae 

White sturgeon larvae were collected from RKm 45 to RKm 232 in the 
lower Columbia River from 1988 through 1991 (Table 2). River Kilometer 45 
is located in the upper end of the Columbia River estuary (Figure l) ; 
however, this section of the estuary is a freshwater environment. 
Assuming that most white sturgeon spawning and egg incubation occurred in 
the 11-km section (RKm 223-234) of the river downstream from Bonneville 
Dam, 1 arvae collected at RKm 45 were transported over 175 km downstream 
after hatching. 

White sturgeon 1 arvae were collected from early May through 1 ate 
July, reflecting the protracted spawning period (Table 2). All white 
sturgeon larvae in 1988 and 1989 were collected in plankton nets, and in 
1990 and 1991, 71% or more of the total catch occurred in plankton nets. 
In 1988 and 1989, white sturgeon larvae were not collected as far 
downstream as in 1990 and 1991. Undoubtedly, smaller areas of capture in 
1988 and 1989 were due to lack of sampling with the 3. 0-m beam trawl in 
these years. All white sturgeon larvae collected in the upper estuary in 
1990 and 1991 were collected in the beam trawl. White sturgeon larvae 
were co 11 ected at depths ranging from 4 to 29 m .  When white sturgeon 
larvae were collected in plankton nets, they were most likely being 
transported by water currents, since the nets were fished from an anchored 
boat. 

Results from the 12-h study at the index site are presented in 
Table 5. Catches of white sturgeon larvae were not significantly 
different between night and day (two-sample t-test, P > 0. 05). Larvae 
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Tab 1 e 4. Regression ana 1 yses of white sturgeon egg abundance versus five 
physical parameters (water temperature, turbidity, near-bottom water velocity, 
mean water column veloci ty, and Bonneville Dam discharge) for the index site near 
RKm 230 in the lower Columbi a  River, 1988-1991. Only freshly fertilized white 
sturgeon eggs were used i n  these analyses. An asterisk indicates a significant 
regression ( P  � 0.05). 

Independent 
variable(s) 

Temperature 
Turbidity 
Near-bottom vel. 
Column vel. 
Discharge 
Temp., col. vel. 
Temp., dischg. 
Temp., turb., dischg. 

Temperature 
Turbidity 
Near-bottom vel. 
Column vel. 
Di scharge 
Temp., col. vel. 
Temp., dischg. 
Temp., turb., di schg. 

Temperature 
Turbidity 
Near-bottom vel. 
Column vel. 
Discharge 
Temp., col . vel . 
Temp., dischg. 
Temp., turb . ,  dischg. 

r
2 

0.14 
0.31 
0.13 
0.05 
0.30 
0.20 
0.37 
0.37 

0.15 
0.26 
0.30 
0.44 
0.59 
0.47 
0.62 
0.76 

0.32 
0.06 
0.05 
0.11 
0.08 
0 . 45 
0.34 
0 . 35 

df (total) 

1 988 

9 
9 
9 
9 
9 
9 
9 
9 

1 989 

11 
11 
10 
11 
11 
11 
11 
11 

1990 

12 
12 
12 
12 
12 
1 2  
12 
12 

35 

F 

1.31 
3.54 
1.16 
0.40 
3.42 
0.88 
2.08 
1.19 

1·.80 
3.58 
3.91 
8.00 

14.20 
4.02 
7.40 
8.52 

5.29 
0.68 
0.53 
1.38 
0.94 
4.1 4 
2.58 
1.59 

p 

0.29 
0.10 
0.31 
0.54 
0.10 
0.46 
0.20 
0.39 

0.21 
0.09 
0.08 
0.02* 

<0.01* 
0.06 
0.01* 
0.01* 

0.04* 
0.43 
0.48 
0.26 
0.35 
0.05* 
0.12 
0.26 



Table 4 .  Conti nued . 

Independent 
r2 variable(s) df (total) F p 

1 99 1 

Temperature 0 . 1 1 1 0  1 . 1 2 0 . 32 
Turbidity 0 . 07 1 0  0 .  7 1  0 . 42 
Near-bottom vel. 0 . 20 1 0  2 . 1 9 0 . 1 7 
Column vel. 0 . 06 1 0  0 . 56 0 . 47 
Discharge 0 . 1 3 1 0  1 . 30 0 . 28 
Temp., col. vel. 0 . 1 3 1 0  0 . 60 0 . 57 
Temp., dischg. 0 . 1 6 1 0  0 . 74 0 . 5 1 
Temp., turb., dischg. 0 . 1 7 1 0  0 . 47 0 .  7 1  
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Table 5 .  Summary of white sturgeon egg (freshly fertilized) and l arval 
collecti ons during a 12-h study at the i n�ex si te near RKm 230 in the lower 
Columbia River. Sampling was done from 1843 hours on 25 May to 0623 hours on 26 
May 1988 using a plankton net. Bonnevi lle Dam flow was the average of hourly 
discharges at the time of sampling and during the 3 h prior to sampling .  

Sampli ng times Bonneville Dam 
(hours) • flow (m3/s x 1, 000) 

No . 

1843-1943 7. 24 4 

1951-205l b 7. 40 3 

2100-2200 7. 00 0 

2206-2306 6. 74 · 108 

2314-0014 6. 50 7 

0020-0120 6. 51 27 

0128-0228 6. 58 34 

0234-0334 6. 66 3 

0340-0440 6. 72 1 

0445-0545 6 . 77 32 

0553-0623 6. 76 18 

Eggs Larvae 

No . /1, 000 m3 No. No . /1 , 000 m3 

1. 5 9 3 . 4  

1. 2 0 0 . 0  

0 5 1 . 8  

37.9 7 2. 5 

2 . 5 9 3. 2 

9 . 6  9 3 . 2 

11 . 6  3 1. 0 

I.I 7 2. 5 

0. 4 8 2 . 8  

10. 8 I 0 . 3  

11. 9 7 4 . 6' 

• Sunset on 25 May was at 2030 hours ; sunrise on 26 May was at 0515 hours . 
b Questi onable sampling effort, net was damaged. 
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were col l ected in all sampli ng efforts during the 12-h survey, with the 
exception of . the effort that started at 195 1  hours. The plankton net was 
damaged during this effort, and data from this set were not used in the 
statistical analysis � 

Young-of-the-Year 

Annual catches of YOY white sturgeon var ied considerably, ranging 
from I I  in 1988 to 273 in 1990 (Table 6). Annual catches shown in Table 6 
are not necessarily indicative of YOY abundance in respective years, since 
sampling gears and schemes were not the same in each year. In 1988 and 
1989, the 3.0-m beam trawl was not used, whereas in 1 990 and 1 991  it was 
used. The beam trawl is more effective at capturing small YOY white 
sturgeon than the 7.9-m semiballoon shrimp trawl. Also, in 1990 and 199 1 ,  
more sampling was conducted in the lower 120 km of the study area than in 
1988 and 1989. 

Based on sampling from 1988 through 1991, it appears that YOY white 
sturgeon are primarily using the section of river extending from RKm 45 to 
1 66 (Table 6). Relatively few YOY white sturgeon were collected in the 68 
km of river between Bonneville Dam (RKm 234) and RKm 166; small catches 
were made at RKm 211 in July 1 990 and September 199 1. 

In 1990 and 1991, YOY white sturgeon were first captured in late 
June; less than 2 months after spawning was estimated to have begun. In 
all four years, YOY white sturgeon appeared to grow well during their 
first summer; however, monthly mean lengths and weights varied among the 
four years (Table 6). During all four years, YOY white sturgeon reached 
a minimum mean total length of 176 mm and a minimum mean weight of 30 g by 
the end of September. No statistical comparisons among years were done 
because of small sample si zes, the protracted spawning period of white 
sturgeon, and the fact that YOY white sturgeon were collected throughout 
the month. 

The YOY white sturgeon were more abundant in deeper areas of the 
lower Columbia River, at least during daylight; mean minimum depths during 
trawling efforts in which YOY were captured were � 1 2.5 m in all years. 
Mean maximum depths at which YOY white sturgeon were captured were � 15.8 
m in all years. The bottom substrates over which YOY white sturgeon were 
found were predominantly sand; however, much of the bottom in the lower 
Columbia River is composed of sand. 

During the 31 July- I August 1990 20-h sampling survey (sampled from 
1155 through 0800 hours) at RKm 75, 52 YOY white sturgeon were collected 
(Tabl e 7). Over 78% of VOY white sturgeon were col lected during hours of 
darkness, indicating that they were more vulnerable to the trawl at night 
or moved into the sampling area at night. Catches of YOY white sturgeon 
(no./ha) were significantly higher during hours of darkness than during 
daylight (two-sample t-test, P < 0.01). The YOY were collected at depths 
that ranged from 11 to 15 m. 
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Table 6. Summary of young-of-the-year whi te sturgeon catches i n  the Columbi a  
Ri ver downstream from Bonnevi lle Dam � 1988-1991. 

Total l engtfi (mm) Weigfit {g) 

Capture 
Month locat i on (RKm) Number Mean SD Mean SD 

1988 

Jul 126 1 86.0 0.0 3.0 0 . 0  
Aug 127-153 2 134.0 41.0 · 13 .0 9 . 9  
Sep 153 2 235.0 35.4 60.5 29 . 0  
Oct 127-162 6 248.3 9.8 68.2 8 : 9  

Total 11 

1989 

Jul 49-153 17 93.4 25.8 5.0 3 .1 
Aug 49-153 15 176. 7 29.9 31.6 1 3 . 5  
Sep 46-153 12 224.4 30.4 59.7 18.7 
Oct 49-162 56 269.4 23.5 87.4 18.5 
Nov• 107-120 11 273.8 17. 7 90.4 20.2 

Total 111 

1990b 

Jun 45-120 7 32.1 4.3 <1.0 <1.0 
Jul 45-2 1 1  125 75.6 27.3 3.2 2 . 8  
Aug 50-166 79 123.8 37.5 12.3 10.4 
Sep 49-166 14 222.6 28.4 54.4 19.8 
Oct 46-166 48 224.4 28.5 51.9 17 .4 

Total 273 

199 1 c 

Jun 45-166 27 30.4 4 .1 <1.0 <1.0 
Jul 45-166 89 55.7 17 .8 1.3 1.2 
Aug 49-127 55 97.1 27.6 6 .1 4 . 8  
Sep 45-211 47 176.4 38.3 29.8 16.2 

Total 218 

a Sampli ng for November was conducted on 1 November 1989. 
b Includes samples collected at RKm 75 on 31 July-I August 1990. 

No sampli ng was done i n  October 1991. 
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Table 7. Summary of young-of-the-year white sturgeon catches during a 20-h study 
at RKm 75 i n  the lower Columbia River, 31 July- I August 1990. Sampling was done 
from 1155 hours on 31 July to 0800 hours on 1 August using a 7. 9-m semi bal loon 
shri mp trawl. 

Houra Depth range No. No. /ha Length range (mm) 

1155 13-14 m 0 0 

1357 13-14 m 0 0 

1533 10-15 m 0 0 

1702 13-14 m 1 4 79 

1830 12-14 m 1 4 108 

1933 11-14 m 6 21 79-114 

2029 12-14 m 1 4 79 

2130 12-14 m 12 39 57-120 

2230 13-15 m 12 38 54-122 

0030 12-14 m 15 55 61-141 

0218 12-14 m 2 10 82-86 

0527 13 m 0 0 

0646 12-13 m 2 10 86-113 

0800 12-13 m 0 0 

a Sunset on 31 July was at 2047 hours ; sunri se on 1 August was at 0555 hours. 
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DISCUSSION 

Based on our collections of freshly fertilized eggs throughout the 
spawning period in each year, it appears that river conditions in the 
lower Columbia River were adequate for white sturgeon spawning. 
Generall y, there was no relationship between spawning intensity {as 
measured by egg collecti ons at the index site) and water velocities or dam 
discharge during the spawning period. The significant regressions for 
mean water column velocity and dam discharge in 1989 probably resulted 
from several zero egg abundance · values. These correspond to lower 
discharges at the end of the spawning period and the pauci ty of zero egg 
abundance values for higher discharges. River flows during the spawning 
period in 1989 tended to be higher than those in 1988 and lower than 1990 
and 1991. Kohlhorst {1976) could not demonstrate any effect of river flow 
on the intensity of white/green sturgeon spawning in the Sacramento River 
in 1973. Kohl horst ' s estimates of spawning dates were based on back
calculations using collections of larval sturgeon. In a later study, 
Kohlhorst et al. {1991) found a signi ficant {P < 0.001) positive 
correlation between white sturgeon year class strength and river outflow 
in the Sacramento-San Joaquin estuary. Khoroshko { 1972) found that 
decreases in spring discharge {due to dam regulation) in the Volga River 
Basin { former Soviet Union) reduced the effectiveness of spawning by 
Russian sturgeon {A. quldenstadti Br.). During extremely low flow years 
in the lower Columbia River, spawning effectiveness could be lessened. 
Additional research should be done in the lower Columbia River, 
part i cul arl y during low fl ow years, to determine the lower threshold 
Bonneville Dam discharge for white sturgeon spawning. 

All white sturgeon eggs collected downstream from Bonneville Dam were 
probably released by sturgeon spawning in this area, and not by sturgeon 
spawning in the impoundment created by Bonneville Dam. Although white 
sturgeon spawn in the impoundment upstream from Bonneville Dam {Miller et 
al. 1991), it is unl ikely that any of these eggs are carried through 
Bonneville Dam. In 1990, Mil ler et al. {1991) collected white sturgeon 
eggs as far downstream as RKm 298, about 64 km upstream from Bonneville 
Dam. 

We were unable to determine exactly where spawni ng occurred because 
we did not know how far white  sturgeon eggs were carried by the river 
current immediately after spawning. Therefore, water velocities at actual 
spawning sites could have been different than those measured at collection 
sites of freshly fertilized eggs. The plankton nets and artificial 
substrates used to coll ect white sturgeon eggs were fished passively and 
relied on currents to carry eggs . into the nets or onto the artificial 
substrates. Although white sturgeon. eggs are adhesive and adhere to 
bottom substrate, at least some eggs are dislodged by water currents. In 
additi on, if spawning occurred near the surface, eggs would be carried a 
greater distance before settling to the bottom than if spawning occurred 
near the bottom. It is not known exactly where white sturgeon spawn in 
the water column, although observations in the impoundment upstream from 
Bonneville Dam suggest that spawning can occur near the surface { lance 
Beckman, U.S. Fish and Wi ldlife Service, Cook, Washington 98605, personal 
communication). 
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Spawning in the lower Col umbi a River in 1988- 1991 occurred during 
good temperature regimes for successful incubation. Successful white 
sturgeon egg incubation occurs at temperatures between 10 and l8 ° C ,  with 
highest survival and uniform hatching between 1 4  and l6 ° C (Wang et al. 
1 985 ) .  In our study , we estimated that some spawning occurred at water 
temperatures of 1 8  or 1 9 ° C. The survival of these eggs was probably less 
than for eggs spawned at lower water temperatures. Wang et al. ( 1985)  
observed that substantial white sturgeon embryo mortalities occurred at 
water temperatures of 1 8  to 20 ° C ;  temperatures greater than 20 ° c are 
lethal. In the Sacramento River , Kohlhorst (1976 )  observed that water 
temperatures during the white/green sturgeon spawning period ranged from 
7. 8 to 1 7 . 8 ° C ,  with peak sp�wning occurri ng at about 14. 4 ° C. It should be 
noted that Kohlhorst ' s  estimates of the spawning period are based on back
calculations of larval ages , rather than on sturgeon eggs. Spawning dates 
can be more accurately estimated using eggs rather than larvae. 

The protracted spawning period for white sturgeon in the lower 
Columbia River is advantageous for the survival and· continued abundance of 
this species. Because spawning occurs over about a 2-month period , food 
demand by post-larval white sturgeon is distributed · over a longer time , 
allowi ng more efficient use of food resources and ensuring that at least 
some larvae will encounter food and survive. In addition , the protracted 
spawning period lessens the possibili ty that a natural or man-made 
disaster would destroy an entire year-class. 

Adequate water velocities are needed to disperse white sturgeon 
larvae out of spawning and egg incubation areas. Stevens and Miller 
(1970) noted a direct relationship between river flow and catches of white 
or green sturgeon larvae in the Sacramento-San Joaquin Del ta. In a 
laboratory experiment , Brannon et al. (1985) observed that white sturgeon 
larvae swam up in the water column after hatching. In addition , Brannon 
et al. (1985 ) found that the behavior of white sturgeon larvae was 
affected by current velocity in laboratory experiments ; there was an 
inverse relationship between water velocity and the amount of time larvae 
spent i n  the water column. If this adaptive behavior occurs in the lower 
Columbia River , white sturgeon larvae could still be dispersed over a wide 
area in low flow years. 

All sampling for white sturgeon larvae was done using gear that 
sampled along or very near the bottom ; therefore , we have no information 
regarding whi te sturgeon larvae higher in the water column. However , 
based on research by Stevens and Miller (1 970) in the Sacramento-San 
Joaquin River System , it appears that white/green sturgeon larvae are 
primarily demersal. They caught 33 larvae in 16  bottom sampling efforts 
and only 1 larva in 8 surface and midwater efforts. 

Dispersal of white sturgeon larvae over a wide area is probably very 
important in maintaining a stable population of white sturgeon in the 
lower Columbia River. Wide dispersal allows utilization of more feeding 
areas and rearing habitats by larval and post-larval white sturgeon and 
minimizes competition. However, it is also important that white sturgeon 
not be carried into saline portions of the Columbia River estuary. 
Brannon et al. (1985) found that salinities �16 ppt killed white sturgeon 
larvae and fry. 
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Food resources for VOV white sturgeon in many of the deeper areas 
(>12 m) of the lower Columbia River are probably not abundant. Little is 
known about the diet of VOV white sturgeon in the lower Columbia River ; 
however, limited observations suggest that the amphipod Corophium salmonis 
is the primary prey (Muir et al. 1988). Densities of t. salmonis in many 
of the deeper areas probably are low because of unstable substrates. 
Corophium salmonis is a tube-builder and requires a more stable substrate 
to densely populate an area. In 1990, densities of t. salmonis at a deep 
area (19-21 m) at RKm 153 averaged less than 105 organisms/m2 in June 
through September (McCabe and Hinton 1991). However, in a deep area at 
RKm 120 that had large numbers of VOV white sturgeon, the density of t. 
salmonis was relatively high in August 1990 (2, 289/m2 ) ,  but dropped to 433 
organisms/m2 in September (McCabe and Hinton 1991). More research is 
needed to assess the abundance of benthic organisms in rearing areas of 
VOV white sturgeon. 

Although prey abundance may be low in many of the deeper areas of the 
lower Columbia River, the substrate in these areas is probably ideal for 
efficient feeding by VOV white sturgeon. The white sturgeon has· a 
protrusible mouth that is used to suck its prey from the bottom. In a 
laboratory experiment with juvenile Russian sturgeon (�130 mm long), 
Sbikin and Bibikov (1988) observed that juveniles preferred even, sandy 
bottoms to bottoms with stones or depressions. In addition, juveniles 
avoided vegetated areas. 

Apparently the VOV white sturgeon are very effective and efficient 
predators on prey found in the rearing areas, as evidenced by their rapid 
growth during the summer and early fall. The VOV white sturgeon reached 
a mean total length of at least 176 mm by the end of September. Rapid 
growth during the first growing season reduces natural mortality ; by the 
end of summer or fall, VOV white sturgeon in the lower Columbia River 
probably have few natural predators. 

Sampling gears used to collect VOV white sturgeon in the lower 
Columbia River were limited to two types of bottom trawls which could not 
be used in shallow littoral areas. Observations made during other studies 
suggest that VOV white sturgeon do not use the shallow littoral areas. No 
VOV white sturgeon have been collected in intensive beach sei.ning efforts 
at RKm 75 during the last 15 years (Richard D. Ledgerwood, National Marine 
Fisheries Service, P.O. Box 155, Hammond, Oregon 97121, personal 
communication). Most sampling was done during daylight, with limited 
sampling at night. The beach seining location was adjacent to the 
sampling site where 52 VOV white sturgeon were collected during a 20-h 
study in 1990. No VOV white sturgeon were collected in backwaters and 
shoreline areas during limited beach seining efforts in the lower Columbia 
River in August 1988 (McCabe et al. 1989). 

We conclude that white sturgeon spawned successfully in the lower 
Columbia River during the period 1988 through 1991. A large geographic 
area of the lower Columbia River was used by white sturgeon at different 
life history stages, and maintenance of the quality and quantity of this 
habitat is essential for sustained production and fisheries. 
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Abstract 

Locat i on and timi ng of whi te sturgeon Acipenser transmontanus 
spawn i ng were documented i n  three Columbi a  Ri ver i mpoundments ( Bonnevi lle , 
The Dalles ,  and John Day pools ) for up to fi ve years ( 1987 through 1991) . 
Whi te sturgeon spawned every year of the study exclus i vel y in tai lrace 
areas i n  the furthest upstream 2.6 km of each pool , where the hi ghest 
water veloc i t i es exi sted . Whi te sturgeon spawn i ng was pos i ti vely related 
to r i ver d i scharge. Wi th s i mi l ar annua 1 effort , the number of whi te 
sturgeon eggs collected was one to two orders of magnitude greater in 
average water years ( 1990 , 1991) than i n  low water years {1987 , 1988 ) .  

Whi te sturgeon spawned i n  12°C to 18°C water ,  however , 65% o f  all 
newly spawned eggs {pre- cleavage ferti li zed eggs , spawned < 3 hours before 
collecti on ) were collected i n 13°C and 14°C water over cobble , rubble , and 
bedrock . Spawning generally began earliest i n  the season and lasted 
1 ongest i n  the furthest downstream poo 1 , and began 1 ate st and was 
shortest i n  the furthest upstream pool . 
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Introduction 

With the exception of a few field studies (Miller 1972 ; Kohlhorst 
1976) , our understanding of natural spawning by white sturgeon until 
recently has been l i mi ted to i nformati on generated from cul ture and 
l aboratory studi es ,  due i n  part to the inherent di fficul ti es of sampling 
large rivers . .  During the past five years , white sturgeon reproduction and 
recruitment (Miller and Beckman 1992) , the environmental conditions 
associated with white sturgeon spawning (Parsley et al 1992 ;  McCabe and 
Tracy 1992) , and white sturgeon spawning cues (Anders and Beckman 1992) , 
in the Columbia River downstream . from McNary Dam have been studied. 
However , timing , specific location , and duration of white sturgeon 
spawning was not documented by these authors. Therefore, based on a need 
for this baseline data , our objective is to provide specific information 
regarding these parameters for white sturgeon spawning in the three 
impoundments of the Columbia · Ri ver downstream from McNary Dam. This 
i nformation wi l l  allow fi sheri �s managers to effecti vely evaluate spawni ng 
success in these impoundments , and may al so be used to manage white 
sturgeon popul at i ans. This work may a 1 so assist other researchers 
initiating studies involving white sturgeon or other sturgeon speci es in 
other aquatic  systems. 

Study Area 

White sturgeon spawni ng was i nvestigated in a 233 km section of the 
Columbia River between Bonneville Dam (RKm 237) and McNary Dam (RKm 470) 
in Bonneville , The Dalles , and John Day pools (Figure 1 ).  lmpoundment 
created lacustrine conditions in some areas of the river by increasing 
water depth and surface area compared to pre- i mpoundment conditions. 
Post-impoundment water management has ·. also reduced water velocity in 
spring and early summer , and increased it during wi nter compared to pre
impoundment conditions. 

Bonneville Pool (RKm 237-309 )  covers 7 , 600 ha of predominantly sand 
substrate. The Dalles Pool (RKm 309-348) covers 3 , 600 ha of predominantly 
sand, cobble , and bedrock substrates , and John Day Pool (RKm 348-470) 
covers 19 , 800 ha of mainly mud , sand , gravel , and cobble substrates. High 
water velocities (> 3 m/s) .in the tailrace areas in the extreme upstream 
ends of each pool have exposed l arger substrates , including cobble, 
rubble, boulder and bedrock ,  while transporting and depositing finer 
substrate materials in downstream port ions of the impoundments. More 
detailed descriptions of the study area , includi ng annual variation in 
spawning habitat availability , can be found in Parsley et al. (1992). 

Methods 

Timing and location of white sturgeon spawning was determined by 
collecting newly-spawned eggs from April or May through July , 1987 through 
1991. Newly spawned white sturgeon eggs .referred to eggs in the pre
cleavage, changing pigmentation stage (Beer 1981) , which were spawned < 3 
hours before col lection. White sturgeon eggs were collected from the 
drift in plankton nets (0.78 m max. width , 0.54 m high , 1.59 mm knotless 
mesh) and in a beam trawl net (2.7 m X 0.5 m ,  1.59 mm knotless mesh) 
following the techniques presented by Miller et. al 1991. Mean water 
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column velocity (sum of the velocity values measured at 20% and 80% of 
max. depth/2) was measured with a Price "AA" current velocity meter1 wired 
to a Swoffer Instruments Model 2200 digital current velocity meter. Water 
temperature (°C) was measured with digital ( YSI Model 58 ) or laboratory 
thermometers. River discharge data were provided by the U. S Army Corps of 
Engineers. 

White sturgeon spawning dates were back-calculated from viable eggs 
using an exponential function involving water temperature and stage of 
embryoni c  development reported by Wang et al. (1985) .  Embryonic stages of 
white sturgeon eggs were determined .usi ng developmental criteria presented 
by Beer ( 1981) ., and a dissect.i on microscope. 

Since all white sturgeon eggs were collected only in tail race areas 
from 1987 through 1991 , Bonneville Pool is referred to as The Dalles Dam 
tailrace , The Dalles Pool i s  referred to as John Day Dam · tailrace, and 
John Day Pool is referred to as McNary Dam tailrace when reporting or 
discussing egg collection results. 

Results 

Spawning location For safety reasons due to high water velocity , 
sampling was not possible in all spawning areas. However , collection 
locations of newly spawned white sturgeon eggs most accurately represented 
spawning locations , since newly spawned eggs were in the water column for 
less than 3 hours before collection. All but one newly spawned egg was 
collected from the drift less tha,i 2. 7 km downstream from each dam. 
Spawning may have occurred beyond the . spawning areas determined by this 
study , however , up to five years of egg sampling i n  non-tailrace areas 
failed to co 11 ect white sturgeon eggs. Although we samp 1 ed up to 32 km 
downstream from these dams , no eggs of any embryonic stage were collected 
further than I O. I km , 4. 5 km, and 5. 3 km downstream from The Dalles , John 
Day and McNary dams ( Figure 2) . During the five year study period , newly 
spawned eggs were- collected at 6 to 10 sites in The Dalles Dam tailrace , 
I to 5 sites in John Day Dam tailrace , and 2 to 4 sites in McNary Dam 
tail race. 

During the study , two episodes of white sturgeon spawning were 
observed in The Dalles Dam tail race , and veri fi ed by the collection of 45 
newly spawned eggs at three 1 ocat ions slightly downstream from the 
observed activity. On 3 June , 1988 , spawning activity was observed 
between 1200 and 1230 hours , and between 1300 and 1345 hours , and was 
characterized by numerous fish, perhaps as many as 25 , breaching and 
rolling on the surface, concentrated in a small area. The majority of 
spawning activity was observed in a large turbulent eddy, just upstream 
from the Highway 197 bridge ( Figure· 2) near the rip -rap lined north bank. 
El even of the 45 newly spawned eggs were co 11 ected during a 30 minute 
stationary plankton net tow , while an additional 33 were collected in a 
second tow for I O  minutes in the same area , immediately after the first. 

The percent composition of substrates over whi ch white_ sturgeon . 
1 Use of trade names does not imply endorsement by the USFWS 
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spawned vari ed among tai l races , however , cobble , rubble , boulder , · and 
bedrock exi sted i n  all the spawn i ng areas , wi th gravel present in some 
areas to a lesser extent. 

· Egg co l lect ion We assumed that a positi ve relati on exi sted between 
the number of white sturgeon ,eggs co 11 ected and the number of eggs 
spawned. Newly spawned eggs were collected i n  all tai lraces every year 
they were sampled except in John Day Dam tai lrace duri ng 1988. Duri ng the 
study, 372 newly spawned wh·i te sturgeon eggs were collected i n  The Dalles 
Dam tai l  race , compared to 159 and 28 i n  John Day and McNary dam tai lraces 
(Fi gure 2) . 

Numbers of whi te sturgeon eggs of all embryon i c  stages collected 
were hi ghly vari able among years i n  each tai lrace , and among pools each 
year. Duri ng the fi ve years , more whi te sturgeon eggs were collected i n  
The Dalles Dam tailrace (1440) than i n  John Day Dam tai lrace (721) , and 
McNary Dam tailrace (181) .  The number of whi te sturgeon eggs collected 
annually ranged from 104 to 772 (X=360) i n  The Dalles Dam tai lrace , 25 to 
334 ( X= l 70) i n  John Day Dam tai lrace , and 41 to 69 (X=60) i n  McNary Dam 
tai l race. 

Timing of spawning White sturgeon spawn i ng in The Dalles Dam 
tai lrace began approxi mately one week earli er than i n  John Day tai lrace , 
and one to two weeks earlier than i n  McNary Dam tai lrace duri ng each year 
(Fi gure 3) . Whi te sturgeon spawning dates ranged from 19 May · to 10 July 
in The Dalles Dam tai l race , from 1 · June to 10 July in John Day Dam 
tailrace ,  and from 3 June to 15 July i n  McNary Dam tai lrace. 

The length of the spawn i ng peri od (number of days) was al ways 
longest in the furthest downstream tailrace ,  and shortest i n  the furthest 
upstream tai lrace (Fi gure 3) . The mean length of whi te sturgeon spawning 
periods was 43.5 days in The - Dalles Dam tai lrace (4 yr mean) , 21.5 days i n  
John Day Dam tailrace (5 yr mean ) ,  and 18 days in McNary Dam tai lrace (3 
yr mean) .  

Spawning trends Three white sturgeon spawning trends were evident 
from this study. First , regardless of sample size , the number of eggs 
collected (and presumably the number of eggs spawned) was always greatest 
i n  The Dalles Dam tai lrace ,  (furthest downstream) followed by collecti ons 
from John Day Dam and McNary Dam tai lraces. 

Secondly , the number of whi te sturgeon eggs collected was markedly 
greater i n  years of average river di scharge (1990 , 1991) than i n  years of 
low ri ver discharge (1987 , 1988) ; no years of above average river 
di scharge existed during thi s  study. In The Dalles and John Day Dam 
tailraces , one to two orders of magnitude more eggs were collected in 
average water years than i n  low water years. Accompanying egg catch per 
unit effort (CPUE) values using the beam trawl were 7 to 8 times greater 
in The Dalles Dam tailrace , and an order of magnitude greater i n  John Day 
Dam tailrace ;  egg CPUE values usi ng the plankton nets were at least twi ce 
as high i n  these tai lraces during average water years compared to low 
water years. · ·  · · · · . . . 

Thirdly , spawni ng period duration was also greater fo average water 
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years than i n  low water years. In  the John Day Dam tai l race spawni ng 
occurred on 22 days i n  1991 (average water year) compared to less than 10 
spawni ng days i n  1988 { low water year) ( Fi gure 4). 

Di scuss i on 

Spawning location Whi te sturgeon spawned only i n  the furthest 
upstream several ki lometers of each pool duri ng each year of the study 
si nce these were the only areas avai lable wi th adequate water veloci ti es. 
The amount of spawni ng vari ed ,  often drasti cally , among years wi thi n each 
tai lrace. Di scharge was the only measured vari able that also vari ed 
substanti ally among years i n  each spawni ng area. Depth , substrate , and 
water temperature i n  each spawni ng area remai ned relati vely constant or 
unchanged among years, yet i n  low water years spawni ng i n  these areas 
appeared greatly reduced, i ndi cati ng the i mportance of di scharge ( and 
subsequent water veloci ty) for spawni ng. In the same three i mpoundments 
from 1987 through 1991, newly spawned eggs were not collected i n  areas 
havi ng water veloci ty less than 0.8 m/s (Parsley et al. 1992) , whi le 
di scharge and mean veloci ty were found to si gni fi cantly effect whi te 
sturgeon spawni ng i n  The Dalles Dam tai lrace (Anders and Beckman 1992) .  
Depth, substrate , and water temperature si mi lar to that found i n  spawni ng 
areas exi sted i n  non-tai lrace areas of the pools , however , no whi te 
sturgeon spawni ng was detected i n  these areas from 1987 through 1991, 
presumably due to the lack of adequate water veloci ty. 

In  a cooperat i ve whi te sturgeon study from 1987 through 1991 , McCabe 
and Tracy ( 1992) studi ed whi te sturgeon spawni ng i n  the free-flowi ng 
Columbi a Ri ver downstream from Bonnevi lle Dam. The fact that whi te 
sturgeon successfully spawned every year i n  spawni ng areas i n  Bonnevi lle 
Dam tai lrace where mean water column veloci ty was always greater than 1.0 
m/s suggests that sui table water veloci ty i s  extremely i mportant to whi te 
sturgeon spawni ng. Thi s conclusi on i s  further supported by our esti mates 
of reduced whi te sturgeon spawni ng i n  the three i mpoundment tai lraces i n  
years of low di scharge. 

Timing of spawning Whi te sturgeon began spawni ng i n  the three 
i mg,oundments every year they were sampled when water temperature exceeded 
12 C. The ti mi ng of spawni ng i ni ti ati on vari ed sli ghtly among years due 
to annual cli mati c vari ati on .  I n  the free flowi ng ri ver secti on 
downstream from Bonnevi lle Dam , whi te sturgeon began spawni ng at I0°C 
(McCabe and Tracy 1992). In  the i mpoundments , water temperature fi rst 
reached 12°C i n  The Dalles Dam tai lrace , followed sequenti ally by John Day 
and McNary Dam tai lraces. Thi s  delayed i ni ti ati on of spawni ng i n  each 
progressi vely upri ver tai lrace was most li kely due to the ti mi ng of water 
warmi ng i n  the i mpoundments. 

Spawni ng peri ods were longest i n  the furthest downstream tai lrace , 
and progressi vely shorter the two upstream tai lraces. Thi s  may have been 
partly due to di fferences i n  whi te sturgeon broodstock abundance among 
pools. Abundance of adult whi te sturgeon was greatest downstream from 
Bonneville Dam ( Devore at al. 1992 ) ,  and decreased progressively ·in each 
upriver iritpoundment · ( Beamesderfer and Rei n  1992 ) .  While the effect of 
i ncreasi ng the number of spawni ng i nd i 'vi duals i n  areas bf currently 
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depressed broodstock numbers is untested , spawning period duration 
appeared to be positively related to the abundance of spawning individual s 
( Figure 3). 

Spawning duration may have also been influenced by spawning habitat 
availability. A given discharge provided a different amount and quality 
of spawning habitat in each tailrace because each tailrace had a unique 
channel morphology (Parsley et al. 1992) .  As a result , differing amounts 
of available spawning habitat i n  each tailrace may influence spawning 
duration. Pars 1 ey et al . ( 1992) discusses the effect of discharge on 
availability and quality of spawning habitat in detail. 

Gear efficiency may also have increa-sed in years with higher flows 
and dam discharges , al 1 owing . greater catches of white sturgeon eggs 
collected from the drift during years of hi gher discharge. However , 
higher egg and larvae CPUE values , and larger catches of YOY white 
sturgeon accompanied higher water years , which indicated an increased 
amount of white sturgeon spawning in years of higher discharge (Miller and 
Beckman 1992) .  · 

The trend of progressively less spawning , small er egg sample sizes , 
and lower CPUE values in an upstream direction was best explained by the 
abundance of spawning white sturgeon in. each of the pools. A larger 
number of reproducing white sturgeon existed in The Dalles Dam . tailrace 
than in John Day Dam , and more reproducing white �turgeon existed in John 
Day Dam tail race than in McNary Dam tail race ( Beamesderfer and Rien 1992).  

i 

In addition to enhancing our understanding of the timing , location, 
and duration of white sturgeon spawning , this research has provided 
fisheries managers with the necessary. information to successfully monitor 
spawning of biologically and econo·mically important white sturgeon 
populations in the three furthest downstream Columbia River impoundments. 
Only by understanding the reproductive biology of this unique species in 
an altered environment will we be able to assess the effects of changing 
water management on white sturgeon spawning , a skill necessary to ensure 
future reproduction and long-term survival of · these white sturgeon 
populations. 
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Abstract.-Recognition of the i mportance of biotic and abiotic factors 
whi ch control production of whi te sturgeon Ac i penser transmontanus is 
essenti al to properly manage the populati ons in the Columbia River 
downstream from McNary Dam , particularly in the three i mpoundments created 
by the construction of dams. Research conducted from 1987 through 1991 
i ndi cated that i n  years w i th low ri ver di scharge dam operati ons negatively 
affected whi te sturgeon spawni ng by reduci ng the amount and quality · of 
spawni ng hab i tat , whi ch contri buted to year class failures or poor 
recrui tment i n  the i mpoundments. Low ri ver di scharge had less of an 
adverse effect on whi te sturgeon spawni ng habi tat i n  the free-flowi ng 
reach downstream from Bonnevi lle Dam , wi th recrui tment · occurri ng i n  all 
years of the 5 -year study. Dead whi te sturgeon eggs were more prevalent 
i n  the collecti ons from the i mpoundments than from the free- flowing reach. 
Spawni ng began at lower temperatures i n  the free-flowi ng reach than i n  the 
i mpoundments , although water temperatures were si mi lar among areas. 
Feedi ng condi ti ons for post-yolk-sac larvae and juveni le white sturgeon 
were probably better i n  the i mpoundments than i n  the free- flowing reach , 
based on li mi ted benthi c i nvertebrate collecti ons and estimates of the 
amount of hab i tat available for rearing ; consequently , growth rates and 
mean length at age were greater for juvenile white sturgeon from the 
impoundments than from the free-flowing reach. 
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The ecology of North American sturgeons is poorly understood. These 
primitive long-lived fish reproduce only every 2-8 years ; the seven 
different species require from 3 to 34 years to reach maturity with males 
maturing at a younger age than females (Conte et al. 1988). Thus they are 
susceptible to environmental perturbations and over -exploitation. As a 
result , sturgeon stocks have decli ned throughout their range. In North 
America green sturgeon Acipenser · medirostris , Atlantic sturgeon A . 
oxyrhynchus, and white sturgeon A . transmontanus support l i mited 
commercial fisheries , and 1 ake sturgeon A. ful vescens , green sturgeon, 
Atlantic sturgeon, and white sturgeon can be l egally harvested by sport 
anglers. The other three species , shortnose sturgeon A . brevirostrum , 
pallid sturgeon Scaphirhynchus al bus , .· and shovel nose sturgeon .S,. 
platorynchus are protected under the federal Endangered Species Act. 

The Columbia River and its watershed have been drastically altered 
by human activities (Anonymous 1991 ; Ebel et al. 1989). Construction and 
operation of hydroelectric dams , agriculture , logging , mining , stream 
channelization , water pollutio n , and harvest have allowed some fish 
species to flourish , while others have declined. Fish adapted to riverine 
conditions have suffered most � 

Historically , white sturgeon were abundant in the Columbia River , 
and supported an intense commerci a 1 fishery · through the 1 ate 1800s. 
Commercial catches peaked in 1892,  when more than 2.4 x 106 kg were landed 
(Craig and Hacker 1940). Overfi shi ng soon decimated the populati-0n , and 
by 1899 the annual catch was less· than 33. , 250 .kg . .  Regulations on harvest 
during the mid 1900s allowed white sturgeon populations to recover 
sufficiently to support recreat tonal and commercial fisheries. Presently , 
white sturgeon are the most popular recreational fish in the Columbia 
River from the mouth to McNary Dam (Oregon Department of Fish and Wild.l i fe 
and Washington Department of Fisheries 1991). The .four dams in this area 
(Figure 1) have divided the white sturgeon into essentially separate 
populations , although there is limited exchange among the areas through 
the fish ladders at each dam (Warren and Beckman 1992). 

Fisheries management agencies are concerned about the future of 
white sturgeon populat i ons in the Columbia River downstream from McNary 
Dam , particularly in the three impoundments. Rieman and Beamesderfer 
(1990) suggested that the white sturgeon fishery is on the verge of 
collapse. Typically , management agencies have responded to declines in 
populations by restricting harvest through minimum and maxi mum size 
limits ,  daily and annual harvest limits ,  and cl osed seasons and areas. 

The prevailing philosophy of white sturgeon management relies on 
stock- recruitment relations and protects spawning stock to ensure future 
production. However , environmental effects on the stock- recruitment 
relati ons differ among areas �nd have changed over t i me because of changes 
to the environment caused by hydroelectric development. Year- to-year 
differences in environmental characteristics can cause fluctuations in 
reproduction at least as great as those associated wi th variation in stock 
density (Ricker 1975). Year-class failures have been observed in white 
sturgeon populations from impounded areas (Miller and Beckman 1992a) which 
implies that the environment affects white sturgeon reproduction more than 
stock- recruitment relations during some years and in some areas. 
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Bi oti c and abi oti c factors ulti mately control producti on (Karr and 
Dudley 1 978) and recogni z i ng the affect these have on stock-recrui tment 
relati ons and how hydroelectri c  development and operati on of the dams have 
affected the bi oti c and abi ot i c factors that i nfluence whi te sturgeon 
populati ons wi ll enable whi te sturgeon fi sheri es to be enhanced rather 
than mai ntai ned. Effecti ve management of whi te sturgeon populati ons wi ll 
only be achi eved through an understandi ng of the factors affecti ng 
reproducti on and early li fe hi story , as di scussed by Le Cren (1962) 30 
years ago ; 

"An understandi ng of the dynami cs of the whol e reproducti ve 
and recrui tment process i s  urgently needed , and i s  probably the 
largest gap i n  our knowledge of fi sh populati on dynami cs." 

The si ze of an unexploi ted populati on at any gi ven ti me has been set by 
precedi ng events. Effecti ve management strategi es to repl eni sh depleted 
populati ons can be developed by i denti fyi ng physi cal and bi ologi cal 
bottlenecks that determi ne the populati on at each li fe hi story stage. 

In thi s  paper , we revi ew factors known , or suspected , to i nfluence 
whi te sturgeon populati ons i n  the lower 470 km of the Columbi a  Ri ver 
(Fi gure 1 ).  Much of the revi ew i s  drawn from the results of data 
collected i n  the Columbi a  Ri ver downstream from McNary Dam from 1 987 - 1991. 
The goal is  to i denti fy factors that determi ne the numbers of fi sh in  a 
cohort i n  each of the three i mpoundments and the uni mpounded ri ver reach 
that compri se thi s  secti on of the ri ver , and to determi ne how the 
constructi on and operati on of hydroelectri c  dams have affected whi te 
sturgeon spawni ng and recrui tment. Compari ng factors among ri ver reaches 
wi ll provi de i nsi ght i nto those that are li mi ti ng whi te sturgeon. We 
beg i n w ith factors controlli ng the numbers of eggs spawned , as a cohort i n  
an unsupplemented populati on can be no larger than the number of eggs 
produced. Bi ologi cal and physi cal processes cause mortali ty ,  whi ch 
reduces the populati on over ti me. The causes and magni tude of mortali ty 
vary as ontogeny progresses (Fi gure 2) . 

Li fe Stages 

The number of whi te sturgeon eggs spawned annually i n  each ri ver 
reach depends on the number of spawni ng females present , female fecundi ty ,  
and a physi cal and chemi cal envi ronment that permi ts v i tellogenesi s  and 
cues spawni ng. In any one year only 10% to 20% of the adult female 
populati on i s  capable of spawni ng (Conte et al. 1988 ).  The number of 
adult whi te sturgeon i n  the Columbi a  Ri ver downstream from McNary Dam 
d i ffers among the four ri ver reaches , and i s  greatest i n  the free-flowi ng 
reach downstream from Bonnevi lle Dam , foll owed by Bonnevi lle , The Dalles , 
and John Day pools (DeVore et al. 1992 ;  Beamesderfer and Ri en 1992 ).  

Fecundi ty of whi te sturgeon i ncreases w ith length (Beamesderfer and 
Ri en 1992 ;  Devore et al. 1992) , but sample si zes i n  those studi es were too 
small to determi ne i f  di fferences i n  fecundi ty at length exi sted among the 
four areas. Si ze composi ti on of whi te sturgeon populati ons vari ed among 
areas ; smaller fi sh were more prevalent i n  the free-flowi ng reach and i n  
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Figure 1. The Col umbia River downstream from McNary Dam , showing the three impounded river reaches and 
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Bonnevi lle Pool than i n  The Dalles or John Day pools (Beamesderfer and 
Ri en 1992 ; Devore et al. 1992 ) .  

Because of the di fferences i n  numbers of adult fi sh and si ze 
composi ti on of the four whi te sturgeon populati ons downstream from McNary 
Dam , wi de vari ati on i n  the number of eggs spawned i n  each ri ver reach was 
expected. Esti mates of the number of eggs spawned were never made , but 
egg deposi t i on should have been greater i n  the free-fl owi ng reach , 
fo 11 owed by Bonnev i 11 e ,  The Da 11 es ;a' and John Day pools , based on 
populati on si ze. Esti mates of the number of days that spawni ng occurred 
duri ng each spawni ng peri od i n  each r i.ver reach and the catch per uni t  ·of 
effort of eggs duri ng each year verifi ed that more eggs were spawned i n  
the free-flowi ng reach , fol lowed by Bonnevi lle , The Dalles and John Day 
pools (Anders and Beckman 1992 ;  McCabe and Tracy 1992 ; Mi ller and Beckman 
1992a) . 

Spawni ng occurs only i f  the physical envi ronment permi ts 
vi tellogenesi s  and cues ovulati on �  · Vitellogenesi s  i n  white sturgeon 
requi res two years i n  the San Francisco Bay estuary , wi th a reproducti ve 
cycle (ti me between spawni ngs) ' of 4-5 years (Chapman 1989 ) .  The 
reproducti ve cycle of the whi te sturgeon i n  the Columbi a  Ri ver downstream 
from McNary Dam i s  probably three years or more (Welch and Beamesderfer 
1992 ) .  

Temperature and photoperi od have been suggested to be i mportant 
envi ronmental factors i n  fi sh maturati on (de Vlami ng 1972) , and 
spermatogenesi s  i n  wh i te sturgeon appears to be affected by temperature 
( Chapman 1989 ) . No di fferences i n  mean dai ly water temperature among 
areas duri ng 1990 and 1991 were detected (unpubli shed data , U. S. Fish and 
Wi ldli fe Servi ce) , and because the four areas are at vi rtually the same 
lati tude (45 ° N-47 ° N) , photoperi od does not di ffer among areas. Although 
water temperature and photoperi od were si mi lar among reaches, spawni ng 
began earli er i n  the year and at lower water temperatures i n  the free
flowi ng reach than i n  the i mpoundments (McCabe and Tracy 1992 ;  Anders and 
Beckman 1992) . 

Spawni ng should only occur when and where envi ronmental factors are 
· li kely to be opti mal for the survi val and growth of progeny (Munro et al. 
1990) .  Whi te sturgeon spawni ng occurred i n  areas wi th hi gh water 
veloci ti es over coarse substrates (Parsley et al. 1992 ).  Spawni ng i n  hi gh 
water veloci ti es may help separate and di sperse the adhesi ve eggs. The 
coarse substrates provi de a good surface for the eggs to attach. 

The amount of spawni ng habi tat i n  the study area di ffered among 
reaches because of the channel morphology i n  each reach , and among years 
because of changi ng ri ver di scharges (Parsley and Beckman 1992) . Channel 
morphology and ri ver di scharge affect water veloci ti es i n  a g i ven reach. 
The i mpoundments have reduced the hydraulic slope of the ri ver over vast 
reaches and i nundated many rapi ds and .falls that hi stori cally provi ded 
spawni ng habi tat for whi te sturgeon. D ifferences i n  spawni ng habi tat 
caused by channel morphology are evi dent duri ng low ri ver di scharges 
because the di scharge i s  essenti all y the same i n  each area ; the free-
_ flowi ng reach provi des more spawni ng habi tat than the i mpoundments at 
lower di scharges (Parsley and Beckman 1992) . 
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Mortality of eggs begins immediately following spawning , and can be 
divided into four categories: physiological mortality from abnormal egg 
development (including unfertilized eggs) , losses from fungal infection , 
predation , and loss due to physical damage. Broadcasting large numbers of 
eggs is an adaptive strategy of many fishes , including white sturgeon, 
because of high mortality of spawned eggs. 

The incidence of fungus-infected eggs in field collections was 
unusually high in The Dalles Pool , with 45% of the eggs collected over 5 
years showing fungal infection , followed by Bonneville Pool with 21% (4-
year average) , John Day Pool wi th 17% (3-year average) , and the free
fl owing reach with 2% (5-year average) (Anders and Beckman 1992} . 
Abnormally developing eggs quickly die and become covered with fungus , 
which can cause mortality of adjacent eggs and foster the spread of 
fungus. Abnormal development is induced by po lyspermi c fertilization , 
parthogenesis , mechanical disruption , and environmental perturbations 
including water temperature fluctuations , adverse water quality , and bio
accumulation of toxins (Beer 1981 ; Basely and Gately 1981 ; Ginzburg 1968} . 

High egg mortalities in the impoundments but not in the free-fl owing 
reach , as evidenced by fungal infection , indicate that impoundment has 
adversely affected either the physical or physiological environment for 
vitellogenesis , ovulation , spawning ,  or egg incubation. It is not known 
specifically what causes the high egg mortality , but water quality in the 
Columbia River has been degraded by industrial wastes (Damkaer and Dey 
1989 } , mining , and agriculture. Water quality can be degraded more in 
some areas than others (Damkaer and Dey 1989} and the i mpoundments may 
serve as settling basins for pollutant's. Basely and Gately (1981 ) 
reported levels of polychlorinated bi phenyls in whi te sturgeon ova from 
Bonneville Pool that are known to cause mortality of developing rainbow 
trout Oncorhynchus myki ss embryos. Ti khonova and Shekhanova ( 1982} 
determined that gastrulation in Russian sturgeon Acipenser gueldenstaedti 
is the most sensitive stage to agricultural pesticides containing 
carbamates. 

White sturgeon provide no parental care for their eggs , thus the 
eggs are vulnerable to predation. Miller and Beckman (1992c} found that 
white sturgeon eggs in Columbia River i mpoundments were eaten by 
largescale sucker Catostomus macrocheilus , common carp Cyprinus carpio , 
northern squawfish Ptychocheilus oregonensis , and prickly sculpin Cottus 
asper. Crayfish Pacifastacus leniusculus may also consume white sturgeon 
eggs. Estimates of the number of eggs consumed by predators are 
unavailable , but the effect of egg losses on recruitment in the 
impoundments is compounded by the low numbers of eggs spawned in these 
areas. lmpoundment has favored predation on eggs by reducing water 
velocities over vast areas. High water velocities in the dam tailraces 
would reduce predati on on white sturgeon eggs by excluding predators. 
However , water velocities are reduced duri ng years of low ri ver discharge 
(Parsley and Beckman 1992) , and operation of McNary , John Day , and The 
Dalles dams to produce more power during peak energy needs and less power 
at other times reduces water velociti es at night and allows predators 
access to white sturgeon eggs. Near-substrate water velocities measured 
at one location downstream from The Dalles Dam on 8 and 9 June 1988 ran�ed 
from 0.43 to 1.83 m/s as di scharge ranged from about 3 , 000 to 8 , 000 m /s 
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(unpubli shed data, U.S. Fi sh and Wi ldli fe Service) . Generally , hourly 
di scharge at Bonnevi lle Dam was less vari able than di scharge at the 
upri ver dams. 

The fate of eggs di slodged from the substrate and those that do not 
adhere to a surface i s  unknown. Many di slodged eggs could settle i n  areas 
favorable to egg predators , or the trauma of di slocati on would ki ll some 
eggs. However , di slodged eggs have been hatched i n  aquari a (unpubli shed 
data , U.S F i sh and Wi ldli fe Servi ce) . Irregular substrates or those wi th 
i ntersti ti al spaces could provi de protecti on from scouri ng and predati on. 
Shi fti ng substrates could crush eggs. 

Egg mortali ty i ncreases when i ncubati on occurs at 18 ' C , and total 
mortali ty occurs at 20 ' C (Wang et al. 1 985) . Most whi te sturgeon spawni ng 
occurred at 1 4 " C  i n  the four reaches (Parsley et al. 1992 ) ,  but some 
spawni ng occurred at temperatures greater than 1 8 ' C, parti cularly i n  the 
i mpoundments (Anders and Beckman 1992 ; McCabe and Tracy 1992 ) .  For 
unknown reasons, spawni ng i n  the free-flowi ng reach duri ng 1987-1991 began 
on earli er dates and at 1 ower temperatures than i n  the i mpoundments. 
Spawni ng i n  the free-flowi ng reach began at l O ' C , but spawni ng di d not 
begi n i n  the i mpoundments unti l the temperature was 12 · c , and often 
cont i nued after temperatures reached 18 ' C. When thi s  happened , dead eggs 
i ncreased i n  the catch , and generally no yolk-sac larvae were collected 
from eggs spawned at the hi gher temperatures. 

Yolk-sac Larvae 

Whi te sturgeon yolk-sac larvae have been descri bed as "hardy" (Conte 
et al. 1988) , referri ng to thei r abi li ty to survi ve transport for 
arti fi c i al culture. Yolk-sac larvae must be tolerant of harsh physi cal 
condi ti ons to survi ve i n  the turbulent envi ronment i n  whi ch hatchi ng 
occurs. However, they are sensi ti ve to poor water quali ty ;  Brannon et al. 
(1985b) reported that water quali ty parameters for chlori ne and gas 
supersaturati on may be more cri ti cal for whi te sturgeon than for 
salmoni ds. Max i mum recommended ni trogen gas pressure for culture (and 
presumably i n  the wi ld) i s  110% of saturati on (Conte et al. 1988) . 

Losses of yolk-sac larvae i n  the Columbi a  Ri ver due to abnormal 
development or other factors have not been quanti fi ed and di fferences i n  
mortali ty among the four ri ver reaches could not be determi ned. Dead 
yolk-sac larvae were collected from the dri ft i n  the four ri ver reaches , 
but the cause of death was unknown. Some mortali ty was caused by the 
collecti on process , but yolk-sac larvae that were probably dead pri or to 
collecti on were found i n  the three i mpoundments. Thi s natural mortali ty 
could have been caused by poor water quali ty ,  nutri ent i mbalance i n  the 
yolk-sac, or physi cal trauma assoc i ated wi th hatchi ng i n  the turbulent 
envi ronment. 

Yolk-sac larvae (one day or less old) coll ected from the John Day 
Pool were si gni fi cantl y longer than yolk sac larvae from the other two 
i mpoundments and the free-flowi ng reach (Student-Newman-Keuls test , P i 
0.05 ) .  Yolk-sac larvae from the free-flowi ng reach were si gni fi cantly 
shorter than those collected i n  each of the i mpoundments (unpubli shed 
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data , U. S. Fish and Wildlife Service). Generally , larger size at hatch is 
advantageous for fish ; predation is lessened and food is more available 
when exogenous feeding begins. 

Size at hatch can be influenced egg size , dissolved oxygen 
concentrati ons , and water temperature during i ncubati on (V i ljanen and Koho 
1991 ) .  D i fferences in size composi tion of mature female white sturgeon 
from the i mpoundments has been noted ( Beamesderfer and Rien 1992) and 
larger female white sturgeon produce larger eggs (North et al. 1992 ) .  
Because the majori ty of adult female white sturgeon in the John Day Pool 
were l arger than those i n  the other areas , it is possi bl e that the eggs 
spawned and thus the yol k-sac larvae would be larger i n  this pool . 

Predation on yolk-sac larvae by fi sh probably occurs. Laboratory 
experiments by Brannon et al. (1986) showed that white sturgeon larvae 
were eaten by goldfish Carassius auratus , bluegill Lepomis macrochirus , 
juveni le chinook salmon Oncorhynchus tshawytscha , rainbow trout , and older 
white sturgeon . Volk-sac larvae i n  the Columbia Ri ver are unlikely to 
encounter goldfish or bluegill , but are probably vulnerable to predation 
by the same fishes identified as egg predators. Volk-sac larval white 
sturgeon have no defensi ve capabilities other than an ability to hi de in 
the substrate after the swi m-up phase and a limited abi. l  ity to evade 
predator strikes. 

Predation on yolk-sac larvae is related to predator abundance, 
dispersal of newly hatched larvae , and vulnerabi lity of the larvae. White 
sturgeon larvae are most likely to be preyed upon by demersal fishes. 
Stevens and Miller (1970) observed that sturgeon larvae (white or green 
sturgeon) i n  California' s  Sacramento-San Joaquin River system were 
primarily demersal. They caught 33 larvae in 16  bottom sampling efforts 
and only 1 l arva i n  8 surface and mi dwater sampli ng efforts. Rel ati ve 
abundance of resi dent demersal fi shes known to prey on white sturgeon eggs 
and suspected to prey on yolk-sac l arvae was greatest i n  John Day Pool , 
fol l owed by the free-fl owi ng reach , Bonnevil l e  Pool and The Dal l es Pool 
(unpubl i shed data , Nati onal Marine Fisheri es Service, Mil ler and Beckman 
1992c). 

If egg predators are attracted to spawning areas , rapid dispersal of 
newly hatched yolk-sac larvae would reduce encounters with potential 
predators. Upon hatching ,  white sturgeon larvae enter the water column, 
presumabl y to aid in downstream dispersal (Brannon et al. 1985a). Brannon 
et al. ( 1985a) found in l aboratory studies that the duration of this swi m
up phase was indirectly related to water velocity. However , the water 
vel oci t i es used in those experi ments , 0.02 and 0.08 m/s ,  were consi derably 
less than the 0.5- 2.4 m/s water velocities measured near the substrate in 
white sturgeon spawning areas and the 0.3-2. 4  m/s velocities measured near 
the substrate at sites where yolk-sac larvae were collected in the 
Col umbi a Ri ver (Parsley et al. 1992) . Larval fish i n  water vel oci ti es 
thi s  high could be transported downstream considerable distances i n  a 
short ti me. In the free-flowing reach , yolk-sac larvae have been 
col l ected over 175 km downstream from the known spawning area (McCabe and 
Tracy 1992 ) .  
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Whi te sturgeon yolk-sac larvae are probably most vulnerable to 
predators duri ng the swi m-up phase. The large opaque larvae dri fti ng wi th 
the water currents may be qui te obvi ous to vi sual predators. Turbi di ty 
and darkness may provi de cover for the dri fti ng larvae, but turbi di ti es i n  
the Columbi a  Ri ver have probably been reduced by constructi on of the 
i mpoundments. Brannon et al. (1985a) determi ned that laboratory reared 
yolk-sac larvae were more apt to enter the water column duri ng darkness 
than duri ng dayli ght. A propensi ty to dri ft at ni ght would reduce 
encounters w i th vi sual predators. Yolk-sac larvae of lake sturgeon are 
nocturnal dri fters (Kempi nger 1988) .  The majori ty of efforts to collect 
dri fti ng whi te sturgeon yolk-sac larvae from the Columbi a  R i ver were 
duri ng dayli ght (unpubli shed data, U. S. F i  sh and Wi ldli fe Servi ce and 
Nati onal Mari ne F i sheri es Servi ce) . However, i n  a 12 -h  study conducted 
downstream from Bonnevi lle Dam, McCabe and Tracy (1992 ) found no 
si gni fi cant di fference between day and ni ght catches of larval whi te 
sturgeon (P > 0. 05) . 

Post-yolk-sac Larvae 

Mortali ty of larval fi sh i s  often greatest duri ng the peri od of 
transi ti on from endogenous to exogenous feedi ng (Hjort 1926 ) .  Post-yolk
sac larval whi te sturgeon requi re 25-30 days to metamorphose i nto 
juveni les wi th a fu 11 comp 1 ement of fi n rays and scutes. Duri ng thi s 
ti me, the fi sh acti vely feed on the substrate and are susceptible to 
predati on, starvati on ,  di sease, and parasi ti sm. Predati on on post-yolk
sac larvae has been noted j n  laboratory experi ments (Brannon et al. 1986 ) , 
but has not been i nvesti gated i n  the Columbi a  Ri ver. Potenti al predators 
collected i n  associ ati on wi th post-yolk-sac larvae i nclude bri dgeli p 
suckers Catostomus columbi anus, largescale suckers, bullheads Ictalurus 
spp. , common carp, peamouth Mylochei lus cauri nus, chi selmouth Acrochei lus 
alutaceus, northern squawfi sh, pri ckly sculpi n, larger whi te sturgeon, and 
starry flounder Plati chthys stellatus. Post-yolk-sac larvae develop 
defensi ve scutes as they grow, and thei r vulnerabi li ty to predati on 
probably decli nes rapi dly as they grow. 

It i s  unknown i f  or when ' i rreversi ble starvati on '  or the ' poi nt-of
no-return' (May 1974) occurs for larval whi te sturgeon that are depri ved 
of food. In a laboratory study, i f  food was not present post-yolk-sac 
whi te sturgeon re-entered the water column , presumably to be di splaced 
farther downri ver to a food source (Brannon et al. 1985a) . Whi te sturg�on 
rai sed in aquaria fed on co�mon carp larvae , Daphni a  spp. , and benthic 
tubi fex worms. Post-yolk-sac whi te sturgeon collected i n  the Columbi a  
Ri ver fed pri mari ly on amphi pods (Corophi um spp. ; Sprague et al. 1992 ) .  

Post-yolk-sac whi te sturgeon are probably not food li mi ted i n  the 
i mpounded areas. Li mi ted studi es on benthi c  i nvertebrates i n  the 
freshwater porti on of the free-flowi ng reach and i n  The Dalles Pool showed 
that densi ti es i n  The Dalles Pool were greater than densi ti es of 
i nvertebrates i n  the free-flowing reach (McCabe et al. 1992 ; Sprague et 
al. 1992 ) .  Though benthi c  i nvertebrates have not been studi ed i n  
Bonnevi lle or John Day pools , i mpoundment and the correspondi ng reducti on 
i n  water veloci ti es have probably i ncreased secondary producti on and 
benthi c i nvertebrate densi ti es. 
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Juveni les 

Juveni le whi te sturgeon numbers are reduced by predati on ,  
starvati on ,  d i sease , parasi ti sm ,  and di rect and i ndi rect human acti ons. 
Losses of juveni les to predati on are probably sli ght , due to the benthic 
habi ts ,  fast growth , and defensive scutes. On 1 y one j uven i 1 e white 
sturgeon was consumed by a channel catfi sh Ictalurus punctatus duri ng a 
study that investi gated gut contents of more than 4 , 780 northern 
squawfish , 1 , 050 walleye Stizostedion vitreum , 4 , 800 smallmouth bass 
Micropterus dolomi eui , and 650 channel catfi sh (unpubli shed data , U.S. 
Fi sh and Wi ldli fe Servi ce) . Other potenti al predators on white sturgeon 
listed previously were not examined i n  that study. 

The i mpounded areas should be able to support densi ti es of juveni le 
white sturgeon that are equal to or greater than dens it ies in the free
flowi ng reach. Esti mated juveni le whi te sturgeon densi ti es i n  the four 
reaches , based on trawl catches , were hi ghest i n  the free-flowi ng reach , 
followed by Bonnevi lle , The Dalles , and John Day pools (unpubli shed data , 
Nati onal Marine Fi sheries Servi ce ;  Miller et al. 1991) . Losses due to 
starvati on are probably hi gher i n  the free-flowi ng reach than i n  the 
i mpoundments because juveni le white sturgeon feed primarily on benthi c  
i nvertebrates, whi ch are more abundant i n  the i mpounded areas than i n  the 
free-flowi ng reach. Generally , growth rates , mean length at age, and 
condition factors were greater for juveni le sturgeon captured in the 
i mpounded areas than for those co 1 1  ected i n  the free- flowing reach {Mi 1 1  er 
and Beckman 1992b) , suggesti ng that food resources for juvenile whi te 
sturgeon were more limi ti ng in the free- flowi ng reach than i n  the 
i mpounded areas at exi sti ng white sturgeon densi ties. 

Hatchery reared white sturgeon are susceptible to many of the same 
diseases and parasi tes common to other fi shes reared i n  culture faci li ties 
(Conte et al. 1988) , but losses of . wh i te sturgeon to di sease and parasi tes 
i n  the ri ver are di fficult to quanti fy. Fi sh weakened by di sease or 
parasites are more vulnerable to predation. The degree of infestation by 
the nematode parasi te Cystoopsi s  acipenseri vari ed spati ally and 
temporally , and was greater i n  smaller white sturgeon (McCabe 1992). 
However , i t  i s  unknown if infestati on causes mortali ty. 

Human actions someti mes cause mortali ty of juvenile whi te sturgeon. 
Sucti on dredgi ng i n  deep areas (20-26 m) in the lower ri ver i s  known to 
seriously i njure and ki ll juvenile white sturgeon (Buell 1992) , and there 
i s  speculati on that the dredgi ng operati ons may attract feedi ng white 
sturgeon , compoundi ng the losses. Sucti on dredgi ng i s  rarely conducted i n  
the impounded areas. Lost and abandoned g i ll nets ki ll substant i a 1 
numbers of juvenile and adult white sturgeon i n  i mpounded areas { personal 
observati ons by the authors) , and large numbers of fi sh are occasi onally 
ki lled duri ng maintenance acti vi ties at the dams (personal communi cati on ,  
John DeVore , Washington Department of Fisheri es ,  Battle Ground , 
Washington) . Hooking mortality of angler-caught sublegal-sized fi sh 
probably accounts for a minor l oss of juvenile white sturgeon. 
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Conc l us i ons 

Construction and operation of dams in the Columbia River Basin have 
altered the historic river hydrograph by reducing discharges during the 
spring and summer ,  creating a more stable environment. Species adapted to 
an ever-changing riverine environment become more or less dependent on the 
annual cycles or fluxes (Nesler et al. 1988) . Hubbs (1972 ) suggested that 
a steady-state environment is deleterious to most native stream fauna . 
Research since 1 987 has revealed year- class failures and poor recruitment 
to young-of-the -year for white sturgeon in the three impoundments on the 
Columbia River downstream from McNary Dam , yet recruitment in the . 
unimpounded river downstream from Bonneville Dam has occurred each year 
(McCabe and McConne 11 1988 ; McCabe and Tracy 1992 ; Mill er and Beckman 
1992b) . The combination of low broodstock numbers as a result of 
overexploitation ( Rieman and Beamesderfer 1990) and poor spawning habitat 
as a result of hydroelectric development probably caused the lack of 
recruitment in the impoundments. For long-lived species like the white 
sturgeon , occasional year-class failures may not be detrimental to the 
population. 

Year-class strength is determined by the number of eggs spawned and 
the survival rates over several independent life stages , all of which must 
be high to produce a strong year-class (Walters and Collie 1988) � 
Increasing the number of white sturgeon eggs spawned or decreasing 
mortality at any life stage should increase the white sturgeon populations 
in the impounded reaches. Increasing the number of eggs spawned could be 
achieved by i ncreasing adult numbers and providing better spawning 
habitat. Survival of eggs and larvae could be enhanced by providing 
higher water velocities in the impounded areas by increasing river 
discharge during the spawning , incubation, and yolk-sac larvae periods. 
Simulating natural flow patterns containing spring runoff spikes that are 
near the magnitude of historic flows may be necessary to improve white 
sturgeon spawning in the impoundments. Nesler et al . ( 1 988) suggested 
restoring spring runoff spikes to stimulate spawning by Colorado squawfish 
( Ptychocheilus lucius) in areas downstream from dams. 

Measures being considered to increase water velocities in 
impoundments to aid in the outmigration of threatened and endangered 
salmonids in the Columbia River Basin should benefit white sturgeon 
spawning if they coincide with white sturgeon spawning. Juvenile salmonid 
outmigrations generally occur during the white sturgeon spawning period. 
Potential actions include lowering water elevations in impoundments and 
augmenting spring and summer flows ; both will i ncrease water velocities. 
The increased water velocities will improve spawning habitat, aid the 
dispersal of white sturgeon larvae , and could reduce predation on white 
sturgeon eggs and larvae. Parsley and Beckman (1992 ) showed that lower 
water elevations in John Day Pool provided more spawning habitat for white 
sturgeon in the McNary Dam tailrace. 

White sturgeon populations in the impoundments could be increased 
directly through supplementation. Broodstock numbers in the impoundments 
could be increased by providing better passage at the dams. Fi sh 
elevators at Bonneville Dam were once effective in passing white sturgeon 
from the free-flowing reach into Bonnevi 11  e Pool (Warren and Beckman 

73 



1 992 ) . A s i mi l ar el evator exi sted at The Dal l es Dam . These coul d be 
react i vated to al l ow wh i te sturgeon passage i nto l ower den s i ty areas or 
exi st i ng l adders coul d be mod i fi ed to i ncrease wh i te sturgeon passage . 

Juven i l e  wh i te sturgeon coul d be stocked i nto l ow den s i ty reaches 
from hatchery operat i ons , or by transpl ant i ng fi sh  from the free - fl owi ng 
reach i nto the i mpoundments . Bottom trawl i ng at certa i n l ocat i on s  duri ng 
spr i ng and fal l was very effect i ve at capturi ng l arge numbers ( i . e . > 1 00 
fi s h/5 m i n tow) of j uven i l e  wh i te sturgeon . These fi sh  coul d be 
transported upr i ver , perhaps us i ng ex i st i ng j uven i l e  sal mon i d  
transportat i on barges or trucks , i nto i mpoundments wi th l ow dens i t i es of 
wh i te sturgeon . Col l ect i on and transportat i on of wi l d  fi sh woul d 
al l ev i ate concerns about the genet i c i ntegri ty of hatchery reared fi sh . 
Remov i ng several thousand j uven i l e  wh i te sturgeon from the free - fl owi ng 
reach woul d probabl y have a m i n i mal effect on the wh i te sturgeon fi shery 
i n  that reach . 

W i thout successful reproduct i on or suppl ementat i on of fi sh  i n  the 
i mpoundments , the probabl e consequence of current wh i te sturgeon 
management strateg i es wi l l  at best be the further curta i l i ng of 
recreat i onal and commerc i al harvest opportun i t i es ,  and at worst the 
ext i rpat i on of wh i te sturgeon from vast reaches of the Col umb i a Ri ver 
Bas i n  as ex i st i ng fi sh  d i e .  Past rel i ance on harvest management onl y as 
a means of ma i nta i n i ng wh i te sturgeon popul at i ons  was due to the pauc i ty 
of i nformat i on on wh i te sturgeon ecol ogy . Hydroel ectri c devel opment has 
affected wh i te sturgeon popul at i ons , wi th th i s new i nformat i on ,  add i t i onal 
management strateg i es can be devel oped to enhance wh i te sturgeon 
popul at i on s . 
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Abst ract . - White sturgeon (Acipenser. transmontanus ) migrations within 
and outside the lower Columbia River downstream from Bonneville Dam (LCR) 
were documented based on tag data. This study, the most extensive white 
sturgeon tagging study reported, was based on 26 years of mark and 
recapture data where 40, 2 21 white sturgeon were captured, marked, and 
released and 5, 049 marked fish were recaptured and removed from the marked 
population. Results of this research effort confirmed a general pattern 
of seasonal distribution within the LCR descri bed by past researchers. A 
consistent annual migration pattern of upstream migration in the fall, a 
quiescent winter period, downstream migration in the spring, and a large 
congregation of sturgeon in the estuary in the summer were described for 
subadult white sturgeon in the LCR. Seasonal availability of adult 
salmonids ( Oncorhynchus sp . ) ,  eulachon ( Tha le ichthys pac if icus ) , and 
northern anchovies (Engrau 7 i s  mordax) were thought to influence white 
sturgeon seasonal distribution within the LCR. Seasonal spawning 
migrations by adult white sturgeon could not be identified from this 
tagging study, although other data supported · this phenomenon. Tag 
recoveries outsi de the LCR described out-of-system migrations ranging from 
the southern Oregon coast to Puget Sound, Washington. 
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White sturgeon (Acipenser transmontanus) range along the Pacific coast 
of North America from the Aleutian Island chain in Alaska to Monterey, 
California { Scott and Crossman 1973) . Major white sturgeon production 
areas have been identified in the Sacramento/San Joaquin, Columbia, and 
Fraser river basins . White sturgeon are diadromous but many populations 
have survived isolation by dams . 

Columbia River white sturgeon are most abundant in the lower Columbia 
River downstream from Bonneville Dam { LCR) { Devore et al . 1992) . The LCR 
white sturgeon population has a greater potential productivity relative to 
impounded populations in the basin . This is partly attributed to the 
ability of LCR sturgeon to utilize ocean-based food resources and escape 
in-river exploitation {Devore et al . 1992) . 

White sturgeon migrations are primarily associated with feeding, 
reproduction, and water temperature { Bajkov 1949, 1951; Miller 1972 ; Scott 
and Crossman 1973 ; Haynes 1978 ; Haynes and Gray 1981), although changes in 
distribution have been associated with catastrophi c  events such as the Mt . 
St . Helens eruption in 1980 { Stockley 1981; Galbreath 1985) . Seasonal 
migrations of the LCR population were documented by past researchers . 
Bajkov { 1951) described a general pattern of "small and medium sized 
individuals" migrating upstream in the fall -nd early winter and 
downstream in late winter and early spring . Bajkov concluded that these 
patterns of movement were migrations by immature sturgeon feeding on 
salmon and lamprey carcasses in the fall and smelt in the spring . Similar 
patterns of seasonal movement have been documented for other populations, 
including those isolated by dams { Coon et al . 1977 ; Haynes 1978 ; Haynes 
and Gray 1981 ; Dixon 1986 ; North et al . 1992), indicating a possible 
genetic propensity for seasonal migrations . 

Miller { 1972) and Haynes (1978) observed larger fish moving upstream 
in the winter and early spring in the Sacramento and Columbia rivers, 
respectively . They hypothesized that these fish were reproductively 
mature and migrating to spawning areas . In the LCR, spawning takes place 
in the 5 km reach downstream from Bonneville Dam each spring {McCabe and 
Hinton 1990 ; Grimes 1991; McCabe and Tracy 1992) . Upstream spawning 
migrations by mature adults would be expected each year prior to the 
spawning season .  

White sturgeon are capable of  making extensive migrations outside 
their natal river basi ns { Chadwick 1959; Scott and Crossman 1973 ; 
Kohlhorst et al . 1991) . The degree of mixing and genetic transfer between 
populations in the Sacramento/San Joaquin, Columbia, and Fraser river 
basins is currently unknown, although there is genetic evidence that the 
Columbia Basin provided founders for the Fraser system following the last 
ice age { Brown et al . 1992) . 

The LCR white sturgeon tagging study is the most extensive white 
sturgeon tagging program reported in the literature . For the 26 year 
period since 1965, a total of 40, 221 white sturgeon have been tagged with 
5 , 049 marked white sturgeon recovered and removed from the tagged 
population .  The duration and magnitude of the study have given managers 
a long time series of critical data to refine harvest management 
strategies for the LCR population .  
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Understanding migration and distribution patterns is neces sary for 
accurate population dynamics modeling and effective fisheries management 
strategies ; critical components for optimizing the production potential of 
a population. This report documents the distribution and seasonal 
migrations of LCR white sturgeon based on tagging and catch sampling data. 
Seasonal abundance of forage species are compared with distribution of 
white sturgeon. Aspects of the 1 ife history of LCR white sturgeon 
pertaining to seasonal distribution are discus sed. 

Methods 

Lower Columbia River research fisheries conducted by the Washington 
Department of Fisheries (WDF) and the Oregon Department of Fi sh and 
Wildlife (ODFW) from 1983-1991 were used to capture and mark white 
sturgeon. Sturgeon were marked using sequentially numbered spaghetti tie 
tags inserted at the base of the dorsa 1 fin . Research fisheries were 
located at: Columbia River estuary (rkm 9-32) ,  Woody Island (rkm 45) , 
Skamokawa (rkm 55) , Mayger (rkm 87) , Kalama (rkm 127) , Corbett · (rkm 200) , 
and Bonneville (rkm 230) (Figure 1). Drift and set gillnets with stretch 
mesh sizes ranging from 15.9 to 30.5 cm (6% to 1 2  in) were used to capture 
sturgeon (Appendix Table 1). 

Mark recoveries were primarily obtained from commercial and 
recreational fishery sampling conducted by WDF and ODFW. These recoveries 
were referred to as · "in-sample".  Voluntary tag recoveries were al so 
solicited from commercial fishermen and recreational anglers. Recoveries 
from marine and other areas outside the LCR were primarily obtained from· 
voluntary returns. Additional recoveries from tagging efforts in 1965-
1982 were used to document distribution of marked fish outside the LCR. 

_ Seasonal distribution patterns within the LCR were compared using mark 
r�covery frequency distributions by recovery month and recovery area. Tag 
r�coveries were adjusted by the sampling rate calculated for each recovery 
ar;�a stratification. Area stratifications were recreational fishery 
saqipling sections 1 ,  2-9 ,  and 10 (Figure 1). Catch per unit effort (CPUE) 
data from the recreational fishery (Melcher and King 1991) were al so used · 
to determine seasonal distribution patterns. The CPUE in recreational 
fisheries was assumed to reflect relative abundance of sturgeon. 
Req-,reat i ona 1 CPUE comparisons were made by month and area. Mult i·p le 
rec�ptures of marked sturgeon were al so reviewed to ascertain seasonal 
migration patterns. ' . , /  

. ·seasonal di stri but ions of sturgeon were compared to season a 1 abundanc� · _ 
of known forage species. Commercial landings of Columbia River s'melt' · 
(Thaleichthys pacificus) , commercial landings of northern anchovies 
(Engrau 7is mordax) in ocean areas 1 and 2 (Cape Falcon , Oregon to the 
Queets River mouth in Washington) (Figure 2), Bonneville Dam counts of 
shad (A losa sapidi ssima) ,  and Bonnevi 1 1  e Dam counts of adult and jack' · . 
salmonids (Oncorhynchus sp . )  were used as indices of forage abundance. 

, Out-of-system migration analysis used tag and recovery information 
from white sturgeon tagged between 1965 and 1991 , and recovered outside, 
the LCR. Tag recoveries were enumerated by recovery location and month 
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Figure 1 .  Locations white sturgeon were captured and marked on the 
Columbia River downstream from Bonneville Dam , 1983-1991 . 
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Figure 2. Map of Washington and Oregon coastal areas showing extent of 
out-of-system tag recoveries from whi te sturgeon tagged in the Columbia 
River downstream from Bonneville Dam, 1970-1991. 
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for a 11 years combined. Recovery location and month were compared to 
document seasonal patterns. 

Resul ts 

Consistent seasonal patterns of LCR white sturgeon distribution were 
identified using mark recovery frequency distributions by month and area. 
The frequency of white sturgeon mark recoveries in upstream areas of the 
LCR (recreational fishery sampling section 1) was greatest in the spring 
and fa 11 (Figure 3) • Middle reaches of the LCR ( rec re at i ona l fishery 
sampling sections 2-9) had the greatest frequency of mark recoveries in 
the fall and winter/early spring months. The estuary (recreational 
fishery sampling section 10) eclipsed all other LCR areas for summer mark 
recoveries. In fact, estuary mark recoveries in summer months outnumbered 
all other recoveries combined, indicating the highest annual concentration 
of white sturgeon in. the LCR. Seasonal distribution patterns were similar 
regardless of the area sturgeon were tagged (Figure 4). This resu1 t 
indicates that there was little bias resulting from tagging location 
and/or there is not a significant nonmigratory "resident" population in 
the LCR. Recreational CPUE data showed the same seasonal trends of white 
sturgeon distribution within the LCR (Figure 5). Multiple recoveries of 
marked LCR white sturgeon supported the general trend of high summer 
abundance in the estuary, upstream migration in the fall, higher abundance 
in upstream areas in the fall, winter, and early spring, and downstream 
migration in the spring. 

Comparison of white sturgeon distribution within the LCR with that of 
important forage species did not indicate a strong correlation between 
abundance of northern anchovies in ocean areas 1 and 2 and abundance of 
white sturgeon in the estuary in the summer (Figure 6). The increased 
abundance of white sturgeon in the middle reaches of the LCR was 
associated with abundance of smelt in the winter and early spring months. 
Increased numbers of sturgeon in recreational fishery sampling sections 2-
9 in the fall and early winter was not associated with abundance of an 
identified forage species but may represent a general upstream migration 
from the estuary in the fa 11 and/ or increased abundance of sal mon ids 
during that time. Similarly , increased abundance of immature white 
sturgeon upstream in the fall, winter, and early spring may be associated 
with the presence of salmonid carcasses. There was no apparent 
association between sturgeon distribution in the LCR and high shad 
abundance in May and June. 

There were 211 out-of-system mark recoveries of LCR white sturgeon 
from 1970-1991 (Table 1). The majority of out-of-system recoveries 
occurred in adjacent marine areas from Neah Bay to the north of the 
Columbia River to Tillamook Bay, Oregon to the south (Figure 2). The most 
distant recoveries were from Heron Island, Washington in Puget Sound to 
the north and from the Umpqua River, Oregon to the south. These 
migrations represented minimum movements of 528 km to the north of the 
Columbia River mouth and 298 km to the south. The average time at large 
for out-of-system recoveries was 620 days, ranging from 3 2  to 2, 391 days. 
An insufficient number of recoveries prevented analysis for seasonal 
patterns of out-of-system mark recoveries. 
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Tabl e 1. Out-of-system tag recoveries of marked l ower Col umbia white sturgeon, 1970-1991. 

Recovery 
Locat i on 

Heron Isl and 
Cl al l um Bay 
Neah Bay 
Makah Bay 
Hoh River 
Quinault R i ver 
Chehalis Ri ver 
Humptuli ps River 
John ' s  River 
Grays Harbor 
Wil lapa River 
Nasel l e  Ri ver 
Nemah Ri ver 
Pal i x  River 
Wil l apa Bay 
Col umbia R i ver 
Oregon Coast 
Nehal em Bay 
Oregon Coast 
Til l amook Bay 
Ti 1 1  amook Ri ver 
Oregon Coast 
Yaqu i na Bay 
Umpqua River 

Total Recoveries 

Description 

Case I nlet, south Puget Sound, WA 
Straight of Juan De Fuca, east of Sekiu, WA 
Cape Fl attery, WA 
West of Neah Bay, WA 
North WA coast 
North WA coast 
East Grays Harbor tri butary 
North Grays Harbor tributary 
Southeast Grays Harbor tributary 
Central WA coast 
East W i l l apa Bay tributary 
South Wil l apa Bay tributary 
South Will apa Bay tributary 
Seutheast Wil l apa Bay tr i butary 
South WA coast 
Mouth of Col umbia River 
Seaside, OR, north OR coast 
North OR coast 
Rockaway Beach, north OR coast 
North OR coast 
Til l amook Bay tributary 
Nestucca Bay, OR, north OR coast 
Central OR coast 
Winchester Bay tributary, south OR coast 

Approximate distance 
Number of from mouth of the 
Recoveries Col umbi a River (km) 

1 
1 

20  
1 
1 

11 
70 
2 
2 

2 2  
10 
30 
1 
1 

17 
6 
1 
1 
1 
6 
1 
1 
2 
2 

211 

528 
279 
250 
233 
161 
113 
108 
89 
87 
74 
71 
68 
58 
50 
3 7  
0 

29 
64 
72 
81 
89 

130 
219 
298 



Observations made during estuary sturgeon tagging indicated that fish 
captured and tagged in the estuary were composed of immigrants from the 
ocean as well as migrants from upstream areas. The two groups were 
differentiated by lighter skin color , sharper scutes, and superior 
condition factor of the ocean fish. Presence of algae and barnacles on 
the tag of some of the recaptured marked fish was additional evidence of 
ocean residence. 

Discussion 

Seasonal distribution patterns of LCR white sturgeon documented in our 
analysis were similar to that reported by Bajkov (1951). In both studies 
there was evidence of a general pattern of upstream migration in the fall , 
a quiescent winter period , downstream migration in the spring , and a large 
congregation of sturgeon in the estuary in the summer. Ephemeral food 
availabili ty appeared to be the primary motivation for white sturgeon 
concentrations and migrations. 

Forage species such as Columbia River smelt and salmonids seemed to 
influence the seasonal distribution of LCR white sturgeon. Likewise , high 
abundance of northern anchovies in the estuary in summer probably 
influences the high summer concentration of sturgeon in the estuary. Our 
abundance index of commercial anchovy landings from ocean areas 1 and 2 
did not support this conclusion. A better index of anchovy abundance in 
the Columbia River would be monthly landings of anchovies caught in the 
Columbia River estuary. Unfortunately , that data was unavailable. Peak 
landings of anchovies caught in the Columbia River estuary are thought to 
coincide with peak catches of white sturgeon in the estuary. 

Out-of-system migrations documented in our study ranged 826 km from 
Puget Sound to the southern Oregon coast (Figure 2). The most distant 
recovery represented a migration that was less than the 1 , 062 km 
documented by Chadwick (1959) or the 1 , 170 km reported by Kohlhorst et al. 
(1991). One unsubstantiated recovery of a marked LCR white sturgeon 
caught off Naknek , Alaska (>3 , 200 km from the Columbia River mouth) was 
reported by a Columbia River fisherman. The location was within the 
extreme northern range for white sturgeon (Scott and Crossman 1973) , 
however , we could not verify the report. No marked fish from the LCR were 
recovered in other production basins , although white sturgeon are capable 
of migrating the distance to reach either the Sacramento/San Joaquin or 
Fraser basi ns. Several white sturgeon tagged in San Pablo Bay , California 
have been recaptured in Oregon and Washington coastal rivers and 
estuaries , including the LCR (Chadwick 1959 ; Kohlhorst et al. 1991). 
There is probably some interchange between populations based on the 
distribution of out-of-system recoveries and the genetic relatedness of 
white sturgeon populations (Brown et al. 1992). More intensive sampling 
of sturgeon outside the Columbia River would probably yield recoveries of 
LCR sturgeon in more distant areas including other white sturgeon 
production areas . 

The extent of out-of-system migration could not be adequately 
determined due to the lack of sampling outside the Columbia River , however 
it appeared limited and variable. In contrast to Bajkov (1951), who 
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assumed few LCR sturgeon migrated into marine waters, our data indicated 
LCR sturgeon do readily utilize ocean areas. The proportion of reported 
out-of-system recoveries to total recoveries in our study was .04. The 
proportion of out-of-system recoveries increased 100 to 500 percent during 
the year of the Mt. St. He 1 ens eruption and for the next two years. 
Bajkov (1951) and Kohlhorst et al. (1991) reported out-of-system recovery 
proportions of .004 and .009 for LCR and Sacramento/San Joaquin white 
sturgeon, respectively. Although comparative data suggest a more 
extensive marine migration of LCR white sturgeon than previously assumed 
or reported, there does not seem to be a significant proportion of the LCR 
standing stock residing in the ocean. Factors influencing the frequency 
of out-of-system recoveries include the proportion of the LCR population 
with tags, the occurrence and scope of commercial and recreational 
fisheries outside the LCR, and catastrophic events affecting LCR water 
quality (Stockley 1981 ;  Galbreath 1985). More analysis is needed to 
understand the frequency, timing, and environmental cues associated with 
out-of-system migrations. 

Many authors report a distinct upstream migration in the winter and 
spring into known spawning areas by large, presumably reproductively 
mature individuals (Miller 1972; Scott and Crossman 1973 ; Haynes 1978) . 
We were unable to document size specific spawning migrations due to a 
paucity of recoveries of large marked fish. However, Melcher and King 
(1991) present data relating the incidence of handling of sturgeon >6 ft. 
tot a 1 1 ength by month and area in the LCR recreat i ona 1 fishery which 
indicates that the highest hooking rates of large fish occurs in the upper 
LCR in the spring. Coupled with broodstock monitoring catches of mature 
sturgeon in the spring, as well as larval sampling data, there is clear 
evidence that large mature white sturgeon do congregate in the upper LCR 
in the spring. We be 1 i eve that a more extensive tagging and recovery 
effort of large LCR white sturgeon would confi rm a distinct upstream 
spawning migration in winter and early spring months. 

There are unanswered questions pertaining to movements and 
distribution of LCR white sturgeon: What proportion of the LCR population 
migrates to marine areas? What is the duration of marine residence? What 
factors are responsible for marine migrations, especially in light of an 
abundant forage base in the LCR? What are the movements and distribution 
of large mature sturgeon? Further research is needed to fully understand 
these migration patterns. We recommend that radio and/or sonic tracking 
studies be conducted in the LCR. Better comprehension of migration 
patterns will help refine our understanding of population dynamics. 
Conservative harvest management strategies, such as the creation of 
sanctuaries to protect spawning fish, may be identified pending conclusive 
results. 
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Appendix Table 1 .  White sturgeon tagging summary by research fi shery 
and year , 1 983- 1 99 1 . 
Year/ No. No. No. . No. 
Fishery Drifts Captured Tagged Recaptured 
1 983 
Corbett 60 749 69 1 2 7  
Mayger 49 743 457 4 
Woody Island 24 583 483 14 
Estuary 5 9 9 0 
Total 138 2 , 084 1 , 640 45 

1 984 
Corbett 29 341 292 1 6  
Mayger 4 88 3 7  0 
Skamokawa 20 43 1 3 50 5 
Woody Island 1 2  303 268 4 
Estuary 2 2 2 0 
Total 67 1 , 165 949 2 5  

1 985 
Corbett 30 256 1 77 7 
Kalama 5 204 88 2 
Mayger 1 3  1 1 7 1 09 3 
Skamokawa 1 5  6 13  360 1 1  
Estuary 23 635 624 5 
Total 86 1 , 825  1 , 358 28 

1 986 
Corbett 35  504 23 1 1 7  
Mayger 7 105 96 2 
Skamokawa 22 2 , 392 1 , 076 54 
Woody Island 20 1 , 028 777  59  
Estuary 38 2 , 45 1  2 , 1 55 39  
Total 1 22 6 , 480 4 , 335  1 7 1  

1 987 
Corbett 30 261  201  4 
Mayger 1 3  37  33  1 
Skamokawa 9 497 2 5 1  9 
Woody Island 2 1  406 296 1 0  
Estuary 74 3 , 164 2 , 948 1 1 6 
Total 147  4 , 365 3 , 729 1 40 

(Continued) 
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Appendix Table 1. White sturgeon tagging summary by research fishery 
and year, 1983-1991. (Continued). 
Year/ No. 
Fishery Drifts 
1988 
Bonneville 
Corbett 
Mayger 
Skamokawa 
Woody Island 
E stuary 
Total 

1989 
Bonneville 
Corbett 
Mayger 
Skamokawa 
Woody Island 
Estuary 
Total 

1990 
Bonneville 
Corbett 
Mayger 
Woody Island 
Estuary 
Total 

1991 
Bonneville 
Corbett 
Coho 1 
Skamokawa 
Woody Island 
Estuary 
Total 

NA 
31 
6 
9 

20 
55 

121 

NA 
27 
10 
2 

21 
55 

115 

NA 
30 
14 
30 
52 

126 

NA 
30 
74 
3 

20 
71 

198 

No. 
Captured 

88 
631 
161 
35 

763 
1,532 
3,210 

30 . 
275 
45 

165 
1,569 
4,921 
7,005 

54 
389 
32 

763 
5,320 
6,558 

84 
217 
252 
40 

1,237 
7,530 
9,360 

No. 
Tagged 

17 
481 
76 
26 

601 
1,409 
2,610 

24 
174 
39 
85 

812 
4,249 
5,383 

50 
214 
25 

369 
2,756 
3,414 

65 
83 
51 
36 

749 
3,967 
4,951 

No. 
Recaptured 

0 
17 
2 
1 

11 
100 
131 

0 
0 
1 
0 

50 
225 
276 

0 
14 
1 

21 
432 
468 

2 
9 
3 
0 

43 
643 
700 

Grand Ave. 124 4,672 3,152 220  
1 Data are combined for a l l coho test fisheries occurring in 

September. Catch areas were Chinook, Skamokawa, and Eag le c liff, 
WA and Astoria, OR. 
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Abstract 

We determined the distribution and movement of white sturgeon 
(Acipenser transmontanus) in Bonneville, The Dalles, and John Day 
reservoirs on the Columbia River from April through August, 1989-1991. 
The study also evaluated effects of hydroelectric dams on white sturgeon 
populations. Differences in catch per setline-day indicated that white 
sturgeon densities were greatest in Bonneville Reservoir and least in . 
John Day Reservoir. White sturgeon concentrated in tailraces of dams 
and density generally declined downstream through each reservoir. 
Distribution within each reservoir varied wi th sampling month and 
related, in part, to temperature . .  Most fish were caught at depths from 
1 0  to 30 m. Tagged fish were often recaptured in locations other than 
those where originally marked. Some fish were recaptured as far as 1 52 
km from where released. Individual fish frequently traveled the length 
of a reservoir, but were seldom recaptured in another reservoir. Dams 
restrict white sturgeon movements, may limit populations in some 
reservoirs, and concentrate fish immediately downstream, potentially 
increasing their vulnerability to exploitation. To optimize these 
fisheries, resource managers must recognize differences among 
reservoirs and employ regulatory schemes specific to each. 
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Introduction 

The white sturgeon Acipenser transmontanus is a unique and ancient 
species endemic to large , cool rivers along the Pacific coast of North 
America. White sturgeon are among the largest freshwater fish in North 
America, exceeding 6 m and 800 kg (Scott and Crossman 1973} . In the 
Columbia River basin , white sturgeon historically ranged from the ocean 
as far as 1300 km upstream into Idaho , Montana , and Canada. Individual 
fish wer� thought to have moved freely throughout the area (Scott and 
Crossman 1973} . Sturgeon regularly undertook long-distance movements , 
apparently to take advantage of seasonal changes in food and habitat in 
this dynamic river environment (Baj kov 1951) .  

Dams, constructed on the mainstem Columbia since 1933 , limit the 
distribution and constrain movements of sturgeon which , unlike salmon ,  
do  not norma 1 1  y use fish ladders. Cochnauer et al . ( 1985) suggested 
that white sturgeon populations in some landlocked portions of the river 
were isolated with respect to reproduction. Productivity appeared to 
vary among populations as some supported fertile fisheries while others 
could sustain no exploitation (Cochnauer et al. 1985). Also , dams may 
have led to genetic divergence of impounded popul ations due to 
reproductive isolation (Brown et al. 1992). 

Understanding the distribution and movement of white sturgeon in 
landlocked populations may help determine why some populations thrive 
while others appear to be in danger of extirpation. Size-specific 
seasonal movements have been observed for landlocked white sturgeon in 
the unimpounded Hanford Reach of the mid-Columbia River (Haynes et al. 
1978, Haynes and Gray 1981} , but no information exists for impounded 
populations. This paper investigates white sturgeon distribution and 
movement within and among the lower Columbia River reservoirs. 

Study Area 

The study area included the three lowest mainstem reservoirs of 
the Columbia River: Bonneville (Lake Bonneville) , The Dalles (Lake 
Celilo } ,  and John Day (Lake Umatilla). Bonneville Reservoir (74 km ; 
8400 ha) is relatively shallow (average depth 6. 7 m} with mostly sand 
substrate supporting large beds of rooted aquatic macrophytes during the 
summer. The Dalles Reservoir is the smallest (38 km ; 4500 Ha ; average 
depth 7. 5 m) , and the most riverine , with cobble , gravel , and sand 
substrates distributed throughout most of its length. John Day 
Reservoir is the largest (123 km ; 21 , 000 Ha ; average depth 8. 0 km) and 
the most di verse. The reservoir grades from a riverine upper section 
with gravel and cobble substrates to a shallow transition section with 
sand substrate , and finally to a lentic lower section with steep cliff 
and boulder banks. Average daily river disc�arge through the study area 
ranges seasonally from 3000 to over 12 , 000 m /s. 

Methods 

To estimate population statistics, we collected white sturgeon 
during 1988-1989 , and 1991 in Bonneville Reservoir ; 1987-1989 and 1991 
in The Dalles Reservoir ; and 1990-1991 in John Day Reservoir. 
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Stratified sampling was conducted from April through September in 1987 
and 1990, May through August in 1988, and April through August in 1989 
and 1991. We divided Bonneville Reservoir into eight 10-km segments , 
The Dalles Reservoir into six 7-km segments, and John Day Reservoir into 
ten 12. 5-km segments (Figure 1). We also sampled the boat-restricted 
zones (BRZ ' s) which are less than 0. 3 km long, and immediately 
downstream from The Dalles , John Day , and McNary dams. The BRZ ' s  are 
unlike the remainder of the reservoir because · water velocities are 
typically higher and potential prey fishes are concentrated or injured 
by the adjacent dam. Because BRZ ' s  are unique habitats , their results 
are reported separately. 

Sampling was distributed equally among segments and river 
kilometer sampling sites in each reservoir to obtain representative 
population samples. Each segment was normally sampled every 4 weeks in 
Bonneville Reservoir, every 3 weeks in The Dalles Reservoir , and every 5 
weeks in John Day Reservoir. In 1991, we concentrated our sampling 
locations where we caught most sturgeon in previous years. 

White sturgeon were collected using setlines which provide the 
greatest catch rate and are less size-selective than other types of gear 
(Elliott and Beamesderfer 1990). Each line had 40 hooks (sizes 12/0, 
14/0 ,  and 16/0) baited with pieces of Pacific lamprey Lampetra 
tridentata. We fished lines for an average 24.8 hr per set. Sets were 
concentrated in main-channel habitats outside navigational lanes at 
depths from 3 to 51 m. 

We measured sturgeon fork length (FL }  to the nearest cm and 
examined each fish for tags , tag scars , fin marks , barbel clips , and 
scute marks. Untagged sturgeon longer than 64 cm were spaghetti tagged 
at the anterior base of the dorsal fin. Sturgeon longer than 84 cm were 
tagged with a second spaghetti or Petersen disc dangler tag at the base 
of the posterior end of the dorsal fin (Smith 1978). A total of 7351 
fish were tagged with individually numbered spaghetti and disc tags. 
The Washington Department of Fisheries (WDF) also provided tag 
recoveries from the recreational and commercial fisheries in the three 
reservoirs and in the free-flowing river between Bonneville Dam and the 
ocean. 

We examined white sturgeon distribution by comparing setline catch 
rate among areas. Statistical differences (p < 0.05} in catch rates 
were evaluated on transformed catch per set data [ln(catch+l)] with 
programs of the Statistical Analysis System (Anonymous 1988a , Anonymous 
1988b). To examine seasonal changes in distribution within each 
reservoir , we used an index (I} where : 

I = 

S - L 

T 

and S is river km where fish were captured , L is river km of the lower 
reservoir boundary, and T is reservoir length in km. The values were 
averaged for all fish captured during a sampling cycle. A high river 
kilometer index indicates upstream distribution ; a low index indicates 
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downstream distribution. We assumed that seasonal changes in average 
catch rates implied changes in movement rates. The rel ationship between 
catch and water temperature was evaluated using linear regression. 

We compared numbers of fish released and recaptured at each site 
to estimate the " extent of movement within each reservoir and to 
determine whether individuals moved among reservoirs. Recaptures 
included all fish caught wi th setlines, and sport and commercial 
fisheries, where the kilometer of capture could be determined . 

Results 

Distribution 

White sturgeon were not evenly distributed among study reservoirs . 
Average setline catch per day in Bonneville Reservoir (4 . 10 fish/set in 
942 sets) was 1.5 times greater than in The Dalles Reservoir (2 . 70 
fish/set in 978 sets) , and 7 . 5  times greater than in John Day Reservoir 
(0 . 55 fish/set in 1194 sets). Catch rate di fferences among reservoirs 
were statistically significant (Table 1). 

Densities (catch per day, 1987-1990) of white sturgeon were 
greater in the BRZ downstream of each dam than in the rest of the 
reservoir by 3 times in Bonneville Reservoir, 6 times in The Dalles 
Reservoir, and over 20 times in John Day Reservoir. Dens i ties outside 
BRZ ' s  generally decreased with distance from the dam (Figure 2) . Catch 
rates outside BRZ ' s approached those near dams only at the mouth of the 
Klickitat River (Memaloose segment) in Bonneville Reservoir. Catch rate 
differences among segments were significant in all three reservoirs 
(Table 1). 

Seasonal changes in distribution were noted in The Dalles and John 
Day reservoi rs .  Relative numbers of white sturgeon collected in 
midreservoir increased from April through June and declined by August 
and September, implying downstream and then upstream redistribution of 
fish (Figure 3) . Differences in catch proportions in lower, middle, fnd 
upper thirds of each reservoir were relate� to month (Bonnevi lle: X = 
186 . 75 ;  df = 8;  fll < 0.001 ; The Dalles: X = 1, 197.19 ; df = 10 ; p < 
0 . 001; John Day: X = 334.78 ; df = 10 ; p < 0.001). 

Catch rates in a 11 three reservoirs peaked in June or July . 
Monthly differences in catch rates were significant (Table 1) . Mean 
monthly catch rate generally increased with increasing temperature up to 
about l 8 ° C and declined at greater temperatures (Figure 4) . Linear 
regressions show that about 10-30% of the catch 2 rate variation is 
related to water temperature (Bonneville: df = 3 ;  r = 0 . 32�  p � 0 . 32 ;  
The Dalles: df = 3 ;  rZ = 0.09 ; p = 0.62 ; John Day: df = 4 ;  r� = 0 . 17 ;  p 
= 0.41). 

Catch rates at different depths were significantly different, 
except in John Day Reservoir where sampling success was poor (Table 1) . 
Few white sturgeon were captured at depths l ess than 10 m (Figure 5). 
No meaningful size-depth relationship in catch rate was evident 
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TABLE 1. Log-transformed catch [ln{catch+l)]  of white sturgeon per 
setline day in Bonneville, The Dalles, and John Day reservoirs, 
1987-1990. The Analyses of Variance {ANOVA) are one-way comparisons 
except Catch vs. depth*size which evaluates interaction in a two way 
ANOVA. 

Comparison Reservoir 

Catch vs. reservoir 
Catch vs. area Bonneville 

The Dalles 
John Day 

Catch vs. month Bonneville 
The Dalles 
John Day 

Catch vs. depth Bonneville 
The Dalles 
John Day 

Catch vs. depth*size Bonneville 
The Dalles 
John Day 

2 
8 
6 

10 
4 
4 
5 
6 
6 
6 

12 
12 
12 

3, 111 
933 
971 

1,183 
922 
930 

1, 144 
916 
927 

1, 142 
2, 748 
2,781 
3, 426 

F* 

774.60 
12.00 
43.62 
75.06 
39.48 
12.40 
6.78 
2.89 
2.37 
1.49 
1.38 
2.08 
1.48 

* Degrees of freedom {df), test stastistic { F), and observed 
probability level {p) in ANOVA. 
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0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0086 
0.0282 
0.1783 
0.1676 
0.0153 
0.1237 
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' 
(Figure 6 ) ,  although a statistically significant size-depth interaction 
was noted for The Dalles Reservoir (Table 1). 

Movements 

Movements up to 152 km were observed among tagged sturgeon. Of 
635 tagged individuals, 59% moved at least 1 km and many moved 10-30 km 
(Figure 7 ) .  Average distance traveled between release and recapture 
was 8.1 km. Of sturgeon that moved between tagging and recapture, 49.9% 
moved upriver and 50.1% moved downriver. Di fferences in fish size did 
not appear to affect distance or direction of fi sh travel. 

Most movement was restricted to the collection reservoir and the 
extent of movement was related to reservoir length (Figure 7). Only 4% 
of 635 recaptured whi te sturgeon moved past a dam in the study area 
(Table 2) . Of these, 26 moved downstream, and 1 moved upstream. 

Di scussi on 

The large differences observed in white sturgeon densities in the 
three study reservoi rs may reflect differences in reproductive success, 
exploitation rate, and habitat availability. Regular year�class 
failures in John Day Reservoir, and to a lesser degree in The Dalles 
Reservoir (personal communication, L. Beckman, U.S. Fish and Wildlife 
Service, Willard, Washington) may have reduced white sturgeon numbers in 
these reservoirs. Recently, commercial fisheries have increased their 
exploitation of white sturgeon. John Day and The Dalles reservoirs were 
fished more than Bonnevill e  Reservoir from 1980 to 1990 (personal 
communication, S. King, Oregon Department of Fish and Wi ldlife, 
Clackamas, Oregon) .  Finally, each reservoi r  has different physical 
conditi ons that may furni sh critical resources in varying amounts. 
Although past fishery management has treated the three reservoi rs as a 
homogenous unit, our data i mply that unique regulatory schemes may be 
necessary to optimize the fishery in each. 

The small, unique areas in the tailraces immediately downstre�m of 
each dam (BRZ ' s) yielded high catch rates throughout the study. 
Beamesderfer and Rieman (1991) reported similar concentrati ons near dams 
for another resident predator, the northern squawfi sh ( Ptychocheil us 
oregonensis) .  Increased food availability may explain these 
concentrations as these predators eat migrati ng salmonids (Oncorhynchus 
spp.) , shad (Alosa sapidissima) , and Pacific lamprey that have been 
injured and also concentrated during dam passage. Merrell (1961) 
observed a white sturgeon eating steelhead (Q . mykiss) and chinook 
salmon (Q. tshawytscha) which, he thought, were injured as they passed 
through an industrial plant on the Willamette River in Oregon. 
Concentrations of white sturgeon in dam tailraces increase their 
vulnerability to exploitation by bank anglers. Existing sanctuaries in 
dam tailraces provide significant conservation benefits to white 
sturgeon populations. 

Downstream from each dam, white sturgeon densi ties generally 
decreased as conditions became less river i ne. The pattern in which 
white sturgeon moved downstream i n  summer and upstream i n  fall was 
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TABLE 2 .  Number of  tagged wh i te sturgeon rel eased i n  Bonnev i l l � , The 
Da 1 1  es , or  John Day reservo i rs and recaptured i n  another reservo i r  or 
outs i de the study area , 1987-1991. 

Rel ease 
l ocat i on 

Bonnev i l l e  
The Dal l es 
John Day 
John Day 
The Dal l es 

Recapture 
l ocat i on 

Be 1 ow Bonnev i 1 1  e 
Bonnev i l l e  

. Bonnev i l l e  
The Dal l es 
John Day 

Recapture year 

1987 1988 1989 1990 1991 Total 

1 

1 1 5  

3 
3 

4 1 
3 10 

1 
1 

8 
1 6  

1 
1 
1 



reported by Haynes et al . ( 1978) in a study on the uni mpounded ·co 1 umbi a 
River upstream of the McNary Dam reservoir { Lake Wallulla), and by 
Bajkov ( 1951) downstream of study reservoirs � 

We caught white sturgeon at all depths, but observed li ttle 
difference in catch rates at depths greater than 10 m. Although the low 
catch rates at depths less than 10 m in all rese�voi rs imply that �hite 
sturgeon prefer deep water, we took too few shallow water sainp 1 es to 
confirm this preference. Fishers report good · seasonal catches from 
shallow water flats with mussel beds. Additional work is needed to 
evaf oate depth preferences and their interactions with current velocity 
and substrate preferences. 

White sturgeon moved long distances over relatively short time 
periods in each reservoir. Frequent movements of marked fish indicate 
they were well mixed in each reservoir, minimizing the chance for biases 
due to marking and recapture ( Ricker 1975). Dams constrain movements of 
most white sturgeon, although a few passed a dam. Most dam passage was 
downstream rather than upstream. Although distribution of our sampling 
efforts made observations of downstream movements more likely than 
upstream movements, we saw virtually no upstream passage of dams by 
white sturgeon we tagged or of any of the thousands of fish tagged 
annually by fishery managers monitoring sturgeon populations downstream 
of Bonneville Dam. Avenues for downstream passage include fish ladders, 
spillways, turbines, or navigation locks. Opportunities for upstream 
movements are limited to navigation locks or fish ladders which were 
designed for salmonids and rarely permit sturgeon to pass. 

The minimal downstream movement from one reservoir to another is 
likely to have little effect on population size or productivity, either 
up or downstream of the dam passed. However, this movement may prevent 
gen et ica l ly different populations from deve 1 oping in each poo 1. Even 
minimal immigration is sufficient to prevent genetic differentiation 
unless there is strong differential selection in different areas (Nei 
1987). Divergence depends on the number of migrants entering a 
population, not their proportion (Allendorf and Phelps 1981). 
Relatively few migrants are needed to counteract the effects of genetic 
drift in large popul at i ans. The white sturgeon movements we observed 
are inconsistent with observations of genetic diversity among white 
sturgeon populations in Bonneville, The Dalles, and John Day reservoirs 
based on differences in mitochondrial DNA ( Brown et al. 1992). 

White sturgeon evolved in a river environment characterized by 
diverse habitats corresponding to the surrounding topography and dynamic 
seasonal changes in prey abundance. The species appears to have adopted 
a nomadic life history strategy, in response to these conditions. This 
behavior persists in white sturgeon populations in the free-flowing 
section of the river downstream of Bonneville Dam ( Bajkov 1951). 

Dams are barriers to sturgeon movements and have created a series 
of populations which are functionally, if not genetically , discrete . 
Fish restricted to a reservoir cannot range among widely scattered 
habitats nor take advantage of season a 1 concentrations of prey. Each 
population must depend on condi ti ans within a specific reservoir to 
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sustain production. Dams appear to provide optimal conditions only in 
small areas (BRZ ' s} and result in a net reduction in habitat quality. 
Impoundment has reduced habitat diversity by creating a homogenous 
slack-water habitat which may not furnish optimal conditions for the 
white sturgeon 1 if e eye 1 e in a 11 years. The combination of reduced 
habitat diversity and constrai nts on movement may reduce white sturgeon 
productivity in the impounded portions of the river. 
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Fi shway Use by Whi te Sturgeon 
on the Col umbi a River 

Wh i te sturgeon {Ac i penser transmontanu s )  i s  one of seven sturgeon 
spec i es found i n  North Ameri ca . It i s  al so the l argest freshwater f i sh i n  
North Amer i ca exceed i ng 1 , 000 pounds i n  we i ght and somet i mes . reach i ng 
nearl y 20 feet i n  l ength . Modern rel i cs of an anc i ent group of f i shes , 
white sturgeon i nhabi t the l arger r i vers and bays of the Pac i fi c  coast 
from Ensenada , Mex i co to the Al eut i on I sl ands of Al aska . The sturgeon are 
d i st i ngu i s hed from typ i cal bony f i sh ( such as a sal mon ) by a s kel eton that 
i s  mostl y cart i l ag i nous , a notochord i nstead of a backbone , pri mi t i ve fi n 
and j aw structure s - and a un i que d i gest i ve system . When al l owed access to 
the ocean the wh i te sturgeon are semi anadramous - -that i s ,  they are capabl e 
of m i grat i ng regul arly between fresh  water and s al t ,  spend i ng d i fferent 
parts of the i r l i ves i n  one or both envi ronments .  Some popul at i ons  of 
wh i te sturgeon may spend the i r ent i re l i ves i n  freshwater .  Wh i te sturgeon 
can spawn severa 1 t i mes i n  a 1 i fet i me ,  and fema 1 es spawn at i nterva 1 s 
rang i ng from 2 to 8 years . Wh i te sturgeon may spawn i n  areas of deep 
gravel r i ffl es ,  i n  deep hol es , and over rocky bottoms where swi ft current 
ex i sts . 

Sturgeon stocks h ave been depressed throughout the worl d because of 
demand for the i r  h i gh ly  val ued fl esh and cav i ar produced from the i r eggs . 
Human act i v i t i es i n  watersheds where sturgeon l i ve have affected sturgeon 
habitat . H i stor i cal l y ,  sturgeon products have been con s i dered val uabl e i n  
Europe , As i a ,  and North Ameri ca . The l argest wh i te sturgeon resource i n  
North Ameri ca  i s  i n  the Col umbi a Ri ver , and yet h i stori cal l y ,  i t  has never 
been a h i gh pri ori ty of concern because of decl f o i ng sal mon stocks . 
Duri ng the l ate 1800 ' s  wh i te sturgeon were nearly wi ped out by co11111erc i al 
fi sh i ng but popul at i ons  h ave been s l owly recoveri ng and they are now an 
i mportant resource for both connnerc i al and recreat i onal  fi shermen . 
Angl i ng for wh i te sturgeon has become the most popu l ar sport fi shery bel ow 
Bonnev i l l e  Dam of the Col umb i a Ri ver . 

Much of the research l i terature on wh i te sturgeon i n  the Col umbi a 
Ri ver has stated that the dams are mi grat i on barri ers to wh i te sturgeon , 
caus i ng i sol ated or l andl ocked popu l at i ons  ( that are unabl e to mi grate up 
or down the ri ver or to the ocean but rather are confi ned to reservo i rs ) . 
I t  i s  suggested that fi sh  l adders at the dams are i nadequate for sturgeon 
use  and that passage i s  mi n i mal at best . However ,  b i ol ogi sts have seemed 
unaware that annual reports from the U . S .  Army Corps of Eng i neers i nd i cate 
that wh i te sturgeon passage does occur at Bonnev i l l e ,  The Dal l es ,  John 
Day ,  McNary , and Pri est Rap i ds dams . On the Col umbi a Ri ver, dams from 
Bonnev i l l e  Dam al l the way upstream to Wel l s  Dam were constructed wi th 
fi shways ( fi sh l adders ) to al l ow sal mon and steel head pass age upri ver to 
the i r spawn i ng grounds ( F i gure 1 ) . These fi sh l adders were not des i gned 
wi th wh i te sturgeon i n  mi nd ,  and yet they have been observed mov i ng past 
the fi sh  count i ng stat i ons . Use of fi shways by wh i te sturgeon i s  h i gh ly  
vari abl e among the  dams . 
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Fish Ladder Design 

The purpose of fish ladders , is to enable fish to migrate past 
natural or man-made barriers. First introduced in Europe over 300 years 
ago, with the aim of passing water around or through an obstruction , fish 
ladders are engineered as to dissipate the energy in the water 
sufficiently to permit fish to ascend without undue stress. 

Since the construction of Bonneville Dam , fish ladders have 
undergone many design improvements as new biological knowledge has become 
ava i lable . Because of the complexity of fish ladder design , this 
publication describes only the general characteristics of the fish ladders 
at Bonnevil le , The Dalles , and John Day dams , where white sturgeon passage 
has been observed most frequentl y. 

Fish ladders on the lower Columbia River dams are primari l y  overfl ow 
weir-type that gradually ascend from downstream (the tail race) to upstream 
(the forebay) of the dam. The weirs act as barriers in the l adder to 
control water fl ow and to form a series of steps and pools. Typical 
wei rs range from 24 to 30 feet in width and 6 feet in height. They are 
spaced 1 0  to 1 6  feet apart and have a minimum one foot vertical drop 
between each pool. Weirs can be either "full width " which all ow water to 
fl ow evenl y over the entire width or "restricted" which al l ows water to 
fl ow over onl y a portion of the weir. Water fl ows through a fish l adder 
at a rate of approximatel y 8 feet per second . 

It was initial ly assumed that salmon and steel head, for whom the 
fish l adders were designed, prefered to j ump from one pool to the next . 
However ,  when it was discovered that fi sh prefer to stay under water whil e 
moving upstream , the l adder weirs were constructed with orifi ces at the 
bottom that range from 18 to 24 inches square . The orifi ce i s  the most 
cri t i cal component that al lows wh i te sturgeon to use the fish l adders 
since wh i te sturgeon are bottom dwel l ers. The size of the weir orifi ces 
could l imi t very l arge white sturgeon from using the fish l adders. 

HISTORICAL PASSAGE OF WHITE STURGEON THROUGH FISH LOCKS AND LADDERS 

Bonnevil l e  Dam, completed in 1938 , was the second dam buil t on the 
Col umbia River. A second powerhouse on the Washington shore was compl eted 
in 1981 . The dam is l ocated 1 45 mil es from the mouth of the river, where 
tidal exchange has its farthest upstream infl uence . The dam was 
constructed with fish locks ( an el evator- 1  i ke structure ) and overfl ow 
weir-type fi sh l adders to enable migrating sal mon and steel head to bypass 
this man-made barrier. The fish passage facil ities proved effective for 
these fish but l eft much to be desired for the bottom-dwel l ing wh i te 
sturgeon, which l acked the ability to negotiate waterfa 1 1  s and other 
barriers. The white sturgeon was no longer abl e to journey up or down the 
Col_umbia and Snake rivers ; many were trapped above Bonnevil le Dam and it 
was not known how th is  would affect their survival wi thout access to the 
ocean. 
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Use of F i s h  Locks 

Bonnev i l l e  Dam was con structed wi th three pa i rs of fi sh  l ocks - - one 
pa i r on the south end of the Oregon powerhouse ( f i gure 2) and one pai r on 
each end of the s p i l l way . The l ocks measured 20 feet square and had a 
l i ft he i ght of about 90 feet . Cabl es act i vated a grated rack to d i rect 
fi s h  to the top . The bas i c  operat i on was s i mi l ar to that of a nav i gat i on 
l ock . F i  sh enteri ng the 1 ock were trapped ; water fi 1 1  ed the 1 ock to a 
l evel equal to that of the forebay ; and then a grated fl oor was rai sed to 
the top of the l ock ,  where fi sh coul d exi t i nto the forebay . A s i ng l e 
l ock cycl e took about 30 mi nutes to an hour , and the operator peri od i cal l y  
conducted a l i ft even though there was n o  way o f  knowi ng exactly how many 
fi s h , i f  any ,  were trapped . B i ol og i sts the from U . S . Army Corps of 
Eng i neers woul d general ly  operate the l ocks to co i nc i de wi th the peak 
t i mi ng of sal mon and steel head runs . 

I t  was d i scovered that at certa i n t imes of the year many wh i te 
sturgeon congregated at the base of Bonnev i l l e  Dam . Wh i te sturgeon l ess  
than 4 feet i n  l ength were often found i n  the powerhouse draft tubes ( the  
area bel ow the  turb i ne bl ades ) duri ng repa i r or  ma i ntenance work . More 
i mportantl y ,  wh i te sturgeon were abl e to enter the fi sh l ocks and be 
el evated i nto the Bonnev i l l e  Dam forebay . Ivan J .  Donal dson , res i dent 
fi s h  b i ol og i st for the Corps of Eng i neers at Bonnev i l l e  Dam from 1940 to 
1 973 , was l argely respons i bl e for operat i ng the fi sh l ocks . He wrote i n  
a 1 946 Annual Report on the Passage of F i sh :  

" Few have done so , but rarely does a sturgeon ascend the l adders . 
The men who are most fami l i ar wi th the i r habi ts  are convi nced that 
the sturgeon have a yearly peri od of m i grat i on i n  the summer months 
when the water i s  warm . In  1 939 , 1 942 , and 1 946 , i t  was demonstrated 
that these fi sh  wi l l  move i nto the fi sh el evators but the m i grat i on 
ceases about the fi rst of October . "  

The fi sh l ock was so successful , i n  fact , that i n  1 951 a record 1 19 wh i te 
sturgeon were l i fted to the forebay i n  one day . However ,  a former fi sh  
l ock operator (name unknown ) i nformed I van Donal dson that several hundred 
wh i te sturgeon had been l i fted at one t i me i n  1 938 or 1 939 . On the other 
hand , not al l l i fts  resul ted i n  h i gh catches ; somet i mes no wh i te sturgeon 
were trapped . Donal dson recorded that unsuccessfu l  fi sh haul s i n  l ocks 
seemed to be rel ated to water cond i t i ons  at the entrance of the fi s h  
c o  1 1  ect i on system ; when swi fter than normal fl ows from the fi sh l ock 
col l ect i on system occurred , the catch of wh i te sturgeon was poor . 

Dur i ng a 3 1  year per i od ( 1 938- 1 969) , 4 ,  7 1 1 wh i te sturgeon were 
l i fted by fi sh l ocks or ascended l adders over Bonnev i l l e  Dam ( F i gure 3 ) . 
The fi sh  l ocks were operated i n  1 2  of the 3 1  years onl y ,  yet they 
accounted for 97% of the total wh i te sturgeon that reached the forebay . 
Wh i te sturgeon enteri ng the fi sh l ocks were l i mi ted to 4 . 5  feet or l es s , 
because of the des i gn of the fi sh col l ect i on system . 

The l ast recorded use of a Bonnev i l l e  Dam fi sh  l ock was i n  197 1  when 
the fi sh l adder on the Oregon shore was dra i ned for repa i r .  The ori g i nal 
i ntent of the fi sh l ocks , as  we have sa i d ,  was to pas s sal mon and 
steel head upri ver and to serve as a backup when fi sh l adders were dra i ned 
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for mai ntenance or repai r. However, the fi sh locks were not sui table for 
salmon and steelhead passage, were very ti me cons umlng, and were labor
i ntensi ve. They were disconti nued for whi te sturgeon u se because of lack 
of the t i me and money i nvolved and because few people were really 
i nterested in provi ding passage for whi te sturgeon. 

It is i nteresti ng to note that the fi sh locks at Bonnevil le. Dam 
gai ned attenti on from other parts of the world. In 1 946 , a Russian 
fi sheries sci enti st vi sited. the dam seeki ng i nformation on how to l ift 
sturgeon above the dams bei ng built in Russi a. In 1 960 , French engineers 
pl anning a dam on the Sefid Ruud Ri ver , a tri butary of the Caspian Sea in 
Iran, requested in.formation on how to pass sturgeon over dams. 

Use of Fi sh Ladders 

Initiall y ,  it was believed that the Bonnevil le Dam fish ladders 
repres�mted the white sturgeon' s  1 imit of physical abil j ty and onl y a 
small percentage ( 3% of the total passage count) from 1938 to 1 969 had 
used the ladders. However , whi te sturgeon passage over the dam improved 
after 1 950 when all the ladder weirs were modifi ed to provide passage by 
orifices at the ladder floors. Thi s  al l owed whi te sturgeon to swim 
through rather than over the we i rs. 

White sturgeon using the fish locks and l adders to bypass Bonnevil le 
Dam l ed early fishery biologists to bel ieve that a summer migration 
occurred in August. Although they could not explain why this seasonal 
migrati on took place it was observed annually from . 1938 to 1 969 (Figure 
4 ) .  

WHITE STURGEON PASSAGE SINCE 1986 

At Bonnevil l e ,  The Dalles , and John Day dams from 1 986 to 199 1 , fi sh 
l adder use by white sturgeon was greatest from May through November each 
year (Figure 4) with most sturgeon being observed during Jul y and August. 
This peak of fish l adder use by white sturgeon is similar to historical 
passage at Bonnevil l e  Dam. The typical length of white sturgeon using the 
fish l adder was two to four feet. 

F i shery biol ogist Al exander D. Bajkov noted in 1 951  during a white 
sturgeon tagging experiment that many smal l sturgeon were located in the 
tailrace area of Bonnevill e Dam from mid -August through November . He 
commented : 

". . .  a strong possibi 1 i ty that a general upstream migration of 
sturgeon was underway in the 1 ate sunvner and fall. ,  Simultaneously 
the absence · of · sturgeon had been noti ced immediately above 
Bonneville Dam when an experimental set line of 60 hooks fail ed to 
catch a si ngle sturgeon during 1 2  consecuti ve days. This unusual 
experience strongly i nd i cates the possibil ity that the entire 
sturgeon population moved upstream from the Bonnevil le lake forebay 
area into the upper part of the river. Thi s  theory seems to be 
logical because the absence of fish immediately above the dam 
coincided with the tremendous concentrati on of small sturgeon just 
bel ow the dam. " 
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Perhaps th i s  t i mi ng of mi grat i on of wh i te sturgeon i s  associ ated w ith  
l ocat i ng a su i tabl e food supply or  appropri ate overwi nteri ng areas . 

There i s  specul ati on al so that wh i te sturgeon enter and exi t 
reservo i rs through the nav i gat i on l ocks , but there has been no study to 
confi rm the extent of movement through these l ocks . However , i n  1 96 1  when 
The Dal l es nav i gat i on l ock was dra i ned for ma i ntenance , several wh i te 
sturgeon were found . Further ev i dence of wh i te sturgeon movement between 
Col umb i a R i ver reservo i rs has been found i n  tagg i ng stud i es done by the 
Oregon Department of F i sh & W i l dl i fe .  From 1 987 to 1 991 , 26 recaptures of 
tagged wh i te sturgeon showed downstream movement between reservo i rs ,  and 
one fi sh  moved upstream . 

Documentati on of Whi te Sturgeon Passage 

Because of Donal dson ' s  i nterest i n  wh i te sturgeon at Bonnev i l l e  Dam , 
the annual fi sh passage reports from 1 938 to 1 969 conta i ned deta i l ed 
i nformat i on about th i s fi sh . He l earned much about wh i te sturgeon b i ol ogy 
from u s i ng fi sh l ocks to l i ft wh i te sturgeon over the dam and conduct i ng 
M s  own stud i es . 

From 1 969 to 1 980 , wh i te sturgeon passage was reported from only 
Bonnevi l l e  Dam ; but s i nce 1 985 , wh i te sturgeon passage has been recorded 
and entered i nto annual fi sh passage reports from Bonnev i l l e ,  The Dal l es ,  
and John Day dams . I t  shoul d be noted that wh i te sturgeon counts are only 
recorded at the conven i ence of the fi sh counter when not preoccup i ed by 
the offi c i al counts of sal mon i d s  and shad .  Hence , .  the counts do not 
represent net upstream passage , nor are they adjusted for nonobservat ; on 
peri ods . There are two fi sh -counti ng stat i ons  at each dam ,  one on each 
s i de of the ri ver , and they are l ocated on the . upper end of the fi sh 
l adder near the ex i t  i nto the forebay . F i sh counters are i n  an i so l ated 
v i ewi ng room and observe fi sh passage through a wi ndow 5 feet wi de . The 
fi sh �count i ng schedul e at each dam ranges from March through November, and 
fi sh  counters record from 5 a . m .  to 9 p . m . , wi th a IO-mi nute break each 
hour .  

Bonnevi l l e  Dam 

Bonnev i l l e  Dam i s  the fi rst hydroel ectric fac i l i ty up the Col umbi a 
Ri ver . I t s  fi sh  l adders are the second most used by wh ; te sturgeon to 
traverse over a dam ( F i gure 4 ) . The dam has four fi sh l adders and there 
are no d i scernabl e d i fferences i n  wh i te sturgeon counts between the two 
count i ng stat i ons on the Wash i ngton shore and the two on Bradford I s l and 
( F i gure 5 ) . Duri ng the 1 986 to 1 99 1  peri od , wh i te sturgeon ranged from 1 
to 7 feet i n  l ength , wi th most be i ng about 3 feet . Onl y  13  wh i te sturgeon 
were observed pas s i ng downstream , and 58 percent of the wh i te sturgeon 
total were recorded duri ng morn i ng hours (5 to 1 1  a . m . ) .  
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The Dalles Dam 

The Dalles Dam , completed i n  195 7 , i s  the second dam up the Col umbi a 
R i ver and i s  located 191 mi les from the mouth. F i sh passage fac i li ti es 
i nclude a north and east fi sh ladder (F i gure 6 ).  the east fi sh ladder 
i ncludes a fi sh channel connecti ng the west fi shway entrance and south 
spi llway entrance. and a second channel connecti ng w i th the fi sh 
collecti on system along the powerhouse. There i s  a fi sh lock also located 
near the east fi sh ladder that i s  i noperable and there are no records of 
i ts use to li ft whi te sturgeon over the dam. 

The Dalles Dam has the highest recorded fishway use by whi te 
sturgeon ,  and from 1986 to 1991, the east fi shway accounted for the vast 
majori ty of sturgeon passage i n  the Columbi a Ri ver (Fi gure 4) . 

Whi te sturgeon as long as 11 feet have ascended or descended the 
east ladder and an i ndivi dual fi sh counter noted that an extremely large 
whi te sturgeon t i1 ted si deways to squeeze by the vi ewi ng wi ndow. In the 
1986 to 1991 peri od ,  the most frequent si ze class observed was about 3 
feet. Observati ons at The Dalles Dam , unli ke those at Bonnevi lle Dam , 
showed li ttle di fference i n  the ti mi ng (a.m. vs p.m.) of whi te sturgeon 
passage. Only 8 percent of the whi te sturgeon were noted to have 
descended past the vi ewi ng wi ndow. 

It i s  i nteresti ng to note that counts for other speci es such as 
walleye and northern squawfi sh are also consi stently higher here than at 
other dams. Why white sturgeon and other speci es use the east fi sh ladder 
so much more than others i s  unknown , si nce the desi gn of the east fi sh 
ladder i s  si mi lar to that of other Columbi a Ri ver fi sh ladders. 

John Day Dam 

Located at ri ver mi le 215, John Day Dam became operati onal i n  1969 
and has two fish 1 adders , one each on the Oregon and Washi ngton si des 
(Fi gure 7) .  No fi sh locks were i ncluded i n  the fi sh passage faci li ti es. 
The total whi te sturgeon passage from 1986 to 1991 was 68 fi sh ,  the lowest 
number observed of the dams under considerati on, wi th the Washi ngton si de 
accounti ng for 59 of the total. The si ze of whi te sturgeon ranged from 2 
to 5 feet i n  length , wi th 3 feet agai n bei ng the most common si ze. Ni ne 
white sturgeon were observed passi ng downstream and 43 whi te sturgeon were 
recorded duri ng the p.m. counti ng hours (12 noon to 9 p.m.) . 

STURGEON I N  RUSS IA 

Ameri can Ri vers are not the only ones faced wi th man-made 
obstructions causi ng sturgeon mi gration problems. In Russi a ,  where 
sturgeon are also hi ghly valued , hydroelectri c  faci li ti es i nhi bi t sturgeon 
mi grati on as well. Although the power dams are constructed wi th 
tradi ti onal fi sh ladders they are i mpracti cal for large adult sturgeon to 
use. Therefore , fi sh elevators much li ke the once-used fi sh locks at 
Bonnevi lle Dam were speci ally bui lt for them. Two fi sh elevators were 
i nstalled at the Volgograd power dam on the Volga Ri ver , a tri butary to 
the Caspi an Sea. These elevators li ft sturgeon duri ng the mai n spawni ng 
mi grati on of three speci es- -beluga sturgeon ,  Huso huso (twi ce the si ze of 
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wh i te sturgeon ) ,  Ru s s i an sturgeon , Ac i penser gyel denstaedt i ,  and stel l ate 
sturgeon , � stel l atys . The resul ts  have been h i gh ly  successfu l , al l owi ng 
approxi matel y 23 , 000 sturgeon a year to bypass the dam .  

BENEF ITS OF STURGEON PASSAGE 

I n  September of  1 942 , Ivan Donal dson wrote to Capta i n  R . B .  Cochrane , 
Area Eng i neer at Bonnevi l l e  Dam ,  th i s  one of many recommendat i ons · 
concern i ng the fi sheri es probl em at Bonnev i l l e  Dam : 

" Look ahead to the bui l d i ng of Umat i l l a  and be wi l l i ng to bu i l d  a 
pa i r  of 1 ocks for sa 1 mon and for sturgeon . I suggest that they a 1 so 
be des i gned for bottom travel l i ng fi sh wh i ch do not l i ke to ri se 
over any wal l . The des i gn shoul d be such that sturgeon can enter 
from a l evel wi th the bottom of the deepest  hol e at the dam . I 
wou l d l i ke to th i nk that we have demonstrated by cutt i ng hol es i n  
the bottom stopl ogs , wh i ch regul ate the fi sh entranceway el evat i on 
to the l adder col l ect i on bays , that sturgeon wi l l  then enter the 
col l ect i on bays ( some wi l l  anyway) and be l i fted over the dam • • • • •  
We may fi nd i n  the future that sturgeon must m i grate to some 
extent . "  

Even though the use of  fi sh l ocks has ceased , fi sh l adders cont i nue 
to al l ow l i m i ted passage of wh i te sturgeon at some of the Col umbi a Ri ver 
dams . F i s hway use by wh i te sturgeon at The Dal l es Dam east fi s h  l adder 
has ranged from 1 87 t_o 79 1 wh i te sturgeon per year s i nce 1985 . I f  i t  was 
known why more wh i te sturgeon use the east fi sh l adder then maybe other 
fi shways coul d be changed to i mprove wh i te sturgeon passage . 

I f  passage fac i l i t i es for wh i te sturgeon on the Col umb i a Ri ver were 
to be i mproved , several benefi ts m i ght accrue : 

* Recru i tment of wM te sturgeon to upper reservoi rs where 
popul at i ons are sparse (resul t i ng i n  more spawn i ng adul ts and 
l arger popul at i ons ) . 

* M i grat i on of wh i te sturgeon to more su i tabl e habi tat for feed i ng 
and/or spawn i ng .  

* Improved opportun i ty to ma i nta i n  the heal th and surv i val of th i s  
un i que f i sh . 

* Improved genet i c  d i vers i ty 

I n  the meant i me ,  wh i te sturgeon are st i l l  maki ng efforts to 
mai ntai n the i r mi gratory i nst i ncts wi th l i mi ted use of fi sh l adders 
to bypass  Col umb i a Ri ver dams . How much we are wi l l i ng to hel p 
them by i mprovi ng passage pos s i bi l i t i es rema i ns  to be seen . 
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Abstract.- The l ower Co l umbi a River downstream from Bonnev i l l e Dam 
( LCR) supports the greatest abundance and density of white sturgeon 
(Ac ipenser transmontanus) reported in the species ' range. High 
productivity of the population resulted from growth that was as good or 
better than reported for other populations , the highest mean relative 
weight or condition factor reported for any white sturgeon popul ation , and 
a relatively l ow median age of first maturity for females of 24 years ( 95% 
of females matured between 16 and 35 years of age). Estimated annual 
total mortality was comprised of 15% annual natural mortality and an 
average annual exploitation rate of 28% in LCR fi sheries. The 1986- 1990 
average annual abundance estimate of LCR white sturgeon �54 cm fork length 
( �2 ft. total length) was 893 , 800 fi sh at an average density of 14. 6 fish 
per hectare. Population si mu l ations , assuming constant recruitment , 
predicted a maximum sustainabl e  yield (MSY) of 1.4 kg per recruit at a 32% 
exploitation rate ( of the 3-6 ft. population) . In terms of reproductive 
potential , this translated to 1 1 , 890 eggs per recruit for an unexploited 
population , declining to 90 eggs per recrui t  at the predicted MSY 
expl oitation rate . Simulations that assumed si gni ficant stock dependent 
recruitment (Beaverton-Holt : A=0. 5) predicted an MSY of 0.3 kg per recruit 
at an expl oitati on rate of 4% . Actual MSY for the LCR white sturgeon 
population would be within this range. Factors most responsibl e for the 
favorable production potential of the population were access to marine 
areas , abundant food resources , and consistently favorable hydrologic 
conditions during the spawning timeframe which enhanced recruitment . 
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The lower Columbia River downstream from Bonneville Dam (LCR) 
supports one of the most productive sturgeon fisheries in North America 
and perhaps the world. Annual harvest of white sturgeon (Acipenser 
transmontanus) in the LCR has averaged 46 , 000 fish i n  recreational 
fisheries and 9 , 200 fish in commercial fisheries during the past ten years 
(WDF and ODFW 1992). Average yield of white sturgeon i n  combined LCR 
fisheries during the past ten years has been approximately 350 , 000 kg 
annually. The sturgeon fishery ranks as the largest recreational fishery 
in the Columbia Basin in terms of effort with a ten year annual average of 
145 , 000 angler trips (Melcher and King 1991). 

The high productivity and stability of fisheries in the LCR may be 
unique among sturgeon production areas. Most sturgeon populations have 
suffered decreased productivity or dep 1 et ion from overexp 1 oitat ion and 
habitat changes (Rochard et al. 1990). The longevity , slow growth , and 
delayed maturation of sturgeon makes them susceptible to overexploitation. 
The large river systems they inhabit have been drastically altered by 
hydroelectric development and operation. 

Long term overexploitation reduces yield and fishery quality and 
risks stock collapse (Rieman and Beamesderfer 1990). Excessive harvest in 
the 19th century collapsed Columbia River sturgeon stocks. Intensive 
sturgeon fishing on the Columbia River began in 1889 and peaked in 1892 
with about 2 , 700, 000 kg of sturgeon 1 anded. The stock was dep 1 eted by 
1899 after a ten year period of unregulated exploitation (Craig and Hacker · 
1940). Season, gear , and minimum size restrictions failed to bring about 
an increase in sturgeon production. Only after a maximum size regulation , 
designed to protect sexually mature sturgeon, was enacted in 1950 di d the 
sturgeon population rebound. Annual harvests doubled by the 1970 ' s  and 
doub 1 ed again by the 1980 ' s. Current harvest restrictions may be 
inadequate to protect stocks from overexploitation. 

Hydroelectric development of the Columbia River mainstem since 1933 
may have reduced the productivity of white sturgeon (Fickeisen 1985). 
Mainstem dams have effectively isolated subpopulations of white sturgeon 
and denied access to a variety of habitats that may have enhanced 
production of sturgeon historically. Pre-impoundment conditions can now 
be found only in the 234 km free flowing reach downstream from Bonneville 
Dam. Factors that may favorably affect survival and productivity of 
sturgeon that are unavailable to impounded populations include access to 
marine environments , consistently better flows duri ng spawning, and 
greater availability of anadromous prey species. 

The beneficial use of the LCR white sturgeon population can only be 
sustained through scientific management based on a thorough understanding 
of limiting factors and population dynamics. Comparisons of the 
characteristics of populations in the free-flowing LCR and impoundments 
may help identify factors limiting production. 

In this paper , we examine the characteristics of the white sturgeon 
population in the free-flowing LCR between the ocean and Bonneville Dam 
located at river kilometer (rkm) 234. We use this information to project · 
sustainable yield and exploitati on rate. 
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Methods 

Data Co7 7ection. - Mark-recapture data were obtained from salmon and 
sturgeon research fisheries conducted by the Washington Department of 
Fisheries (WDF } and the Oregon Department of Fi sh and Wildlife (ODFW} 
during 1983-1991 (Figure 1, Appendix l } . Sturgeon �62 cm fork length (FL }  
were captured and tagged with sequentially numbered spaghetti tags 
inserted at the base of the dorsal fin. All fish captured were sampled 
for marks, fork length, and total length (TL). Additional information 
collected when possible included sex, stage of maturity, and age. 
Commercial and recreational fisheries were sampled to supplement mark
recapture and biological data. 

Age and Growth. - White sturgeon were aged by counting periodic 
rings on cross sections of the anterior pectoral fin ray (Ri en and 
Beamesderfer 1992 ; Tracy and Wall 1992). Samples were obtained from 
consumptive and research fisheries during 1987-1992. Aging techniques 
were validated using oxy-tetracycline (OTC) marking (Leaman and Nagtegaal 
1987 ; Tracy and Wall 1992 ; Rien and Beamesderfer 1992). 

Length measurements were made for each fish that had a fin ray 
sample removed . Fork length was the preferred l ength measurement since 
there was less variation in length assignments than the total length 
measurement. Total lengths were sometimes the only length measurement 
available and were converted into fork lengths using TL= l.09*FL+2.06 
(Tracy and Wall 1992). 

Length at age relationships for white sturgeon were quantified by 
fitting length (cm FL) and age (years) data to a von Bertalanffy growth 
function (VBGF) (Tracy and Wall 1992). 

Length and weight (kg) measurements were taken during research 
fisheries, commercial and recreational fishery sampling, and from natural 
mortalities. Data were fitted to a standard allometric function. Data 
were transformed to ln(FL) and ln(W) then fitted to a linear regression. 

Reproductive Potential. - White sturgeon sampled in the commercial 
catch (110-166 cm FL) were measured to the nearest cm FL and sexed by 
visual examination of gonads. Sturgeon >166 cm FL examined during 
broodstock monitoring activities were sexed by first trying to express 
sperm from ripe males. Females and males not fully mature were sexed by 
surgical biopsy and the use of an otoscope according to the procedures 
outlined in Conte et al. (1988). Ovarian samples were removed from 
females and preserved in 10% formalin. 

Fecundity was determined by weighing an ovary subsample, counting 
the eggs in the subsample, and expanding the egg count by the proportional 
difference in weight of the subsample and the total weight of ovarian 
tissue. Subsample weights were measured to the nearest 0.01 grams prior 
to formalin preservation. A fecundity/FL relationship was developed by 
fitting the data to an allometric equation. Sex ratios were determined 
for 122-183 cm TL and over 183 cm TL size classes. 
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Figure 1. Locations white sturgeon were captured and marked on the 
Col umbia River downstream from Bonnevil l e  Dam , 1985-1991. 
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Stage of maturity for females was categorized according to a 
qualitative histological classification modified from Chapman (1989). Egg 
diameter was measured to the nearest O . 1  mm using a micrometer and 
dissecting scope. Mean egg diameter was calculated from measurements of 
10 eggs. Maturity samples were stratified into the following stages: pre
vitellogenic (eggs translucent, <0. 6 mm diameter) , early vitellogenic 
(eggs opaque , 0. 6-2. 1 mm diameter) , late vitellogenic (eggs pigmented , 
2. 2-2. 9 mm average diameter) , ripe (eggs fully pigmented and detached from 
ovarian tissue, �3. 0 mm average diameter) , and spent (gonads flaccid with 
some residual fully pigmented eggs} .  Attritic oocytes were noted when 
disintegrating black eggs encompassed the majority of the gonad. 
Occasionally, samples exhibited a stage of maturity that was intermediate 
from the listed criteria. Staging the maturity of these samples was made 
subjectively. 

Ovarian maturity was classified into three general categories to 
generate the length-at-maturity dataset: immature/resting (all pre
vitellogenic fish , and early vitellogenic fish recovered from July to 
December} ,  maturing (early vitellogenic fish recovered from January to 
June and late vitellogenic fish recovered from April to December} ,  and 
mature (ripe fish , spent fish , and late vitellogenic fish recovered from 
January to March} .  These classifications correspond to the estimated year 
of spawning: immature/resting fish would spawn �2 years from the recovery 
year , maturing fish would spawn the following year , and mature fish would 
spawn that year. The proportion of maturing females relative to the total 
sample of immature and maturing fish was estimated for each size class. 

A relationship describing size specifi c  maturity was developed 
using a maximum likelihood estimation procedure using a cumulative normal 
probability curve as a functional model of the maturation process (Welch 
and Beamesderfer 1992). A binomial probability distribution for the 
uncertainty in maturation estimates was assumed. The cumulative normal 
probability model was fitted to the length-at-maturity dataset to describe 
the change in maturity as a function of two parameters: µ ,  the length (or 
age} at which 50% of females were maturing, and the variance a2 , a measure 
of the length range over which the change from an immature to a mature 
state occurred. Assuming the cumulative norma 1 model appropriately 
described stur�eon maturation , 95% of fema 1 es matured over a length 
interval of ±2a about the mean length of maturation. A third parameter , 
c (the asymptote of the size-at-maturity function} ,  predicted the maximum 
percentage of maturing females in any given year. The duration of the 
maturation cycle was calculated as 1 + 1/c. The reciprocal of the maximum 
likelihood estimate of c described the duration of the maturation and 
resting phases and 1 year was added to account for the fact that mature 
samples were omitted in the analysis. 

Exp l o i tat ion and Morta l i ty . - Annual size specific exploitation 
rates (u) for lower Columbia River white sturgeon fisheries were 
calculated as the ratio of marks harvested to marks-at-large (Ricker 
1975). Instantaneous exploitation rates (F) were calculated using F=Zu/A 
(Ricker 1975). 

Mark recoveries obtained within one year of release were expanded by 
the sample rate to estimate total mark harvest. Rec re at i ona l fi shery 
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sample rates were calculated for recreational fishery sampli ng sections 1, 
2-9, and 10 { Figure 1). Commercial sample rates were stratified by 
season. Mark recoveries in rec re at i ona 1 fisheries were expanded by a 
cumulative tag retention rate to correct for tag loss {Appendix 2). 
Commercial mark recoveries were corrected by expanding observed tag scars 
by the sample rate. Tag scars were proportioned to all tag groups 
observed in the fishery. 

Mark recoveries obtained primarily from random fishery sampling {in
sample) were used in estimating LCR exploitation although voluntary 
recoveries were used when no in-sample recoveries were obtained and for 
areas that were not samp 1 ed. Voluntary recoveries were expanded by a 
voluntary reporting rate calculated as the ratio of voluntary recoveries 
to estimated mark harvest for each area. Exploitation in LCR tributaries, 
and ocean and estuarial areas outside the LCR was estimated using 
voluntary mark recovery information. Tag recoveries were expanded by 
voluntary reporting rates calculated for Columbia River fisheries. 

Exploitation estimates for tag groups marked excl usively i n  the 
estuary (rkm 9-32) and those for tag groups marked in other areas (rkm 45-
206) were compared using a paired t-test (Sokal and Rohlf 1981). 

Mortal ity was estimated using catch curves (Ricker 1975) derived 
from two separate sources: 1) an age frequency distribution of catches 
from research fisheries and, 2) recaptures in successive years of marked 
fish cohorts. 

The catch of white sturgeon during 1990 and 1991 research fisheries 
at Corbett, Woody Isl and, and the estuary were pooled to create a 
composite 1 ength frequency di stri but ion. Corrections for gear 
vulnerabil ity (size sel ectivity) were made using mark-recapture data from 
these same fisheries (Hamley 1975 ;  Lagler 1978 ; Beamesderfer and Rieman 
1988). Vulnerabil ity was estimated using the ratio of recaptures to 
marks-at-large by 10 cm FL intervals, and was based on data collected from 
1983-1991 research fisheries employing nets with similar specifications. 
Only recaptures within three months of marking were used to reduce growth 
related bias. Vulnerability curves describing the relationship between 
recapture rate and fork length were fit with non-1 i near least squares 
regressions (SAS 1988). The combined length frequency distribution was 
corrected by dividing the observed frequency in each size class by the 
relative vulnerability (Beamesderfer and Rieman 1988). 

The adjusted length frequency was converted to age frequency using 
pooled age at length data collected during 1987-1992 (Tracy and Wall 
1992). Instantaneous total mortality rate (Z) and annual total mortality 
rate (A) estimates were made from the slope of the descending limb of the 
log transformed catch curve (Ricker 1975). These estimates correspond to 
age 10-16 fish representing age classes recruited to the recreational 
fishery. Confidence limits (95%) about Z were calcul ated from the 
regression as ±2 SE. 

Mortal ity estimates were al so made by regressing l og catch per 
angl er trip on recapture year of a cohort of marked fish ( Ricker 1975). 
The cohort was comprised of 82-91 cm FL (36-40 in. TL) fish marked during 
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1 985- 1 987 research fisheries. Recaptures were expanded by a cumulative 
monthly tag retention rate to correct for tag loss (Appendix 2). 
Recaptures of 1 986 and 1 987 mark groups were weighted relative to 
recaptures of the 1 985 mark group to derive a 1 985- 1 987 composite 
recapture frequency. 

Instantaneous natural mortality rate (M) for fish of harvestable 
size was calculated as M=Z-F. Conditional natural mortality rate (n) was 
calculated from the instantaneous natural mortality rate estimate (n= l-e-M) 
(Ricker 1 975 ) . Estimates of n were averaged to determine the natural 
mortality rate for the population. 

Abundance . - The Chapman ( 1 95 1 .) modification of the Peterson mark
recapture model for closed popu lat i ans was used to estimate annual 
abundance of harvestable size white sturgeon each year from 1 987- 1 990 . 
Fish were marked during April-June research fisheries and recaptured by 
sampling July-March consumptive fisheries. 

Recruitment to harvestable size was accounted for by marking fish 
<82 cm FL in 1 987 and 1 988 , and <92 cm FL in 1 989 and 1 990 . It  was 
assumed marked and unmarked fish recruited at the same rate. Separate 
abundance estimates for two length intervals (82-9 1  cm FL and 92- 166  cm 
FL) were calculated to reduce size selectivity bias and to account for the 
change in the minimum allowable length in recreational fisheries from 82 
cm FL to 92  cm FL in 1 989 . Confidence limits ( 95%) were calculated 
assuming recaptures approximated a Poisson distribution (Ricker 1 975 ) . 

Abundance of sturgeon >54 cm FL but <82 cm FL in 1 987 and 1 988 ,  and 
<92 cm FL  in 1 989 and 1 990 was estimated by extrapolating from mark
recapture estimates using length frequency distributions of annual 
research fishery catches corrected for gear vulnerability. Annual 
abundance estimates of sturgeon > 166 cm FL ( >72 in TL) were made by 
expanding the number of sturgeon > 166 cm FL reported handled in the 
recreational fishery each year (Melcher and King 1 99 1 ) by the estimated 
exploitation rate of sturgeon in the 1 1 0- 1 66 cm FL length interval. 

Annual abundance estimates were made for sturgeon at age 1 0  and age 
25  using population speci fie age-at-1 ength data (Tracy and Wall 1 992) . 
Population density estimates were calculated from abundance estimates and 
surface area estimates for the LCR (Parsley and Beckman 1 992 ) . 

· The ef feet of app 1 yi ng a c 1 osed popu 1 at ion estimator to an open 
population was evaluated by simulating various immigration, emigration, 
and recapture scenarios over a nine month period. Immigration and 
emigration values of 10% and 30% of initial abundance (at the start of the 
recovery period) were used. The estimator was considered satisfactory for 
scenarios resulting in estimates between initial abundance and initial 
abundance plus immigration. 

Product i vi ty .  - The production potential of the population was 
described using relationships between exploitation and yield (kg) per 
recruit and reproductive potential (egg production) per recruit. An age
structured population si mulation model, MOCPOP 2 . 0  { Beamesderfer 1 99 1 ) ,  
was used to calculate yield and reproductive potential for a range of 
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exploitation rates. Both constant recruitment to age 1 and a Beaverton
Holt stock dependent recruitment relationship with A=0. 5 (Beaverton and 
Holt 1957) were modeled. 

Resul ts 

Age and Growth 

Ages were assigned to 783 fish ranging in age from 1 to 65 years and 
in size from 17 to 262 cm FL. The relationship that best described the 
length-at-age data was the following VBGF: L =276. 3 (1 -e< -0 • 0346< t• 1 - 1 25 >) 
(Tracy and Wal 1 1 992). Oxytetracycl ine val idatio� results indicated that 
one annulus was deposited each year, and that ageing techniques used to 
age LCR white sturgeon were valid. 

Paired length and weight measurements were obtained from 5, 336 LCR 
white sturgeon with lengths ranging from 37 to 262 cm FL and weight from 
0. 59 to 187. 8 kg. The length-weight relationship was fitted to the 
following allometric function (r2=0. 97): W= l . 043E-5* L2 •958 (Figure 2). 

Reproductive Potential 

The sex ratio for the 1 10-166 cm FL size class was 44. 7% female and 
55. 3% male (n=5, 729). Fish > 1 66 cm FL had a sex ratio of 46. 5% female and 
53. 5% male (n=71). 

The fecundity/ FL relationship (F=0. 0736* L2 · �7 , n=38} , as described 
bl linear regression of log transformed variables, was a poor fit with an 
r of 0. 59. Fork lengths ranged from 1 1 5 to 215  cm while estimated 
fecundities ranged from 98, 200 to 699, 000 eggs (Figure 3). 

There were 1 , 271 ovaries examined for stage of maturity, with 1, 1 74 
(92%) categorized as pre-vitellogeni c, 58 (5%) as early vitellogenic, 15 
(1%) as late vitellogenic, 22 (2%) as ripe or spent, and 2 (<1%) 
classified as unknown. Early and late vitellogenic females were collected 
throughout the year (Figure 4). This is consistent for a species with a 
maturation cycle longer than one year (Chapman 1 989 ; Kroll 1 990 ; Doroshov 
et a 1 . 1991 ; North et a 1 . 1 992). The 1 ack of maturation data for the 
months of January, Apri 1, Jul y, and December reflect the absence of 
commercial fisheries or broodstock monitoring activities during these 
months. Mature females were present prior to and during the spawning 
timeframe and rare during other timeframes (Figure 4). A time seri es of 
egg diameters from vitellogenic females shows a delineation between early 
vitellogenic, late vitellogenic, and ripe maturation stages consistent 
with the above patterns (Figure 5). 

Maximum likelihood esti mates for µ and u2 were 160 cm and 18 cm, 
respectively (Figure 6). Therefore, 1 60 cm FL was the median length at 
first maturity with 95% of the females maturing between 1 24 and 1 96 cm FL 
(±2u2 ) .  These lengths correspond to ages 24, · 1 6, and 35 years, 
respectively. The estimate of c, the maximum proportion of maturing 
females, was 0. 50, corresponding to lengths �230 cm FL (Figure 6). 
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Exploitation and Mortality 

Estimated exploitation rates (-u) in Columbia River fisheries were 
highest in the 122-152 cm TL interval where fish were vulnerable to both 
recreational and commercial fisheries (Table 1). Geometric means of 
exploitation estimates corresponding to periods and length intervals 
speci fi c to the total mortality estimates were 0. 28-0. 29. Exploitation of 
marked fish outside the LCR ranged from <1%-2%. These estimates were 
based on voluntary mark recaptures expanded by reporting rates of 22% and 
43% for LCR commercial and recreational fisheries, respectively. 
Exploitation estimates derived using estuary tag groups compared to · 
estimates derived from non-estuary tag groups showed no significant 
difference (P > 0. 8502). 

Gear vulnerability curves generated from research fishery gillnet 
catches were: 

Y = o .  0 6 4  * e 

for the 65-105 cm FL interval, and: 

Y = o .  0 17 * e 

(X-94 . 1) 2 

-413 

(X-13 5 ) 2 

825 

for the 105-165 cm FL interval (Figure 7). 

(1 ) 

( 2 )  

Total instantaneous mortality rate (Z ) and annual mortality rate (A) 
derived from the 1990-1991 catch curve for 10-16 year old fish were 0. 53 
and 0. 41, respectively (Figure 8). Total mortality estimates from the 
marked cohort regression were similar with values of 0. 51 and 0. 40 for Z 
and A, respectively (Table 2). Instantaneous and conditional natural 
mortality estimates (M and n) averaged 0.16 and 0. 15, respectively (Table 
3). 

Abundance 

Annual abundance estimates for white sturgeon �54 cm FL  (�2 ft. TL ) 
ranged from 678, 000 to 1, 058, 300 fish in 1986-1990 (Tab.le 4) . .  Average 
abundance for 1986-1990 was 895, 500 sturgeon �54 cm FL. There was a 
decline in the exploited age classes (92-166 cm FL) between 1986 and 1990, 
consistent with the high expl oitation estimates (Tables 1 and 4). 
Abundance of oversized sturgeon (�167 cm FL) ranged between 6, 900 and 
10, 900 (Table 4). The estimated abundance of age 10 fish ranged from 
124, 800 to 189, 000 fish while abundance of age 25 fish ranged between . 600 
and 1, 000 (Table 4). The average density of white sturgeon �54 cm FL  in 
the LCR was 14. 6 fish per hectare and ranged from 11. 1 to 17. 3 fish· per 
hectare (Table 4). 

Simulations indicated that the recapture sampling strategy as well 
as the magnitude and timing of immigration and emigration influenced the 
accuracy of the modified Peterson estimator. The estimator was 
satisfactory when recapture sampl ing was spread throughout the nine month 
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Table I.  Estimated exploitation of marked white sturgeon from the 
Columbia River downstream from Bonneville Dam, 1985-1991. Year groupings 
and length intervals correspond to length and time intervals used in 
cal cul ating total mortal ity. 

Marked fish. harvest 

Period8 

Total 
length 

interval Marks-at-large Observed Expandedb Exploitation 

1985-1 986 

1 986-1 987 

1987-1988 

91-lOlcm 

9 1-1 2lcm 

91-12lcm 

1988-1989 91-152cm 

1989-1990 122-152cm 

1990-1991 122-152cm 

227 

2, 099 

1 , 834 

1, 280 

165 

105 

13  

1 46 

130 

66 

614 

487 

0.29 

0.29 

0.27 

1985-1988 Geometric meanc 0.28 

54 

1 1  

7 

243 

61 

40 

0.19 

0.37 

0.38 

1985-199 1  Geometric meand 0.29 

a The 12 month period following capture and marking. Marking took place 
from April-June of each year. 

b Observed marked fish harvest expanded for f i she,:y sub-samp 1 i ng, harvest 
outside the Columbia River, and corrected for tag Toss. 

c An estimate of the 1985-1988 average composite exploitation experienced 
by 91-101 cm TL white sturgeon marked in 1985, 1986 and 1987. 

d An estimate of the previous 5-6 year average composite exploitation 
experienced by 15-16 year old white sturgeon sampled in 1990-1991. 

152 



0. 1 

0 0.08 
� a: 
(]) 
O> "-
CtS 0.06 

_J 
I 

� 
I 

0 ..... 
I 

0.04 (]) "-
:::::J 

CtS 
(.) 
(]) 

0.02 a: 

0 
45 

65 - 1 05 cm 

1 05 - 1 65 cm 

65 85 

Y = 0.064 e " ((( X - 94 ) " 2 ) / - 41 3 ) 

r 2 = 0.99 

Y = 0.01 7 e " ((( X - 1 35 ) " 2 ) / 825 ) 

3,676 

1 ,299 • 

1 05 

2 _  r - 0.89 

1 64 • 

1 25 1 45 

58 • 

33 1 8  

1 65 1 85 

Fork Length (midpoint 1 O cm interval) 

Figure 7 .  Ratio of recaptures to marks-at-1 arge by 10 cm fork length 
interval for white sturgeon captured using 6% � 7% i nch mesh gill �ets oh 
the Col umb i a  Ri ver downstream from Bonnevi l le Dam , 1983-1991 . Onl y 
recaptures during the April -June marking peri od were included .: Curves 
representing the 65-105 cm and 105-165 cm relationships were fit to th'e . 
ratios using non-linear least squares regression. The number of marks-at
large are presented for each poi nt .  
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Table 2. Recreational fishery recapture data and corresponding mortali ty 
estimates for white sturgeon marked in the Columbia River downstream from 
Bonneville Dam, 1985-1989. 

Recapture 
period8 

1985-1986 
1986-1987 
1987-1988 
1988-1989 

1985 

47 
34 
14 
11 

Recaptures by mark group8 

1986 

162 
137 
89 

Weighted 
1987 average 

148 
78 

Angler 
trips 

Recaptures 
per angler 

trip 

Weighted recapture frequencyb 

1985-1986 47 
1986-1987 34 
1987-1988 14 
1988-1989 11 

47 135 , 100 0. 0003 
34 34 145 , 600 0. 0002 
28 14 19 175, 300 0. 0001 
19 7 12 149 , 800 0. 00.01 

Instantaneous total mortal ity {Z) 0. 51 ± 0. 13c 

Annual total mortal ity {A) 0. 40 ± 0. 12 

a Combined insample and volunteered mark recaptures by 12 month period 
following initial capture and release. Mark groups consisted of 91-101 
cm TL fish tagged during April-June, 1985-1987 research fisheries. 
Recaptures were expanded to account for tag loss. 

b Recaptures of 1986 and 1987 mark groups were weighted relative to the 
1985 mark group to derive a combined 1985-1987 mark group average 
recapture frequency. 

c Instantaneous total mortality (± 2 SE) was estimated from a linear least 
squares regression of log-transformed recaptures per angler trip. 
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Tabl e 3 .  Mortal i ty est i mates for wh i te sturgeon sampl ed from the Col umbi a 
Ri ver downstream from Bonnev i l l e Dam . .  

Category 

Total mortal i ty 

� Marked cohort ( 9 1 - 1 0 1  cm TL) 

I n stantaneous ( Z )  

Annual  (A) 

Research fi shery catch curve ( ages 10- 1 6 )  

Instantaneous ( Z )  

Annual (A) 

F i sh i ng mortal i ty 

I n st antaneous ( F )  

Cond i t i onal (m) 

Expl o i tat i on ( u )  

Natural mortal i ty 

I nstantaneous (M ) : M = Z - F 

Cond i t i onal  ( n ) : n = 1 -eA (-M) 

Average (methods and years combi ned )  

I n stantaneous (M )  

Cond i t i onal ( n )  

1 56 

1 985- 1 988 

0 . 5 1 

0 . 40 

0 . 36 

0 . 30 

0 . 28 

· 0 . 1 5 

0 . 1 4 

0 . 1 6 

0 . 1 5 

1 990- 1991  

0 . 53 

0 . 4 1 

0 . 37 

0 . 3 1  

0 . 29 

0 . 1 6 

0 . 1 5 



Tabl e 4 .  Abundance of wh i te sturgeon i n  the Col umb i a Ri ver downstream 
from Bonnev i l  1 e Dam , 1 986- 1 990 , based on mark-recapture est i mates and 
research and recreat i onal fi shery l ength frequency d i stri but i ons . 

Fork l ength 
i nterval 

( cm) a 1 986 

54-8lb 755 , 200 

82-9 1  66 , 400c 

95% C I  ( 48 , 700)  
( 99 , 300) 

1 987 

788 , 300 

1 1 5 , SOOC 

(82 , 000 ) 
( 183 , 200 ) 

92- 1 66c 1 48 , 1 00 1 46 , 300 

95% C I  ( 1 1 0 , 500)  ( 1 1 1 , 700) 
( 2 1 5 , 300 ) ( 205 , 000 ) 

� 1 67d 7 , 600 8 , 200 

Total 
( �54 cm) 977 , 300 1 , 058 , 300 

Number per 
Ha (�54 cm) 1 6 . 0  

Number 
Age 1 0  1 88 , 900 

Age 25 600 

17  . 3  

189 , 000 

1 , 000 

Abundance 

1 988 

740 , 500 

95 , 600c 

(65 , 600 ) 
( 1 6 1 , 600 ) 

1 1 1 , 1 00 

( 74 , 900 ) 
( 1 92 , 800)  

8 , 900 

956 , 1 00 

1 5 . 6  

1 60 , 700 

900 

1 989 

496 , 200 

84 , 900b 

90 , 000 

( 66 , 800 ) 
( 1 32 , 500 ) 

6 , 900 

678 , 000 

I I. I 

1 24 , 800 

600 

1 990 

593 , 500 

1 25 , 500b 

77 , 900 

( 59 , 400 ) 
( 1 09 ;400 ) 

1 0 , 900 

807 , 800 

. 1 3 . 2 · 

1 6 1 , 300 

700 

a Intervals  correspond to total lengths of 24-35, 36-39, 40-72, and >72 
inches. 

b Abundance for these length intervals  was extrapolated from the mark
recapture estimates using research fishery length frequencies. 

c Mark-recapture abundance estimates were made for 82-166 cm FL fish in 
1986-1988 and for 92-166 cm FL f ish in  1989-1990. 

d Abundance of f ish �167 cm FL was calcu lated by di viding the handle  of· 
�167 cm FL f ish in  the recreational f ishery by the 110-166 cm FL 
recreationa l fishery explo itation rate. 
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recapture period and a portion of the immigration and emigration occurred 
after month five (at 30% of initial abunda.nce) or month three (at 10% of 
initial abundance). 

Productivity 

Population simulation using constant recruitment predicted maximum 
sustainable yield (MSY) was 1.4 kg per recruit at an exploitation rate of 
0.32 (Figure 9A). Estimated sustainable annual yield, based on the number 
of age 1 recruits, was 997, 000 kg (16.3 kg/Ha), assuming constant 
recruitment. Maximum sustainable yield dropped to 0.3 kg per recruit at 
an exploitation rate of 0.04 when a stock-dependent recruitment function 
(Beaverton-Holt : A=0.5) was applied. 

Egg production per recruit ranged from 11, 890 for an unexploited 
populat i on and decreased exponentially to 90 (assuming constant 
recruitment) or 3, 500 (assuming stock dependent recruitment : A=0.5) at MSY 
exploitation rates ( Figure 98). 

Discuss f on 

The LCR supports the largest abundance and highest density of white 
sturgeon in the three identified production areas (Sacramento/San Joaquin, 
Columbia, and Fraser basins). Pycha (1956) estimated 11, 154 white 
sturgeon �102 cm TL in the Sacramento/San Joaquin estuary in 1954. 
Kohlhorst (1980) estimated the abundance of the same population to be 
40, 000 in 1968 and 74, 500 in 1979. Recent abundance estimates show a 
marked increase : 128, 300 in 1984, 96, 200 in 1985, and 84, 000 in 1987 
(Kohlhorst et al. 1991), although average stock size was less than 
estimated for the LCR population. The 1986-1990 average abundance for the 
same size classes of LCR white sturgeon was 123, 200. Estimated abundance 
of Columbia Basin populations upstream from Bonneville Dam were also lower 
than LCR estimates, ranging from 870 fish in the Kootenai system to 51, 400 
fish (�70 cm FL) in Bonneville Reservoir (Cochnauer 1983; Cochnauer et al. 
1985; Lukens 1985; Apperson and Anders 1990; Beamesderfer and Rien 1992). 
There are no reported estimates of white sturgeon abundance or density 
from the Fraser Basin. However, annual harvest estimates of Fraser River 
sturgeon (Semakula and Larkin 1968; Parks 1978) indicated that abundance 
and density may be significantly lower than for the LCR population. 

White sturgeon from the LCR appear to have better growth than other 
populations. Tracy and Wall (1992) reported higher average length at age 
for the LCR population compared to populations from Bonneville Reservoir 
(Malm 1981), the Snake River (Coon et al. 1977; Lukens 1982, 1984), and 
the Fraser River (Semakula 1963). A comparison of VBGFs from Sacramento 
River and LCR populations indicate that LCR sturgeon grew slower at young 
ages, but attained a larger ultimate length (Tracy and Wall 1992). Mean 
relative weights are higher for LCR sturgeon than for any other white 
sturgeon population reported (Beamesderfer 1992). The superior growth 
rates and condition factor of the LCR population is probably due to 
abundant food resources associated with marine-based prey species. White 
sturgeon in the LCR make seasonal migrations to feed on · eulachon 
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(Tha7eichthys pacificus), northern anchovy (Engrau7is mordax), American 
shad (A losa sapidissima), and moribund salmonids (Baj kov 195 1 ;  Devore and 
Grimes 1992). The biomass of prey species is high and well distributed 
seasonally. Therefore, LCR sturgeon can subsist on alternative resources 
in the event of declines in usual prey species. 

A problem in this study, as in most sturgeon studies, was the lack 
of samples from large fish. The age structure of the LCR population, 
managed with a slot limit, had proportionally more older and larger fish 
than most populations and was therefore more difficult to model without 
adequate samples from those fish. Age composition and mark recoveries 
obtained from recreational and commercial . fisheries were biased due to 
minimum and maximum size limits. Sturgeon captured in the Bonneville 
broodstock monitoring program provided valuable aging and maturity samples 
but samp 1 i ng was not representative of that segment of the population 
because reproductively mature fish were more prevalent than in a random 
samp 1 e. Representative samp 1 i ng of the over 6 ft. Tl segment of the 
population would have resulted in more accurate modeling of age, growth, 
and reproductive potential. 

Our estimate of natural mortality (M=0.15) was higher than the 0.07 
we estimated from a generalized relationship Pauly (1980} developed using 
multiple regression of mean water temperature and VBGF parameters K and L�. 
However, the similarity of total mortality estimates using two different 
methods suggested reasonable accuracy. In comparison, Semakula (1963} 
calculated a natural mortality rate of 0.089 for Fraser River white 
sturgeon, and Lukens (1985} determined a natural mortality rate of 0.13 
for Snake River white sturgeon {Hells Canyon population). Kohlhorst et 
al. ( 199 1)  report estimates of survival and exploitation for the 
Sacramento/San Joaquin white sturgeon population, from which we calculated 
estimates of M ranging from 0.05 to 0.20. High natural mortal ity 
estimates may in part result from undocumented illegal harvest. 
Considering the popularity of LCR sturgeon fisheries, significant illegal 
harvest probably occurred. The high effort and catch could al so be 
responsible for a relatively high incidental fishing mortality (e.g. 
hooking mortality) which would result in overesti mating natural mortality. 

Parameter estimates that relied on mark-recapture data would have 
been biased if survival of marked fish was affected by handling stress and 
marking techniques {Wydoski and Emery 1983). We were unable to estimate 
survival differences between marked and unmarked fi sh in this study, but 
assumed any differential survival was minor. Multiple recaptures of 
marked fish in commercial and recreational fisheries support this 
assumption. lower survival of marked fish would have produced 
overestimation of marks-at-large which would have resulted i n  
underestimates of exploitation and overestimates of abundance and natural 
mortality. 

We used a closed system population estimator because of tag shed and 
recruitment problems inherent with a long time series model. Abundance of 
open system populations is typically estimated using a multiple mark
recapture estimator such as the Jolly-Seber model (Ricker 1975). The 
multiple mark and recapture periods (�5) in Jolly-Seber methodology would 
have required a five year mark and recapture study resulting in bias from 
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tag shed and recruitment. Also, migration studies suggest that only a 
small portion of the LCR white sturgeon population reside i n  mari ne ·areas 
for a signi ficant duration (DeVore and Gri mes 1992). The modi fi ed 
Peterson model we used, when appli ed to a population open to both 
i mmigration and emigration , may overesti mate abundance (Robson · and Regier 
1968). However, our simulati ons i ndi cated that, as long as i mmigrat i on, 
emi grati on, and recoveri es were not li mited to the fi rst fi ve · months of 
the recapture peri od (for levels of immi grati on/emi grati on · at 30% · of 
ini tial abundance), abundance esti mates would fall between initial 
abundance (at the start of the recovery period), and initi al abundance 
plus immi grati on. We concluded that we overesti mated i ni ti al abundance 
but underestimated the annual abundance of fish that utilize the LCR � 

Population si mulati on, assuming constant recrui tment, i nd i cates that 
the LCR population can withstand relatively hi gh exploitation (MSY at 32% 
annual exploitati on of the 3-6 ft. population). An histori cal collapse i n  
stocks due to overexploitation is compelling evi dence that the assumption 
of constant recruitment is unrealistic. The recovery of the population 
after protection of broodstock with a 6 ft. maximum size l imit also 
suggests a relati onship between stock size and recruitment, although the 
data does not i ndicate the appropriate degree of densi ty dependence. 
Kimura et al. (1984) suggest that the Beaverton-Holt recruitment function 
wi th A=0. 5 i s  a reasonable low bound for most fi sh populations. 
Therefore, the actual stock recruitment relationship for LCR white 
sturgeon, as well as MSY, probably occurs wi thin the ranges modeled � 

Managers should be aware that although LCR white sturgeon may be 
able to with stand relatively high harvest rates there i s  a danger of 
overexploi tati on leading to a decline in productivi ty. Sturgeon 
throughout their range have a common history of decli ne or depleti on due 
to overexploitation and habitat changes (Rochard et al. 1990). Optimal 
sustainable yields can only be achieved for the LCR population with 
conservative management schemes, especially in light of recent increases 
in recreational catch and effort. Since 1988, Columbia River managers 
have reduced harvest rates to half the rates of 1985-1987 i n  the LCR by 
eliminating target commercial seasons in 1989, increasing the recreational 
minimum size limit by four inches in 1989, and reducing the daily bag 
limit in recreational fisheries to one fish <48 in. plus one fish �48 i n. 
in 1991. In 1992 Washi ngton adopted further restrictions by establishi ng 
a spring spawning sanctuary in the 6. 5 km reach downstream from Bonneville 
Dam (on the Washington side of the river) and reducing the maximum size 
li mit in recreati onal and commercial fisheries to 60 in. TL. 

Hydroelectric development has impacted LCR whi te sturgeon to some 
degree, although probably less than the impounded populations. Parsley 
and Beckman (1992) demonstrated that suitable spawni ng habitat exists i n  
the Bonneville Dam tai lrace at lower discharges than in upstream spawning 
areas, although the amount of suitable sp·awning habitat has been affected 
by hydropower development. Spring flows in the LCR prior to hydroelectric 
development were much hi gher and, if spawning habi tats were fully seeded, 
decreased spring flows would result i n  reduced recrui tment. Low spring 
flows i n  the Sacramento/San Joaqui n Basin were correlated to low 
recrui tment (Kohlhorst 1980). Nevertheless, Parsley et al. (1992) found 
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recruitment was higher with less annual variati on in the LCR than in 
impounded areas upstream from Bonneville Dam. 

The LCR supports the most productive population of white sturgeon 
based on perennially good recruitment, superior growth and condition 
factor, the highest abundance and densities reported in the species range , 
and relatively high sustainable yields. Access to marine environments, 
abundant food resources, and suitable spring flows for spawning every year 
are the primary reasons for this high productivity. Despite the great 
production potential of this population, history has taught us that this 
resource is vulnerable to collapse from overexploitation. Therefore, our 
challenge is to manage the resource for long term sustainable exploitation 
and protect critical habitats needed to maintain a highly productive 
population. 
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Appendix 1. Numbers of white sturgeon captured and marked during research 
fisheries on the Columbia River downstream from Bonneville Dam, 1985-1991. 

Year Location Mesh Number Number Number 
Fishery {Rkm) Period size {in) drifts captured tagged 

1985 
Corbett 200 Apr 6%-7% 30 256 177 
Skamokawa 55 Apr-May 6%-7% 15 613 360 
Estuary 9-32 May-Jun 7%-9 23 635 624 

-- --
Total 78 1, 504 1, 161 

1 986 
Corbett 200- 2 1 4  Mar-May 6%-7% 41 733 315 
Skamokawa 55 Mar-May 6%-7% 22 2, 392 1, 076 
Woody I sland 45 Apr 6%-7% 20 1, 028 777 
Estuary 9-32 Mar-Jun 7%-9 38 2, 451 2, 155 

--
Total 121 6, 604 4, 323 

1987 
Corbett 200 Apr 6%-7% 30 261 201 
Skamokawa 55 Mar-Jun 6% 9 497 251 
Woody Island 45 Apr 6%-7% 21 406 296 
Estuary 9-32 Apr-Jun 7%-8 74 3,164 2, 948 

Total 134 4,328 3,696 

1988 
Corbett 200 Apr 6%-7% 31 631 481 
Skamokawa 55 May 6% 9 35 26 
Woody Island 45 Apr 6%-7% 20 763 601 
Estuary 9-32 May-Jun 7% 55 1, 532 1, 409 

-- --
Total 115 2, 961 2,517 

1989 
Corbett 200 Apr 6%-7% 27 275 174 
Skamokawa 55 Apr-May 6% 2 165 85 
Woody I sland 45 Apr 6%-7% 21 1, 569 812 
Estuary 9-32 Apr-Jun 6%-7� 55 4, 921 4,249 

--
Total 105 6,930 5, 320 

Continued 
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Appendix 1. Continued. 

Year Location Mesh Number Number Number 
Fishery {Rkm) Period size {in) drifts captured tagged 

1990 
Bonneville8 230 May-Jun 9%- 11 11 54 50 
Corbett 200 Apr 6%-7% 30 389 2 14 
Woody Island 45 Apr 6%-7 30 763 369 
Estuary 9-32 Apr-Jun 7% 52 5 , 320 2, 756 

--

Total 123 6, 526 3 , 389 

199 1 
Bonneville8 230 May-Jun 9%- 11 2 1  83 65 
Corbett 200 Apr 6%-7% 30 2 17 83 
Skamokawa 55 May 7% 3 40 36 
Woody Island 45 Apr 6%-7 20 1, 237 749 
Estuary 9-32 Apr-Jun 7% 71 7, 530 3, 967 

--

Total 134 7, 110 5 , 344 

a Mon i toring of Oregon pri vate hatchery broodstock co 7 7 ect ion act i vi t i es .  
Effort was number of nights fished instead of number of drifts . 
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Appendix 2 :  Tag Retention Rates 

Tag retention rates were derived from recaptures of fish that were 
initially double tagged (anterior and posterior insertion sites at the base 
of the dorsal fin). Recaptures were summarized by retention (anterior only, 
posterior on 1 y ,  or both tags present) and by months-at-1 arge (Appendix 2 
Table 1). Tag retention data were pooled for 1-3 and 4-6 months-at-large, 
then for subsequent six month periods. Retention rates were estimated from 
pooled retention ratios using an iterative model incorporating probability 
formulas described in Ricker (1975) . 
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Appendix 2 Table 1. Retention of spaghett i tags applied. to wh;:te sturgeon 
in the Columbia River · downstream from · eonneville Dam, 1 986� 1991. 

Anterior Posterior 

Recaptures8 Retention rate Recaptures8 Retenti.on rate 
Months 

at 
large Retained Lost Monthly Cumulative Retained Lost Monthly Cumulative 

1 - 3 1 , 22 2  44 0 . 978 1 , 2 22  44 0 . 978 
4- 6 274 2 5  0 . 990 276 23 0 . 994 
7- 1 2  594 65 0 . 999 0 . 90 586 73 0 . 994 0 . 88 

1 3 - 1 8  759 99 0 . 993 7 1 7  1 4 1  0 . 977  
1 9-24 266  42  0 . 999 0 . 86 2 1 9  89 0 . 983 0 . 69 
2 5-30 335 69 0 . 986 270 134 0 . 986 
3 1 -36 102  30  0 . 995 0. 77 65 67 0 . 940 0 . 44 
37-42 86 29 0· . 992 48 67 0 . 980 
43-48 32 13 0 . 995 0 .  71  14 3 1  0 . 950 0 . 29 

a The number lost was expanded by the predicted number of recaptures with 
both tags missing. 
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Appendix 3. Equations and definitions of variables and parameters used in 
a model of the population dynamics of white sturgeon. Included are 
variable and parameter values estimated for the white sturgeon population 
residing in the Columbia River downstream of Bonneville Dam. 

Variable Length 
or interval 

parameter Definition Equation FL (cm) Value 

Nx t Age-specific number of = ( Nx- 1 ,  t - 1 )  ( Sx) I fish in the population 
in any year 

X Age 

t Year 

xrnax Maximum age 80 

sx Age-specific annual = 1 - [mx + nx - (mx) Cnx)l 
rate of survival 

mx Conditional harvest 
mortality rate 

nx Conditional natural 0.15 
mortality rate 

LX Length at age (van = L. {1 - Exp [-k(x - t0 ) ] } 
Bertalanffy equation ) 

L. van Bertalanffy equation 276.313 
length at infinity 

k van Bertalanffy equation 0 . 034602 1 
parameter 

to van Bertalanffy equati on -1.1249161 
parameter 

wx Weight at age = ( aw)(  Lx)"'' bw 

aw Length-weight equation 2.85 E-6 
coefficient 

bw Length-weight equation 
exponent 

3.23 

Continued 
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Appendix 3 .  Continued . 

Variable 
or 

parameter 

pt 

PX t 

pf 

psx 

C., 

µ. 

(1 

Definition 

Net reproductive 
potential of all ages 
in any given year 

Reproductive potential 
of each age cl ass at 
or above the age of 
female maturity 

Equation 

Length 
interval 

FL (cm) v·a1 ue 

Proportion of the 82-166 0 . 447 
popul ation that is � 1 67 0 . 465 
femal e 

Proportion of the = c., Cl> 
population of females = C., ( I -Cl>) 
of each age class that 
spawn in any year 

Maximum prolJortion of 
spawning females 

Cumul ative normal distribution function 
dependent variabl e 

1 5 LX - µ. 
= - EXP[-(Lx - µ.) 2u2 ] I bi { I + p -- } 1 - i 

{211 i =1 C1 

Mean l ength of femal e 
sexual maturity 

Variance about mean 
length of female sexual 
maturity 

0 . 50 

160 

18 

b1 , • •  ,b5 Constants (0 . 31938153, -0 . 356563782, 1 . 781477937, 
-1 . 82 1 255978, 1 . 330274429) 

p Constant (0 . 2316419) 

Age-specific fecundity = (af)(Lx)"bf 
of femal es 

Length-fecundity 0 . 0735 
equation coefficient 
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Appendix 3 .  Continued . 

Variable 
or 

parameter Defi ni tion 

Length-fecundity · 
equation exponent 

Equat i on 

Length 
interval 

FL (cm) 

Number of age 1 = (Pt ) /{1- (Ab) [ l - (Pt/Pr) l }  
recruits to the population 
(corresponds to N1 , t ) 

Replacement reproduct i ve 
potential at equilibri um 

Beverton-Holt recruitment 
parameter describi ng 
shape of curve 

1 74 

Value 

2. 937159 

0 . 50 
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Abstract.- White sturgeon Acipenser transmontanus were sampled . in 
three lower Columbia River reservoirs from 1987-91 to describe 
population dynamics and to eva 1 uate the abi 1 i ty of these stocks to 
sustain harvest. Significant differences were observed among reservoirs 
in abundance, biomass, size composition, sex ratio, size of females at 
maturity, growth rate, condition factor, and rate of exploitation. No 
differences were detected in fecundity, natural mortality rate, or 
longevity, in part because of sampling difficulties. Recruitment rates 
and densities were inversely correl ated with growth rate, condition 
factor, and size of fema 1 es at maturity. Differences in population 
dynamics among reservoirs resulted in IO-fold differences in sustainable 
yields. Differences were even larger if relative reservoir sizes were 
considered. Maximum yields per recruit were predicted at annual 
exploitation rates between 5 and 15%, although potential egg production 
per recruit declined exponentially with increasing exploitation. 
Potential yield from these impounded popul at i ans appears to have been 
reduced by dam construction, which restricts populations to river 
segments which may not include conditions optimal for all life stages. 
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Introduction 

Despite the value or potential value of sturgeon fi sheries 
worldwide, the population dynamics and factors regulating production in 
this ancient family are poorly understood. This lack of knowledge is 
likely a contributor to, and a result of the depressed or endangered 
status of sturgeons almost everywhere (Rochard et al. 1990} .  The 
longevity and delayed maturation of sturgeons appear to render 
populations incapable of sustai ning even moderate expl oitation without 
col 1 apse (Smith 1914, Smith et al. 1984, Threader and Brousseau 1986, 
Young et al. 1988, Rieman and Beamesderfer 1990, Smith 1990 } .  
Populations have also been severely affected by changes in their large
river habitats, especially those related to dam construction (Artyukhin 
et al . 1979, Votinov and Kas ' yanov 1979, Assis 1990, Lane 1 991). 

Construction of hydroelectric dams across the Columbia River bas 
segregated white sturgeon Acipenser transmontanus stock into a series of 
functionally discrete populations (North et al. 1992b} which have access 
to different habitats (Parsley and Beckman 1992). Habitat varies in the 
mainstem Columbia River in a largescale pattern related to the 
surrounding topography, which includes interior mountains, a semi-desert 
plain, a gorge through the Cascade Range, a drowned coastal valley, and 
an estuary. Where white sturgeon hi stori ca 1 1  y ranged free 1 y, 
undertaking extensive seasonal migrations among habitats (Bajkov 1951} , 
dam construction now constrains movement to river segments, · each 
containing a subset of the conditions previously available. Impoundment 
has a 1 so reduced habitat diversity, rep 1 acing the free-flowing river 
with a more lentic environment. 

Habitat differences probably have a complex effect on white 
sturgeon populations, potentially affecting each life history stage 
differently. Comparisons of available habitat will not estimate _ this 
net effect on white sturgeon because it is unknown where in the life 
cycle the population is regulated and what combination of habitats 
optimizes conditions throughout the life cycle. Effects may be 
difficult to detect with simple comparisons of density or harvest, which 
are confounded if rates of exploitation vary among populations or years. 
However, the net effect of habitat differences should be reflected in 
the potential production or sustainable yield of the population. We 
define potential production as the capacity of a population to elaborate 
biomass and equate production with the capacity to provide yield. 
Potential yield is a useful measure of the benefits we mi ght obtai n by 
exploiting populations under existing environmental conditions : 
Potential yield can be predicted with rates of reproduction, growth, and 
mortality by using systems analysis and simulation methods which allow 
differences in exploitation rates to be factored out. 

We assess the abundance, dynamics, and sustainability of fisheries for 
white sturgeon populations in three lower Columbia River resetvoirs. We 
estimate and compare numbers, recruitment, sex ratio, maturity, 
fecundity, growth, condition, mortality, and 1 ongevity for each 
population. We then use these statistics to model populations and to 
estimate the potential yield of each. 
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Study Area 

John Day , The Oa 1 1  es , and Bonnevil l e  reservoirs are a seri es of 
i mpoundments operated for hydroel ectri c power generati on ,  navi gati on ,  
and flood control on the mainstem Columbia River {Figure 1). In all 
three reservoirs , littoral zones are limited , hydrologic retention times 
are short {average 1-5 d) , and current is measurable most of the year. 

The three reservoirs differ in other respects. John Day Reservoir 
is the largest {123 km long ; 21 , 000 ha; average depth 8.0 m) and most 
diverse of the three. This reservoir grades from a riverine upper third 
with gravel and cobble substrate to a shallow transition zone with sand 
substrate to a more lent i c lower section with steep cl iff and · boulder 
sides. The Dalles Reservoir is the smallest {38 km l ong ; 4 , 500 ha ; 
average depth 7. 5 m) and the most riverine , with cobbl e ,  gravel , and 
sand substrates distributed throughout most of its length. Bonneville 
Reservoir (74 km long ; 8 , 400 ha) is shallow {average depth 6.7 m) with a 
mostly sand substrate , which supports large beds of rooted aquatic 
macrophytes duri ng summer. 

Methods 

Data collection.- White sturgeon were sampled in the three 
reservoirs from April through August , 1987-91 with setl ines and gil l 
nets (Elliott and Beamesderfer 1990 , North et al. 1992b) , and by 
inspecting catches in sport and commercial fisheries {Hale and James 
1992). Upper and lower size limits on catches in sport and commercial 
fisheries were 82-166 cm and 110-166 cm fork length (FL) , although 
larger fi sh were occasi onally examined from illegal sizes confiscated by 
authorities. Setli ne effort was evenly distributed within each 
reservoir , whi ch was completel y  sampled in sequenti al peri ods of 3 weeks 
for The Dalles Reservoir in 1987 and 1988 , 4 weeks for Bonneville 
Reservoir in 1989 , and 5 weeks for John Day Reservoir in 1990 (North et 
al. 1992b). All reservoirs were sampled during 1991. Gill nets were 
used in The Dalles Reservoir in 1987 and all reservoirs in 1991. 

Sex and maturity were determined by examining the gonads of fish 
harvested in fisheries and by surgical biopsy of live fish longer than 
170 cm FL {North et al. 1992a) . Gonads of ripe females collected in 
fisheries and subsamples removed for egg counts were weighed. Pectoral 
fin sections were removed for age estimation from a subsample of the 
catch (30 fi sh per 20 cm FL  interval in each reservoi r  and year if 
available). All fish were measured (FL to the nearest cm) and weighed 
(to the nearest 0.1 kg). Fish coll ected alive and in good condition 
with setlines were released after tagging with individually-numbered 
spaghetti or disk tags and removing a barbel or a lateral scute specific 
to year of capture (Rien et al. 1992). The minimum size tagged was 70 
cm. Tags and marks were noted upon recapture in setlines and sport and 
commercial fi sheries. 

Population Statistics. - Abundance was estimated for fish in the 
70-166 cm size range using a Schnabel multiple mark-recapture method 
modified by Overton (1965) to account for removal s. · Mark-recapture 

178 



B 

D 

J 

CANADA 

. . . . . . . . . . . . . . . . . . . . . . 
U. S .  

OREGON 

Bonnevi l le  Rese rvo ir 

The Dal l es  Reservoir 

John Day Reservo ir  
· · �· · · · · · · · · · · · · · . . . . . . . . . . . . . . 

IDAHO 

. . . . . . . . . . . . . . . . . . . . . . . . . 
. 

. . . . . . . . . . . . . . . . . . . . . . . . . .  . 
CALIFORNIA 

• . . 
. . . NEVADA 

F i gure 1 .  The l ower Col umb i a R i ver ba s i n  and res ervo i rs between  
Was h i ngton a nd  Orego n . 

1 79 



samples were grouped by 3-5 week sampling period and fish r�captured in 
the same period in which they were marked were not treated as recaptures 
in population estimation. Removals included mortalities duri ng :sampling 
and harvest estimated in sport and commercial fisheries ( Hale and James 
1992). Fish that lost their tags were identified from secondary marks. 
Numbers of fish in various size classes were estimated from catch rate 
in setlines. Catch was adjusted for size selectivity of :the gear by 
dividing by the recapture rate of marked fish of ; similar sizes 
(Beamesderfer and Rieman 1988). Recapture rates were est i ma�ed ' for fish 
in 54-81, 82-109, 1 10-166, and > 166 cm size classes for each year with 
the same approach used to estimate abundance. Recapture rates for years 
and reservoirs were averaged after dividing the recapture rate in each 
size class by rate for the most vulnerable size class · in that year. 
Relative vulnerabilities were 0.90 (70-81 cm FL), 0.93 (82- 109 cm), 1.00 
(1 1 0-166 cm), and 0.65 (�167 cm). 

Recruitment to the popul ation, the fishery, and the protected 
oversized group were approximately represented as number of fish �t ages 
1, 1 0, and 25, respectively. Numbers of 10 and 25-year old fish were 
calcul ated from mark-recapture estimates of abundance · usi ng age 
distribution in the. setline catch. Number of age 1 fish was estimated 
from number of age 10  fish by assuming an annual total mortality rate 
equal to the average for unexpl oited ages 5-10  from Bon nevi 1 1  e and The 
Dalles reservoir gillnet catches (0.24). 

Sex ratio, the proportion of females spawning each year, _ and 
fecundity were estimated from gonad inspections. Sex ratio was 
estimated for two size classes in each reservoir corresponding to fish 
within the fishery slot limit (82-166 cm) and fish larger than the 
maximum size limit (166 cm). Chi-square contingency tables were used to 
test for independence in sex ratio between size classes in each 
reservoir (SAS Institute 1988). Simil ar tests were used to compare sex 
ratio among reservoirs for each size cl ass. The rel ationship between 
size and female maturity was described in each reservoir with a 
cumulative normal probabil ity curve fit with maximum likelihood methods 
recognizing the binomial nature of the data (Welch and Beamesderfer 
1992). Comparisons of maturity curves were based on 95% joint 
confidence regions about paired estimates of equation parameters (Welch 
and Beamesderfer 1992) . Comparisons were also made among size classes 
and reservoirs with chi-square tests 1 i ke those used to test for sex 
differences in numbers. Egg colmts in subsamples of female gonads were 
expanded by the difference in subsample and tot a 1 gonad weights, and 
individual fish from all reservoirs were pooled for a single estimate of 
the fecundity-size relationship. 

Age was estimated by counting marks in thin cross sections of the 
anterior pectoral fin ray (Rien and Beamesderfer 1992). Von Bertalanffy 
equations describing mean size at age in each reservoir were fit with a 
nonlinear regression based on observations for individual fish (SAS 
Institute 1988). Statistical comparisons among reservoirs were based on 
joint 95% confidence regions for the von Bertalanffy parameters lm and k 
estimated for each popul ation (Kimura 1980, Moreau 1987). To facilitate 
comparisons, the van Berta l anffy parameter to was standardized at a 
value estimated with pooled data from all three reservoirs (-2.6). 
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Length (L)-weight (W) equation parameters· were estimated for Bach 
reservoir with linear regressions on log-transformed observations of 
length and weight. Relationships were compared among reservoirs with 
joint 95% confidence regions for estimates of parameter pairs (Neter et 
al . 1985) • Condit ion factor was al so compared among reservoirs with 
estimates of mean relative weight (Wr) based on the standard weight 
equation 

W = 2.735E-6 L 3. 232 

from Beamesderfer (1992). Statistical comparisons of relative weight 
among reservoirs were based on an Analysis of Variance including Tukey ' s  
pairwise comparisons (SAS Institute 1988) . 

Total annual rate of mortality was estimated using three methods 
(Ricker 1975). Estimates of instantaneous rates were made from the 
slope of the descending limb of catch curves from gill nets for ages 5-
10, and from setl ines for ages 10-15 and 15-25. These age . groups 
correspond to unexploited sizes, sizes vulnerable only to sport 
fisheries, and sizes vulnerable to sport and commercial fisheries, 
respectively. Catch curves were derived from age frequencies based on 
age-length keys developed for a subsample of the catch in each year and 
length distributions for that same year. Setline catches were adjusted 
for size differences in catchability, but comparable data were not 
available for gill nets. 

Total mortality rate was also estimated by comparing catch rate in 
setl ines of an aged cohort of fish in successive years with the same 
information used in catch curves. Finally, estimates were made by 
comparing catch rate in setlines of a cohort of tagged fish in 
successi ve years. Rates were estimated as the quotient of observations 
when only two observations were avail able (Ricker 1975 ) .  Rates were 
estimated with a linear least squares regression of log-transformed 
catch when three or more observations were available. Approximate 95% 
confidence limits about rate estimates were estimated from regressions 
as ±2 SE. 

Exploitation rate was estimated as the number of tagged fish 
observed in the catch of sport and commercial anglers divided by the 
number of tagged fish at large. Number of tagged fish in the commerci al 
catch was estimated from a known-proportion subsample examined at 
commercial fish buyers. Number of tagged fish in the sport catch was 
estimated from tags returned by anglers corrected for a nonresponse rate 
based on selected subsamples in interviews of anglers (Ha le and James 
1992) . 

Natural mortality rate was estimated with a regression based on 
growth rate and temperature : 

M = 1 0 [-0. 0066 - 0 . 279 l og 1 o { L00 ) + 0. 6543 log 1 o { k )  + 0 . 4634 log 1 o (T) ] 
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M = instantaneous rate of annual mortality, k and Lm are parameters from 
the von Berta 1 anffy equation, and T = mean annua 1 water temperature in 
0 c (Pauly 1980). 

Maximum age in all reservoirs was based on the maximum age 
observed in any reservoir. Observed maximum ages were compared with 
ages predicted by growth curve parameters (to + 3 / k :  Pauly 1980). 

Potential Production.- We substituted population statistics into 
an age-structured model (Beamesderfer 1991) to estimate the potential 
yield and reproduction for each white sturgeon population (Table 1). An 
equilibrium population was structured for each reservoir population 
based on constant recruitment (age 1) in each year for the number of 
years equa 1 to the 1 i fe span of white sturgeon. Weight of fish 
harvested and population fecundity in the final year of the simulation 
were estimated for a range of exploitation rates to identify maxima and 
corresponding exploitation rates. Yield and reproductive potential were 
expressed relative to number of recruits because we lack information on 
survival between the egg stage and age 1. Reservoir-specific inputs 
were used except where no difference was detected among reservoirs 
(Table 2). 

Results 

Population Statistics 

White sturgeon numbers (>54 cm) varied from 6, 300 fish in John Day 
Reservoir to 51, 400 in Bonnevill e  Reservoir (Table 3). Densities ranged 
from 0.30 fish/ha in John Day Reservoir in 1990 to 6.16 fish/ha in The 
Dall es Reservoir in 1987. Biomass of white sturgeon ranged from 3.6 
kg/ha in John Day Reservoir in 1990 to 81.4 kg/ha in The Dalles 
Reservoir in 1987. Small fish (54-81 cm) composed a greater proportion 
of the population in Bonneville Reservoir than in the other two 
reservoirs {Table 3). Numbers of large fish (>167 cm) ranged from 500 
to 1, 000 among reservoirs (Table 3). 

Recruitment of age 1 fish varied among reservoirs from a minimum 
average of 1, 200 in The Dalles Reservoir in 1988 to a maximum average of 
25, 700 in Bonneville Reservoir (Table 3). Numbers surviving . to the 
approximate average age of recruitment to fisheries in all reservoirs 
ranged from 140 to 3, 020 (Table 3). 

Sex ratio of all fish collected was near 50 : 50, although larger 
fish were predominantly female (Table 4). Differences in sex ratio 
between fish less than and greater than 167 cm were significant in a 
pooled reservoir sample and in individual reservoir samples (Table 4). 
Significant differences were also observed in sex ratio a�ong reservoirs 
for fish in the small (82-166 cm) size group (df = 2, X 2= 23.43, P < 
0.001) but not the large (� 167 cm) size group (df = 2, X = 3.29, P = 
0.193). 

Maturity and fecundity of females also varied with size (Figure 
2). More females matured at small sizes in Bonneville Reservoir than in 
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Tabl e 1. Equations and definitions of variabl es and parameters used in 
a model of the popul ation dynamics of white sturgeon. 

Variable 
or parameter 

Nx, t 

Definition 

Age-specific number of fish in population 
in any year 
= (Nx- l , t-1) (Sx) 

x Age 

t Year 

Xmax Maximum age 

nx 

k 

Px, t 

pf 

Age-specific annual rate of survival 
= 1 - [mx + nx - {mx){nx)l 

Expl oitation (harvest mortal ity rate) 

Conditional natural mortal ity rate 

Length at age 
= L00 { l  - EXP[ -k{x - to)] } 

Von Bertalanffy equation length at infinity 

Von Bertalanffy equation parameter 

Von Bertal anffy equation parameter 

Weight at gge 
= { awH Lx) w 

Length-weight equation coefficient 

Length-weight equation exponent 

Reproductive potential of each age class at 
or above the age of female maturity 
= {Nx, t){pf){ps){Fx) 

Proportion of the population that is female 

Proportion of the popul ation of females of 
each age class that spawn in any year 
= C00 � for Lx � µ 
= C00 {l - �) for Lx > µ 

Maximum proportion of spawning females 
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Table I (continued). 

Cumulative normal distribution function 
dependent variable 

I 2 2 5 lx - µ l . 
= � EXP [-(Lx - µ) /2u ]  I bi {1 + p } - l  8 

µ 

{2w i= l u 

Mean length of female sexual maturity 

u Variance about mean length of female sexual maturity 

b1, .. , b5 

p 

Fx 

Constants (0.31938153, -0.356563782, 1.781477937, 
- 1 . 82 1 255978 , 1 . 330274429 ) 

Constant (0.2316419) 

Age-specif�c fecundity of females 
= (af)(Lx) f 

if length-fecundity equation coefficient 

bf Length-fecundity equation exponent 

Rt 

Net reproductive potential of all ages in any 
given year 
= I Px, t 

Number of age 1 recruits to the populati on 
(corresponds to N1, t) 
= (Pt)/ { l - (Ab)[ l  - (Pt/Pr)] } 

Replacement reproductive potential at equilibrium 

Beverton-Holt recruitment equation parameter 
describing shape of curve 
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Table 2. Estimates of population statistics used in simulations of 
white sturgeon populations in three lower Columbia River reservoirs. 

Reservoir 

Statistica Ages Bonneville The Dalles John Day 

n 1-10 0. 24 0. 24 0. 24 
>10 0. 049 0. 047 0. 043 

L(l) > 0 316 359 396 

k > 0 0. 021 0. 021 0. 019 

to > 0 -2. 6 -2. 6 -2. 6 

Xmax > 0 100 100 100 

aw > 0 3. l l E-6 l . 35E-6 2. 40E-6 

bw > 0 3. 19 3. 38 3. 26 

pf > 0 0. 50 0. 50 0. 50 

µ > 0 168 164 194 

u2 > 0 53 26 40 

C > 0 0. 5 0. 5 0. 5 

af > 0 3. 39E-4 3. 39E-4 3. 39E-4 

bf > 0 4. 05 4. 05 4. 05 

R 1 1 0,000 10,000 10 , 000 
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Table 3. Abundance of white sturgeon based on mark-recapture estimates (N for fish 70-166 cm FL) in 
three lower Columbia River reservoirs, 1987-1990. Confidence intervals ( 95%) are in parentheses. 

Fork Lengthsa (cm) Age No. Kg 
per per 

Year N 54-81 82-109 110-166 �167 1 10 25  Ha Ha 

Bonneville Reservoir 

1989 35, 400 32, 900 16, 700 1, 200 600 51, 400 25, 700 3 , 020 340 6.12 30.0 
(27, 500 - 45 , 400) 

The Dalles Reservoir 

1987 23, 600 7, 800 11 , 000 7 , 900 1, 000 27 , 700 13 , 600 1, 600 160 6.16 81 . 4  
(15, 700 - 33, 600) -

1988 9, 000 4, 200 4, 300 2, 000 800 11, 300 1, 200 140 40 2.51 35.5 
(7, 300 - 11, 000) 

John Day Reservoir 

1990 3, 900 3, 600 1, 700 500 500 6, 300 3, 200 380 60 0.30 3.6 
(2, 300 - 6, 100) 

acorrespond to total lengths of 24-35, 36-47, 48-72, and �73 inches. 



Table 4. Sex of white sturgeon collected in three lower Col umbia River 
reservoirs, 1987-91. Results of chi-square tests for independence of 
length and sex are reported for each reservoir. 

Reservoir Length (cm) Female Male df x2 

Bonneville 82-166 823 711 
� 167 54 24 1 7.26 0.007 

The Dalles 82-166 717 854 
� 167 37 25 1 4.73 0.030 

John Day 82-166 233 283 
� 167 32 10 1 15.00 <0.001 

Combined 82-166 1, 773 1, 848 
167 123 59 1 24.03 <0.001 

aconsidered significant if P < 0.05. 
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The Dalles or John Day reservoirs (Figure 2A} .  Reservoir �iffererices in 
proportion of maturing f2males were significant for fish in the 82-166 
cm size gr�up (df = 2, X = 6.10, P = 0.047} but not for fish � 167 cm 
(df = 2, X = 4 . 60, P = 0.101} . Comparisons of joint confidence regions 
about paired parameter estimates likewise detected significant 
differences among reservoirs (Welch and Beamesderfer 1992). The 
difference between size groups in proportion of matu2i ng females was 
significant in a pooled-reservoir sample (df = 1, X = 237., 92, P · < 
0. 001). 

Fish in Bonneville Reservoir were smaller than similar-aged fish 
in the other two reservoirs (Figure 3). Mean size at age differed 
between John Day and The Dalles Reservoirs slightly among old fish. 
Joint 95% confidence regions for the von Bertalanffy parameters L00 and k 
indicated differences in equations describing mean length at age were 
significant between Bonneville and ·the other two reservoirs ( Figure 4) ; 

Comparisons of the relative weight index (Wr) indicate fish 
condition was slightly poorer in Bonnevill� Reservoir (97% } than in The 
Dalles Reservoir (99%) or John Day Reservoir (100%). Relative weight in 
Bonneville Reservoir was significantly different from relative weight in 
the other two reservoirs (Analysis of Variance with pairwise multiple 
comparisons: df = 2, 6061 ; F = 26.72 ; P < 0.001). Comparisons of 
confidence regions for joint estimates of parameters in length:...weight 
equations confirm each reservoir is unique (Figure 5). 

Instantaneous total mortality rates estimated for ages 5-10 from 
gill net catch curves were 0.20 ± 0.33 for The Dalles Reservoir in 1987 
and 0.28 ± 0.12 for Bonneville Reservoir in 1991 ( Figure 6). Estimates 
of total mortality rates for larger sizes were uncertain. Estimates 
based on catch curves varied widely among years ( Figure 7) and were 
often less than estimates of fishing mortality for the same periods 
(Table 5) .  Estimates based on catch rates of cohorts in successive 
years also varied and several were less than or near zero (Table 6 ) .  

Annual exploitation rate in combined fisheries was 9-21% in 
Bonneville Reservoir, 23-42% in The Dalles Reservoir, and less than 10% 
in John Day Reservoir. Commercial fisheries harvested a majority of the 
catch in most years when both sport and commercial fisheries were 
surveyed (Table 5). Harvest and exploitation varied annually (Table 5). 

Instantaneous natural mortality rates 
regression of growth parameters and mean annual 
0. 049 for Bonnevi 11 e Reservoir, 0. 047 for The 
0.043 for John Day Reservoir. 

estimated with the 
water temperature were 
Da 11 es Reservoir, · and 

A white sturgeon estimated to be 104 years old was collected in 
this study and six other fish were estimated to be between 50 and 80 
years old. Observed maxima were less than the 147 years predicted from 
von Bertalanffy curve parameters. 
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Tabl e 5. Numbers (wi th percent exploi tat i on i n  parentheses) · of wti i t� · . 
sturgeon caught by sport and comerctal fisheries in three l ower · · 
Col umbi a Ri ver reservoi rs ,  1987-91 . 

Vear 

Fi shery 1987 1988 1989 1990 1991 

Bonnevi l l �  Reservoi r  

Sport 1 , 530 ( 3) 2·, 900 c 5) 2 , 110 (--) 
Commerci al 2 , 030 ( 6) 1 , 410 (15) 1 , 890 (--l 1 , 160 (--) 

The Dal l es Reservoi r 

Sport 1, 990 ( 11) 910 ( ·5) 500 (--) 
Commercial 3,800 (31) 1, 010 (18) 1, 930 (--) 1, 210 ( -- )  340 (�-) 

John Day Reservoir 

Sport 280 (--) 320 ( 5) 140 ( 8) 
Commerci al 1, 103 (--) 170 .(--) 410 ( -- ) 40 (--) 
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Table 6. Cohort analyses for estimating total annual mortality rate of 
white sturgeon in three lower Columbia River · reservotrs. 

Reservoir Year 

Bonnevi lle 1988 
1989 
1991 

The Dalles 1987 
1988 
1991 

John Day 1990 
1991 

Bonnevi lleb 1989 
1991 

The Dallesc 1988 
1989 

Ages Setline Days 

Total Catch Cohort 

10-24 170 
1 1 -25  775 
1 3-28 168 
10-24 233 
11-25 675 

· 1 4-29 138 
1 0-24 327 
1 1 -25 96 

Tagged Fish Cohorts ' 

>9 775 
>10 1 68 
>8 675 
>9 70 

Sturgeon/day 

2 . 0588 
2.8026 
3.3810  -0.155 
2.6 1 37 
1.5733 
0.6957 0.317 
0.3945 
0.6250 -0.460 

0.0477 
0.0476 0.001 
0.0904 
0.0571 0.459 

aEstimated -loge{catch rate in year b / catch rate in year a} A [ l / (b-a) ]  
for samples from 2 years and wi th a regression on Ln[ catch rate] for 

bsamples from 3 years. 
Fish tagged in 1988. 

c Fish tagged in 1 987. 
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Potential Production 

Maximum yield per recruit was approximatel y 25% greater in John 
Day and The Dalles reservoirs than in Bonneville Reservoir (Figure SA). 
Yiel d per recruit was greatest at annual exploitation rates between 5 
and 15%. Estimates of sustainable annual yield (kg) based on number of 
age I recruits observed in each reservoir were 10, 700 (1.27/ha) in 
Bonneville Reservoir, 4, 000 (0.88/ha) in The Dalles Reservoir, and 1, 800 
(0.09/ha) in John Day Reservoir. 

Differences in reproductive potential among · reservoirs were al so 
substantial (Figure 88). Reproductive potential per recruit declined 
exponentially with increasing exploitation and approached zero at rates 
exceeding 20%. 

Di scuss i on 

Characteristics of white sturgeon popul ations varied significantl y 
among reservoirs. In  Bonnevil l e  Reservoir greater numbers of recruits 
resul ted in greater densities but were accompanied by a small er average 
size, growth rate, condition factor, and size of female maturity. 
Recruitment was less in The Dalles Reservoir but average size, growth 
rate, condition factor, and size of female maturity were greater than in 
Bonneville Reservoir. Population statistics in John Day Reservoir were 
similar to those in The Dal les Reservoir, but recruitment and density 
were much lower than in the other two reservoirs and the size 
composition was skewed to larger, older fish. 

No differences were detected among reservoirs in fecundity, 
longevity, or natural mortality rate, in part because of sampling 
difficulties. Our sample size for fecundity was very small.· Fecundi ty 
could ·only be estimated from dead fish. Most mature females were larger 
than those legally harvested in fisheries, catchability of these large 
fish in our setline sampling was poor, and the rarity and value of these 
mature fish prec 1 uded sacrifice. Many of these large, o 1 d fish were 
also difficul t to age (Rien and Beamesderfer 1992). Natural mortality 
rate was very low and small differences were impossible to detect from 
the difference between uncertain estimates of total and fishing 
mortality rate. Rates estimated with Pauly ' s  regressions are consistent 
with observed maximum ages. For instance, an instantaneous annual 
mortal ity rate of 0. 05 after age 10 would result in only 1% survival to 
age 100. At greater mortal ity rates, chances of observing 100 year-old 
fish approach zero. 

Our attempts to characterize white sturgeon populati ons were also 
confounded by differences in expl oitation rate among reservoirs and 
years. Differences among reservoirs affected standi ng stock and · size 
composition, and precluded direct comparison s to evaluate habitat 
differences. For instance, commercial fisheries were most intense in 
John Day Reservo i r  dur i ng the 1 980 ' s  ( S . K i ng ,  Oregon Department of F i s h  
and Wildlife, personal communication) and could hel p account for the 
current l ow abundance of white sturgeon in that reservoir. Harvest rate 
of white sturgeon by angl ers in John Day Reservoir dec l ined from 0.11 
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fish per trip in 1983-86 (Beamesderfer et al . 1990) to 0 . 04 , . Jish . per 
trip in 1989-91 (Hale and James 1992). A trend in increasi ng harvest 
from 1979 to 1987 by commercial fisheries in all three reservo i rs (ODFW 
and WDF 1991) would violate stable age structure assumptions of catch 
curve estimates of total mortality rate (Ricker 1975) and · woul d explain 
total mortality rate estimates which were less than zero or , observed 
exploitation rates. 

The net effect of differences that we could distinguish in 
population characteristics among reservoirs was substantial variation in 
potential yield among the three reservoirs. Differences as great as 25% 
were seen in yield per recruit. Differences in net yiel d were much 
larger as a result of observed differences in recruitment among the 
reservoirs. Differences were further . magnified when yield was 
calculated relative to reservoir area. With current recruitment levels, 
Bonneville Reservoir can sustain the largest net yield and John Day the 
least despite the opposite pattern in yield per recruit. 

Productivity of white sturgeon populati ons in reservoirs was much 
less than in the unimpounded area between . Bonneville Dam and the 
estuary. We estimated no reservoir supported more than 6. 2 white 
sturgeon/hectare or could sustain yield greater than 1.3 kg/hectare. 
The unimpounded river supported 14.6 white sturgeon/hectare and could 
sustain yields of 16.3 kg/hectare at current . levels of recruit ment 
(Devore et al. 1992). Parsley and Beckman (1992) suggest that large 
amounts of habitat suitable for white sturgeon occur in all areas. 

The pattern of differences among populations implies environmental 
rather than genetic causes. Genetic differences are unlikely because 
many individuals predate dam construction and existing movement among 
reservoirs may be adequate to prevent genetic divergence (North et al. 
1992b). Relatively poorer condition, lower growth rate, and an earlier 
size of female maturity in Bonneville Reservoir may represent a 
compensatory response to intraspecific competition. Strong recruitment 
of young fish i n  Bonneville resulted in densities greater than in The 
Dalles or John Day Reservoirs although less than the unimpounded river. 

Production of whi te sturgeon populations above Bonneville Dam 
would likely be greater if dams did not constrai n  white sturgeon 
movements. Unused habitat in The Dalles and John Day reservoirs could 
be fully seeded with white sturgeon spawned in favorable habitat 
concentrated in Bonneville Reservoir and downstream from Bonneville Dam. 
White sturgeon spawned in Bonneville Reservoir coul d have d i spersed into 
rearing habitat upstream or downstream where increased growth and a 
1 arger size of female maturity would increase the potential yield and 
reproductive potential per recruit. 

These results suggest several possi bilities for · improving 
production of impounded populations of whit e sturgeon. I mproved fish 
passage at dams is one alternative. Fish ladders might be redesigned to 
provide upstream access to white sturgeon. White sturgeon occasionally 
pass ladders and some ladders are used more frequently than others 
{Warren and Beckman 1992). Fish lifts were examined with some promise 
at Bonneville Dam from 1938-56 {Warren and Beckman 1992). However, fish 

199 



passage may not be as effective for the iteroparous sturgeon as it is 
for semelparous salmonids which die after spawning and do not require a 
return avenue downstream. Physically collecting and transporting 
juveniles to underseeded reservoirs could provide harvest benefits 
similar to improved passage without the confounding problem of 
downstream passage after spawning. 

Supplementation of underseeded reservoirs with hatchery-reared 
fish could be another alternative for enhancement. Hatchery technology 
has recently been adapted for white sturgeon using wild broodstock 
{Conte et al. 1988). However, release of large numbers of offspring 
from a few parents could pose substant i a 1 genetic risk to wild fish. 
Technology has not yet been applied in a production-level conservation 
hatchery and many problems {disease, feeding, size and time of release) 
need investigation. Finally, carrying capacity limitations and 
resulting stunting is far more likely for the long-lived, iteroparous 
and resident sturgeon than for anadromous and semelparous salmon. 
Similar problems with salmon have led to a reevaluation of salmon 
hatcheries and a ca 1 1  for rigorous scrutiny of potential new programs 
{Hilborn 1992). Transplants of fish would allow investigation of the 
potential for supplementation without incurring the expense and genetic 
and disease risks of a hatchery. 

More intensive regulation of fisheries is another alternative for 
mitigating effects of dams on white sturgeon productivity. Observed 
rates of exploitation generally exceeded optimum rates predicted by 
simulations and in several cases exceeded rates where any fish would 
survive to reproduce and sustain the population. This intensive harvest 
appears to have collapsed fisheries in lhe Dalles and John Day 
reservoirs and risks collapse of populations if continued. Substantial 
populations of large, mature fish remain in each reservoir and could, if 
protected, replenish depleted populations within 10-15 years if managed 
on a sustainable basis. 

Optimum rates of exploitation also vary among populations 
dependent on the characteristics of each. For instance, maximum yield 
per recruit would occur at lesser rates of exploitation in Bonneville 
Reservoir than in the other two reservoirs {unless population 
characteristics compensated for differences in exploitation). 
Management strategies which recognize these di fferences with regulations 
unique to each population would maximize yield. Different size 
restrictions may also be appropriate for each population and could be 
identified with a more detailed series of population simulations. 

We concl ude i mpounded populations of white sturgeon in the lower 
Columbia River can sustain exploitation, but yield is less than would be 
expected if populations were not segregated by a series of dams. 
Several alternatives for mitigating dam effects to enhance production of 
impounded stocks were identified, but an effective program wil l require 
further investigation of habitat constraints and potential compensation 
in population parameters. 
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Abstract 

Habitats used by spawning and rearing white sturgeon Acipenser 
transmontanus were determined by measuring water temperature , depth , mean 
water col umn and near-substrate vel ocities ,  and substrate type at sites 
where eggs , l arvae , young-of-the-year , and juvenil es (ages 1-7) were 
col l ected. Spawning and egg incubation occurred in the swiftest water 
avail abl e ( 0.8 to >2.8 m/s , mean col umn vel ocity) , which was downstream 
from the four mainstem Col umbia River dams in our study area. Substrates 
where spawning occurred were predominatel y cobbl e ,  boul der , and bedrock. 
Yol k -sac l arvae were transported by the river currents from spawni ng areas 
i nto deeper , sl ower-vel ocity areas with finer substrates. Young-of-the
year white sturgeon were found at depths of 9 - 57 m ,  at mean col umn 
vel ocities �0.6 m/s ,  and over substrates of hard cl ay , mud and sil t ,  sand , 
gravel , and cobbl e. Juvenil e fish were found at depths of 2- 58 m ,  at mean 
col umn vel ocities �1.2 m/s ,  and over substrates of hard cl ay ,  mud and 
sil t ,  sand , gravel , cobbl e ,  boul der , and bedrock. 
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Introduction 
. . :-'·. r 

Whi te sturgeon Aci penser transmontanus are an i mportant recreat-fonal 
and commerci al resource of the Paci fi c Northwest. This anci ent · f.i sh from 
the Lower Jurassi c  i s  the largest freshwater fi sh i n  North Amer·h:a ;  -i t i s  
restri cted to Paci fi c coastal waters and ri ver systems from central 
Cali forni a to southern Alaska. Whi te sturgeon have been reported to 
attai n lengths of over 6 m and wei ghts i n  excess of 580 kg , and they may 
li ve 100 years or more (Scott and Crossman 1973) . 

Si nce the late 1930 ' s ,  extensi ve ·hydroelectri c  devel opment· has 
occurred i n  the mai nstem Columbi a Ri ver and i ts tri butari es. Thi s 
development i solated the once di adromous whi te sturgeon in  i mpoundments 
created by dams , and i t  altered the natural hydrograph of the ri ver by 
reduci ng peak di scharges i n  spri ng and i ncreasi ng di scharges i n  wi nter. 
Hydroelectri c  dams and other developments have adversely affected 
sturgeons in  other ri ver systems (Khoroshko 1972 ; Voti nov and Kas ' yanov 
1978 ; Deacon et al. 1979 ; Rochard et . al .  1990) . 

Exi sti ng knowledge about . the habi tat used or preferred by wh i te 
sturgeon i s  li mi ted , and thus the effects of hydroelectri c  development and 
operati ons on them are largely unknown. Parti ci pants i n  a workshop to 
i denti fy whi te sturgeon research pri ori ti es (Fi ckei sen et al. 1984) ranked 
the need for habi tat i nformati on as the hi ghest pri ori ty. Two 
bi bli ographi es on whi te sturgeon (F i ckei sen 1985 ; Lane 1985) li sted over 
200 publi cati ons and reports , none of whi ch addressed the water 
temperatures , water depths , water veloci ti es ,  or substrates used by whi te 
sturgeon. Most fi eld i nvesti gati ons of whi te sturgeon have addressed 
i ssues such as re 1 at i ve abundance and di stri but i on i n  vari ous areas 
(Stevens and Mi ller 1970 ; Kohlhorst 1976 ; Gray and Dauble 1977 ; Coon 1978 ; 
Malm 1981 ; Cochnauer 1983) , age and growth (Coon 1978 ;  Kohlhorst et al. 
1980 ; Hess 1984) , or movements (Bajkov 1951 ; Mi ller 1972 ; Haynes et al. 
1978 ; Haynes and Gray 1981) . These i nvesti gators i ncluded i nci dental 
comments on the habi tat used by adult and larval whi te sturgeon, but none 
presented speci fi c data to support thei r statements. 

Whi te sturgeon spawni ng i n  the wi ld has rarely been documented. 
Kohlhorst (1976) collected naturally spawned whi te sturgeon eggs from the 
Sacramento Ri ver , and spawni ng downstream from each of the four dams on 
the lower 470 km of the Columbi a  Ri ver has been confi rmed (Duke et al. 
1990 ; McCabe and Mcconnel 1988) . Naturally spawned eggs have also been 
collected from the Kootenai Ri ver i n  northern Idaho (K. Apperson, Idaho 
Department of Fi sh and Game , personal communi cat i on) . 

We present speci fi c i nformati on on the habi tat used by spawni ng and 
reari ng whi te sturgeon i n  the Columbi a  Ri ver. Thi s i nformati on can be 
used to evaluate the effects of hydroelectri c  development and opefati ons 
on the avai labi li ty of habi tat for whi te sturgeon. 

Study Area 

The Columbi a  Ri ver downstream from McNary Dam [ri ver km (rkm) 0-470] 
i s  di vi ded i nto three i mpoundments and an uni mpounded ri ver reach (F i gure 
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. 
1) . The un i mpounded reach ( rkm 0- 234) , henceforth referred to as the 
lower ri ver , has a surface area of 61, 300 hectares and is considered 
estuarine to rkm 74 .  The lower ri ver has an extensi ve ,  nonvegetated 
li ttoral zone ; 55% of the total area is less than 4 m deep and has a 
predominantly sand substrate. The impoundments vary i n  size, depth , and 
substrate composition. The i r  li ttoral zones are generally vegetated wi th 
submergent plants. Bonneville Pool (rkm 234-309 ) has a surface area of 
7 , 600 hectares ; 20% of the total area is less than 4 m deep and has a 
predominantly sand substrate. The Dalles Pool (rkm 309 -348) has a surface 
area of 3 , 600 hectares ; 9% of the total area is less than 4 m deep and has 
a bedrock ,  cobble, and sand substrate. John Day Pool ( rkm 348- 470) has a 
surface area of 19 , 800 hectares ; 25% of the total area is less than 5 m 
deep and has extensive areas of mud , sand , gravel, and cobble substrate. 
Water velocities are hi ghest in the tai lrace of each dam. Addi ti onal 
information on the study area can be found i n  Ebel et al . ( 1989) . 

Flows i n  the Columbi a  River are dependent on snowmelt and rai nfall 
i n  headwater areas and are regul ated by an extensi ve network of storage , 
di version , and run-of- the-river dams throughout the watershed. Flows at 
Bonneville Dam during our study ( 1987 - 1991) vari ed seasonally and 1nnually 
( Fi gure 2 ) ; the May-July average flow was lowest in 1988 (4 , 520 m /s) and 
hi ghest in 1991 ( 7 , 240 m3/s) .  

Methods 

We determi ned physical habitat used by whi te sturgeon by measuri ng 
water depth , mean water column and near-substrate water velociti es ,  
substrate, and water temperature at locations where newly spawned eggs , 
yolk-sac larvae, young-of-the-year ( YOY ) , and juveniles (ages 1- 7 )  were 
collected with various fishing gears during 5 years of study. An 
observation of habi tat use consisted of an effort wi th a passively or 
acti vely fished gear that resulted in the collection of any li fe stage of 
white sturgeon, regardless of the number captured ( Bovee 1986 ) .  
Observations were pooled among years , and those observati ons from the 
i mpounded areas were pooled. Results of habitat use from the i mpounded 
areas and the free-flowing lower ri ver are presented separately. 

Observations were obtained from the lower r i ver and The Dalles Pool 
from 1987 through 1991 , Bonneville Pool from 1988 through 1991 , and John 
Day Pool from 1989 through 1991. We sampled for eggs and larvae from 
April through July. We sampled for older fi sh primarily from April 
through September ,  wi th some effort made duri ng all months of the year. 
Most sampling was done duri ng daylight hours. Some habi tat descri ptors 
were not measured at every sampling site. 

Water depth was measured to the nearest 0. 3 m with a recording 
fathometer. When depth varied during a sampling effort , we recorded the 
maxi mum depth. 

Water velocities were measured with cable-suspended Gurley current 
meters or Price "AA" current velocity sensors connected with Swoffer 
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Instruments Model 2200 di rect-readi ng current veloci ty meters1 • Soundi ng 
wei ghts used to deploy the sensors ranged from 13. 6 to 45 kg. 
Measurements were taken at 0. 2 and 0. 8 of the water depth and �i thi n 1 m 
of the substrate. Mean water column velocity was calcul ated by averagi ng 
the veloci ti es measured at 0. 2 and 0. 8 of the water depth { Buchanan and 
Somers 1969) . 

Substrtte type was determi ned by visual observati on,  from samples 
wi th a 0. 1-m Van Veen grab , from " i nci dental catch" of substrate i n  our 
fi sh sampli ng gears , from commerci ally avai lable navi gati on charts and 
prei mpoundment ai r photos , and data collected i n  other studi es. 
Substrates were categori zed by parti cle si ze {Table 1) . 

Water temperatures were measured wi th di gi tal or laboratory 
thermometers or obtai ned from di gi tal recordi ng thermographs that were 
placed on the substrate i n  the dam tai lraces. 

Eggs and yolk-sac larvae were collected from the dri ft i n  plankton 
nets and 3-m-wi de beam trawl nets fi shed on the substrate {McCabe and 
McConne 11 1988 ; Pal mer et al . 1988) . Eggs were al so co 11 ected on 
arti fi ci al substrates placed i n  spawni ng areas {McCabe and Beckman 1990 ) .  
The plankton nets were constructed of 1. 59-mm knotless nylon mesh attached 
to an i nverted U-shaped frame {1. 3-cm-di ameter stai nless steel rod) 0. 76 
m across the bottom and 0. 54 m hi gh. Two to si x lead wei ghts ( 4. 5  or 9. 1 
kg each) attached to the net frame held the net on the substrate. Si ngle 
or pai red nets were fi shed from an anchored boat for 5 - 60 mi n. An effo�t 
wi th a si ngle net or pai red nets was consi dered one observati on. The 3-m
wi de by 0. 5-m-hi gh beam trawl was also constructed of 1. 59-mm knotless 
nylon mesh and was attached to an alumi num alloy frame that had wei ghted 
ski ds. Thi s gear was ei ther fi shed passi vely on the substrate or was 
towed slowly upri ver ; tows were 5-30 mi n i n  durati on. 

All whi te sturgeon eggs collected were assi gned a developmental 
stage based on the criteri a  establi shed by Beer (1981) . We used 
observati ons of newly spawned eggs (eggs that were changi ng pi gmentati on 
and had not undergone fi rst cleavage) to defi ne habi tat use by spawni ng 
whi te sturgeon. We used observati ons of all eggs { i ncludi ng newly spawned 
eggs) to defi ne habi tat for i ncubati ng eggs. 

Larval , YOY , and juveni le whi te sturgeon were captured wi th towed 
bottom trawls of vari ous desi gns , i ncludi ng the 3-m beam trawl descri bed 
above. The trawls most frequently used i ncluded a 7. 9-m semiballoon 
shri mp trawl (McCabe and McConnell 1988) and a 6. 2 - m  hi gh-ri se trawl 
(Palmer et al. 1988 ; Parsley et al. 1989) . Tows were 5-15 mi n i n  durati on 
i n  an upstream di recti on. 

Sampli ng si tes were chosen to encompass a broad range of habi tats. 
Most si tes were repeti tiv·ely sampled (we usually allowed at least 24 h 
between efforts) duri ng three 'or more samp 1 i ng seasons regardless of 
whether whi te sturgeon were ever collected at the si te. 

1The use of trade names does not i mply endorsement by the U. S. Fish and 
Wildli fe Servi ce or the Nati onal Mari ne Fi sheri es Servi ce. 
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TABLE 1 .  Size categories for substrate particl es . 

Category 

Organic debris8 

Hard cl ay 

Mud and sil t 

Sand 

Gravel 

Cobbl e 

Boul der 

Bedrock8 

Particl e size {mm) 

0. 00024 - <0. 004 

0. 004 - <0. 062 

0. 062 - <2 

2 - <64 

64 - <250 

250 - 4 , 000 

8These categories were not cl assified by particl e size . 
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Spawning and fgg Incubation 

Results 

White sturgeon spawned from April through July, when water 
temperatures were 10-18°C (Figure 3) , as determined by . the coll�ction of 
newly spawned eggs. White sturgeon spawned in the impoundments at water 
temperatures greater than 12°C ,  but spawning in the lower river was common 
at water temperatures of 10-12°C. Most spawning occurred at 14°C (Table 
2 ) .  Estimated spawning dates from back-calculated ages of later-stage 
eggs (i.e. , more developed) indicated that limited spawning also ,occurred 
during some years in all four areas at water temperatures between 18  and 
20°c. · . · · .· 

Newly spawned eggs were collected from the drift near the substrate 
at depths of 4- 24 m (Figure 4) , and spawning activity of adult fish was 
observed on a few occasions at one location where the depth was about 7 m. 
Eggs of all developmental stages (i.e., newly spawned and incubating eggs} 
were collected at depths of 4- 27 m (Figure 4) . 

White sturgeon spawned in extremely fast-flowing water. Mean column 
velocities measured at sites where newly spawned eggs were collected 
ranged from 0.8 to 2.8 m/s ,  and velocities near the substrate ranged from 
0.5 to 2.4 m/s (Figure 5 ).  Incubating eggs were collected from sites with 
mean column and near-substrate velocities of 0.5 to 2.8 m/s and 0.2 to 2.4 
m/s (Figure 5 ).  Unfortunately , water velocities were not measured during 
the few occasions when spawning activity was observed directly. The mean 
column velocity measured at a location few days after we observed spawning 
and at a river discharge similar to when the spawning occurred · was 2.1 
m/s. 

Newly spawned eggs and incubating eggs were collected primarily over 
cobble and boulder substrates , but were also collected over sand , gravel , 
and bedrock (Table 2 ;  Figure 6 ) .  

Larvae 

Yolk-sac larvae of white sturgeon were collected from sites where 
eggs were taken and from sites further downstream, where they apparently 
were dispersed by the river currents after hatching. Larvae were 
collected at depths of 4-58 m, at mean column and near-substrate 
velocities of 0.4- 2.7 and 0.3- 2.4 m/s ,  and over substrates of sand , 
gravel, cobble, boulder, and bedrock (Table 2 ;  Figure 7 ) .  

Young-of- the-year 

White sturgeon YOY were captured downstream from spawning areas from 
June through November. Because of the protracted spawning season and 
short incubation period , YOY were often captured while spawning was still 
in progress. As a result , the lengths of YOY captured during the study 
were variable , ranging from 20 to 321 mm total length. 

The YOY were captured from deep; slow-vel1aity areas with substrates 
generally finer than those in the spawning areas. The YOY were collected 
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TABLE 2 .  Range and med ian va l ues for hab i tat descr i ptors measured at s i tes where var i ous l i fe stages of wh i te sturgeon were co l lected i n  the Co l umb ia  
R i ver , 1987-1991 . 

Lower r i ver Impounded areas 

L i fe stage Range Med i an Range Med ian 

Spawn i ng 

Water temperature ( oC ) 8 10-18 14 12-18 14 
Depth (m) 4-23 6 4-24 11 
Mean co lumn ve loc i ty (m/ s )  1 . 00-2 . 80 2 . 10 0 . 81 -2 . 10 1 . 46 
Ve loc i ty near the s ubstrate (m/s ) 0 . 60-2 . 40 1 . 40 b 0 . 52-1 . 62 1 . 04 b 
Substrate Bou lder Cobb le 

Incubat i ng eggs 

Depth (m)  4-23 14 4-27 11 
Mean column ve loc i ty (m/s ) 0 . 80-2 . 80 2 . 00 0 . 50-2 . 1 0 1 . 39 
Ve loc i ty near the substrate (m/ s )  0 . 50-2 . 40 1 . 20 

b 
0 . 18-1 . 77 1 . 04 b 

Substrate Bou lder Cobb le 

Yo lk-sac larvae 

Depth (m)  4-29 1 6  5-58 1 2  
Mean co lumn ve loc i ty (m/s ) 0 . 70-2 . 70 1 . 60 0 . 4 1 -2 . 10 1 . 1 0 
Ve loc i ty near the substrate (m/ s )  0 . 40-2 . 40 1 .

, 
0 . 27- 1 . 68 0 . 84 b 

Substrate San Cobb le 

Young-of-the-year 

Depth (m)  9-38 19 9-57 30 
Mean co lumn ve loc i ty (m/ s )  no  data 0 . 18-0 . 63 0 . 38 
Ve loc i ty near the substrate (m/s ) no data 

Sandb 
0 . 12-0 . 55 0 . 36 Substrate Sand 

Juven i le 

Depth (m) 2-40 16 6-58 19 
Mean co l umn ve loc i ty (m/s )  0 . 40-1 . 10 0 . 65 0 . 09- 1 . 20 0 . 61 
Ve loc i ty near the substrate (m/s ) 0 . 20-0 . 80 o . 6g 0 . 06-0 . 64 0 . 3i Substrate Sand Sand 

�ater temperature on days that new ly spawned eggs were co l lected . 
ode 
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at depths of 9-57 m ,  at mean column and near-substrate velocities of 0. 2-
0. 6 and 0. 1-0. 6 m/s ,  and over substrates of mud and silt , sand , gravel , 
cobble , and hard clay (Table 2 ;  Figure 8 ) .  The YOY were captured 
primarily in areas with sand substrates , particularly in the lower river. 

Juveniles 

Juvenile white sturgeon were captured at depths of 2-58 m ,  at mean 
column and near-substrate velocities of 0. 1-1. 2 and 0. 1-0. 8 m/s ,  and over 
substrates of mud and silt , sand , gravel , cobble , boulder , and hard clay 
(Table 2 ;  Figure 9) . In the lower river , nearly all (99. 7%) of the 
observations of juveniles were over sand , whi ch was the predominant 
substrate i n  this reach. Juveniles ranged from 150 to 1 , 030 mm fork 
length. 

Discussion 

Spawning adults and rearing white sturgeon used a variety of water 
depths , velocities , and substrates , as evidenced by the ranges presented. 
White sturgeon spawning coincided with the peak of the hydrograph , which 
may have aided downriver dispersal of newly hatched larvae to habitat 
favorable for growth. The median water temperature at which spawning 
occurred in our study area ( 14 ° C) is equivalent to the temperature 
identified as optimal for white sturgeon egg development (Wang et al. 
1985) .  Limited spawning occurred at water temperatures between 18 and 
20 ° C ,  but Wang et al. ( 1985)  reported that elevated mortality occurred in 
developing white sturgeon embryos incubated at water temperatures of l 8 ° C ,  
and complete mortality occurred when embryos were incubated at 20 ° c. 

Spawning and egg incubation were observed at a range of water depths 
and velocities. White sturgeon are believed to be broadcast spawners ; 
therefore , water depth per se may not be important in the selection of a 
spawning site. All newly spawned eggs were collected in areas of high 
water velocities , which would displace eggs downriver from the actlfal 
location ( depth ) where spawning occurred. We do not know where in the 
water column white sturg�on eggs and sperm are expelled. However, on a 
few occasions we observed adult fish breaching and rolling at the surface 
in turbulent water , and we collected newly spawned eggs within 1 m of the 
water surface immediately downstream from the s i te. 

Spawning may have occurred in nearby areas of higher water velocity 
than where newly spawned eggs were collected. However , safety concerns , 
difficulty in retrieving our nets , and the potential for loss of gear 
precluded sampling those areas. Generally , we did not attempt to collect 
eggs from areas where mean column velocit i es were faster than 2. 1 m/s in 
the impoundments and 2. 7 m/s in the lower river. Hydraulic simulations of 
water velocities in the tailraces within 8 km of the dams (U. S. Fish and 
Wildlife Service , unpublished data) showed that areas with mean column 
velocities faster than 2. 0 m/s exist at commonly occurring discharges , 
though the area of high velocity in each tailrace d i ffered at each 
discharge because of the channel morphology. 
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Water velocities at sites used . for spawn ing may have been . h i gher 
than the lowest velocities we measure9 where newly spawned eggs. were 
collected. Six of the nine observati ons with mean col umn velocit i es of 
less than 1. 2 m/s were from one location ( rkm 307) , on the outer edge of 
an eddy formed by a slight bend in the northern shoreline downstream from 
The Dalles Dam. The velocity of adjacent water was much higher. Also , 
eggs were collected from the drift ; thus , spawning occurred at or upstream 
from our sampling sites, where water velociti es often were higher. 

We do not know if an upper threshold exists for water velocities 
used by spawning white sturgeon. Velocities in excess of 3.7 m/s were 
measured adjacent to and upstream from several. sites where eggs . were 
collected. Spawning adults mc1y _exceed 2 m i-n length , .and they probably 
can negotiate water velocities that are within two to three times their 
body length ( 4-6 m/ s) . . Swimming performance studies have shown that 
Acipenser sp. of the Volga River can sustain swimming at velocities that 
were 1.2-4.5 body lengths per se.cond {Malinin .et al. 1971 .) .• Eggs spawned 
in these velocities ·could be dispersed widely �ownstream. 

Most newly spawned and incubati ng e�gs were col lected over 
substrates of cobble or boulder. Those that were collected over sand were 
probably spawned upstream over a larger . substrate and transported 
downstream by the river currents. · Gravel substrates were not prevalent 
within our study area , but gravel did occur i.n combination with cobble and 
boulders in many places. Each of these substrates would provide a solid 
base for adhesive eggs to attach , although some are dislodged and 
transported downstream. We do not know if substrate imbeddedness, 
angularity , or interstitial spaces between particles are important. 
Substrate irregularities would provide protection for the · eggs from 
scouring but may also provide refuge for egg predators. 

The substrates .used by sp.awni ng white sturgeon are probably a 
function of the water velocities present in the spawning areas. Finer 
substrates are displaced from areas of high water velocities. · Sturgeon 
spawning has been reported to occur over gravel or rock (Dees 1961 ; 
Nikolskii 1961 ; Magnin 1966 ; Buckley and Kynard 1985 ; Crance 1986) , and 
Kohlhorst (1976) reported that white sturgeon in the Sacramento River may 
spawn over a mud , sand, or gravel bottom. However , this conclusion was 
based mostly on catches of larvae , not newly spawned eggs , thus l imiting 
the ability to pinpoint spawning sites. 

Larval white sturgeon are dependent on currents to transpo-rt them 
from incubation areas into rearing areas. Therefore , those that we 
captured from the drift were probably in transport. between .areas. Brannon . 
et al. (1984 , 1985) investigated the behavior of yolk-sac whi'te sturgeon 
raised in aquaria. They i dentified a "swim up" phase that may be a 
mechanism for downstream di spersal from spawning areas. Upon hatching ,  
larvae swam towards the surface and remained in  the water column for a 
period that was inversely related to water velocity. The larvae then 
sought cover in or on the substrate and entered a "hiding" phase that 
lasted until the yolk was absorbed (about 12 d posthatch) , at which time 
they began feeding on the substrate and within the water column. If food 
was not present , the fish reentered the water column and were again 
transported downstream. Feeding fish showed a slight preference for sand 
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substrates but al so used detritus and gravel substrates if food was 
present. The deep , slow-moving water in which we observed l arvae woul d 
provide cover from light for the photophobic larvae , and food may be more 
avai lable for the newly feeding fish. 

The habi tats i n  whi ch we captured YOY and juvenile white sturgeon 
i ndicate a tolerance · (but not necessari ly a preference} for a wi de range 
of environmental conditions. Most of the observations of YOY and 
juveniles were from the unimpounded lower Columbia River and Bonneville 
Pool , where sand was the predominant substrate. Other substrates were 
available in John Day and The Dalles pools , but poor recruitment to the 
YOY stage in these poo 1 s during our study 1 imited the potent i a 1 for 
observations of YOY and juveniles over other substrates. 

Young-of-the-year and juveni le white sturgeon were most often 
captured wi thi n the thalweg. Efforts adjacent to the thalweg in shallower 
water rarely collected white sturgeon. Other i nvestigators have suggested 
that whi te sturgeon make feeding forays i nto shallow water duri ng hours of 
darkness (Haynes and Gray 1981}. Most of our observations were made 
duri ng the day ; those made at ni ght showed no appare.nt movement of YOY or 
juveni le fish i nto shallow areas. However , we have collected white 
sturgeon juveniles and adults in shallow water (<7 m deep} with gill nets 
set for 24 h ( U.S. Fish and Wi ldli fe Servi ce ,  unpublished data} .  A 
preference for the thalweg may have prevented fish from becoming stranded 
in isolated pools as river levels rose and fell with the changing 
hydrograph that was characteri stic of the river prior to impoundment. 

We provide the most thorough description to date of the habitat used 
by white sturgeon. Our study provides measurements in time and space from 
a range of conditions. However , we were limited to sampling habitats 
suitable for our fishing gear. For example , we were unable to sample with 
our bottom trawls in areas with rugged bottom topography. Telemetry 
studies should be conducted to augment and verify observations from this 
study. Additi onal information on larval and YOY habi tat preferences for 
veloci ties and substrates may be best obtai ned through laboratory studi es. 
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Abstract. - Estimates of spawning habitat fo_r white sturgeon Acipenser 
transmontanus in the tailraces of the four dams on the lower 470 km of the 
Columbia River were obtained by using the Physical Habitat Simulation 
System of the U.S. Fish and Wildlife Service' s  Instream Flow Incremental 
Methodology to identify areas with suitable water depths , water 
velocities , and substrates. Rearing habitat throughout the lower Columbia 
River was assessed by using a geographic information system to identify 
areas with suitable water depths and substrates. The construction of the 
dams reduced the avail abil ity of spawning habitat for white sturgeon , but 
increased t�e amount of rearing habitat for young-of-the-year (YOY ) and 
j uven i 1 e white sturgeon. Areas with water velocities required for 
spawning are present only in the dam tailraces·. The Bonneville Dam 
tailrace provides high quality spawning habitat at river discharges lower 
than those needed to provide low to medium quality spawning habitat in the 
tailraces of The Dall es , John Day , and McNary dams. The lack of high 
quality spawning habitat in The Dalles , John Day , and McNary dam tailraces 
during years of low river discharge may limit successful reproduction and 
recruitment during these years. The three impoundments and the free
flowing Columbia River downstream from Bonneville Dam provide extensive 
areas that are suitable for rearing YOY and juvenile white sturgeon. 
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The productivity of lotic environments is controlled by four 
factors : flow regime (river hydrograph) , physical habitat structure 
( channe 1 morpho 1 ogy and substrate) , water qua 1 i ty (inc 1 udi ng temperature) , 
and energy inputs from the watershed (nutrients and organi c matter) (Karr 
and Dudley 1978) .  The interaction of these factors determines primary and 
secondary production, which · ultimately affect the status of fish 
populations. Restriction or limitation of any one of these factors during 
any life stage sets the adult population size (Orth 1987 ) .  If the 
riverine environment and thus the interaction of these factors is altered , 
changes to fish populati ons and how they respond to man�gement strategies 
can be expected. 

White sturgeon Acipenser transmontanus management in the Columbia 
River basin currently relies on moderating fishirig mortality through slot 
length limits (Oregon and Washington) ,  daily and annual catch restricti ons 
(Oregon and Washington) ,  and catch and release fi shing (Idaho) .  Le Cren 
( 1962) disc 1 osed the management ph i1 osophy that has preva i.l ed for white 
sturgeon : · · 

" It is true that legal restrictions on fiihing have often aimed at 
sharing the catch more equitably or preventing fishing by unauthorized 
persons ; but in the background all the time has been the idea that 
conservation of adult stock is • of fundamental importance , and sometimes 
this idea has become a sacred obligati on". 

This management strategy allowed white sturgeon to recover from 
overexploitation that decimated the fishery during the late 1800 ' s ,  but 
development of the Columbia River basin for hydroelectric power generation 
during the mid 1900 ' s  profoundly altered the riverine environment. 
Construction and operation of dams in the Columbia River basin altered the 
flow regime , increased water depths , and reduced water veloci ties over 
extensive areas. Dams on other river systems have adversely affected 
sturgeon populations (Khoroshko 1972 ;  Votinov and Kas ' yanov 1978 ; Deacon 
et al. 1979 ; Rochard et al. 1990).  

Recent research has documented spawning and identified the habitat 
used by various life stages of white sturgeon in the lower Columbia River 
(McCabe and Tracy 1992 ; Anders and Beckman 1992 ; Parsley et al. 1992) .  
Successive year-class failures and poor recruitment to young-of-the-year 
(YOY) have been noted in the three impoundments downstream from McNary Dam 
(Miller and Beckman 1992) , yet spawning and recruitment in the u,nimpounded 
river downstream from Bonnevi 1 1  e Dam occurred during the same years 
(McCabe and Tracy 1992) .  In this paper we esti mate the amount of habitat 
available for spawning and rearing (YOY and juven i le) white sturgeon in 
the three impoundments and free- flowing river that comprise the lower 470 
km of the Co 1 umbi a River. The goa 1 is to determine i f  habitat for 
spawni ng and rearing of YOY or juveni le white sturgeon has been altered by 
hydroelectric development and if habitat is limiti ng the white sturgeon 
population at these life stages. Fishery managers may need to adopt new 
strategies if habitat alterations caused by development have changed the 
role that the external environmental controls identifi ed by Karr and 
Dudley ( 1978)  have on the white sturgeon populations. 
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Study Area 

Th i s  study was conducted in the Columbi a  Ri ver from the mouth ( river 
km O) to McNary Dam ( ri ver km 470 ) .  The four dams wi th i n  the study area 
are operated pri mari ly for hydroelectri c  power generati on and di vi de the 
ri ver i nto three i mpoundments - -Bonnevi lle Pool , The Dalles Pool , and John 
Day Pool- - and a free-flowi ng ri ver reach ( F i gure · 1) . The four ri ver 
reaches di ff er i n  1 ength , surf ace area, and other phys i ca 1 characteri sti cs 
( Table 1) . Ebel et al. ( 1989) and Anonymous (1991) provi de a background 
on the b i oti c and abi oti c envi ronment and the alterati ons to the 
envi ronment caused by development and operati on of the numerous 
hydroelectri c  and water di vers i on dams in the Columbi a  Ri ver bas i n. 

River di scharges through the study area are regulated by storage 
reservo i rs located upri ver i n  the Columbi a and Snake ri ver bas i ns. The 
reservoi rs i n  the study area have little storage capaci ty ,  and di scharges 
through the dams are run- of-the-river. Therefore , mean dai ly di scharge at 
each dam is s i milar , though hourly hydrographs of discharge among dams can 
be variable. Typically , hourly discharge at Bonneville Dam i s  relati vely 
stable , whereas di scharges at McNary , John Day, and The Dalles dams peak 
i n  the morni ng and are lower at ni ght. 

Two types of sp i ll may occur at each dam duri ng spri ng and summer : 
forced sp i ll ,  when di scharge i s  greater than the hydrauli c  capaci ty of the 
turbi nes ( Table 1) , and planned sp i ll ,  to ai d i n  pas s i ng outmi grati ng 
juveni le salmoni ds. Usually , planned sp i ll i s  duri ng the eveni ng ,  when 
total di scharge i s  lowest. 

Water elevati ons wi th i n  each ri ver reach are affected by ri ver 
di scharge , pondage i n  the three i mpoundments , and ti des i n  the lower ri ver 
reach . Pondage i s  regulated by the rule curves i n  effect at each dam. 
Water elevati ons  fluctuate more i n  the dam tai lraces than i n  the forebays. 
The greatest fluctuati ons occur in the Bonneville Dam tailrace and in the 
John Day Dam forebay (Table 1) . 

Methods 

Two methodologies were used to quanti fy the phys i cal habitat for 
spawning and rearing white sturgeon. We used the Physical Habitat 
Si mulation System ( PHABSIM ; Bovee 1982) to eval uate habitat avai lable for 
spawni ng white sturgeon by determini ng the relati on between ri ver 
di scharge and spawni ng habi tat downstream from each dam within the study 
area , and we used a geograph i c  i nformati on system ( GIS) to i dentify and 
quanti fy habi tat for rear i ng ( VOV and juveni le}  wh i te sturgeon throughout 
the study area. Both methods determi ne the overal l quali ty as habi tat of 
a parti cular uni t of area of the ri ver. Summi ng those areas g i ves an 
esti mate of the quanti ty of habi tat for each ri ver reach. Temporal 
compari sons of habi tat were made wi th the PHABSIM, but not wi th the GIS. 
The study area was spati ally too extens i ve to permi t us i ng PHABSIM 
throughout the length of the ri ver. 

Paramount to quantifying spawning and rearing habitat was the 
establishment of criteri a that defined habitat qua l i ty for these l i fe 
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Figure 1 .  The Columbia River downstream from McNary Dam , with locations of the four 
mainstem dams and river reaches . Flow is from right to left .  



Table 1. Characteri sti cs of the four ri ver reaches i n  the lower 470 km of the 
Columbi a  Ri ver. Bathymetry and substrate areas were derived duri ng this study. 

length {km) 
Surface area ( hectares) 
Range i n  water surface 
elevati ons8 ( m) 

Tai l  race 
Forebay 

Hydrauli c capaci ty of 
the upstream dam ( m3/s ) 
Bathymetry contours ( m) b 

1.82 1. 52 

3.66 4.57 
5.49 7.62 
9.14 

18.29 
>18.29 

10.67 
13. 72 

>19.81 
Substrates { hectares) 

Hard clay 
Mud/si lt 
Sand 
Gravel 
Cobble 

Boulder 
Bedrock 

Ri ver reach 

lower Bonnevi lle The Dalles 
ri ver Pool Pool 

234 
61, 148 

2 . 6 - 8.6 
Sea level 

8 , 550 

25 , 172 
8 , 289 
6 , 787 
8 , 076 

12 , 024 
710 

4 
0 

60 , 397 
142 
236 
369 

0 

75  
7 , 632 

22.3- 25.9 
21.5- 23.2 

10, 645 

39 
3 , 639 

48.3-50.4 
47.5 -48.6 

10, 022 

Area ( hectares) 

1 , 036 
499 

1 , 010 
1 , 748 
2 , 993 

346 

0 
0 

6 , 729 
357 
195 
103 
248 

195 
139 
336 
896 

1 , 485 
587 

0 

286 
573 
175 

1 , 743 
198 
663 

John Day 
Pool 

122 
19 , 781 

80.5-82.4 
77. 2-81. 6 

13 , 533 

2 , 500 
2 , 504 
2 , 228 
1 , 936 
1 , 589 
9 , 025 

0 

7 , 793 
6 , 793 
3 , 645 
1 , 399 

69 
83 

aFrom mean dai ly mi ni mums and maximums recorded at each dam duri ng 1986 · & 
1988. 

bF i rst column i s  depth contours from nauti cal charts of the lower r i ver , 
Bonnevi lle , and The . Dalles pools. Second column i s  depth contours from 
nauti cal charts of John Day Pool. 
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stages to be used as standards for comparison of habitat among the areas. 
Parsley et al. (1992) described the habitat used by various life stages of 
white sturgeon within the study area. We used the data from their paper 
to construct microhabitat criteria curves that depict the suitability of 
depths, mean water column velocities , and substrates for white sturgeon 
spawning ( Figure 2) , YOY , and juveniles (Figure 3) , and the suitability of 
water temperatures for white sturgeon _ spawning. The criteria curves 
define the suitability of each habi tat descriptor on a scale of O to 1 (O 
= unsuitable and 1 = most suitable) .  The curves were fit by eye to the 
habitat use data presented in Parsley et al. (1992) ,  and the resulting 
curves were scrutinized by us and other white sturgeon researchers for 
soundness. Mi crohabi tat criteria curves are often developed in this 
manner (Bovee and Zuboy 1988 ) .  

Spawning Habitat 

The relation between river discharge and white sturgeon spawning 
habitat downstream from each dam was assessed through the computer mode 1 s ·. 
of the PHABSIM. The PHABSIM has been described extensively in the 
1 i terature ( Sta 1 naker 1979 ; Bovee 1982 ; Mi 1 hous et a 1 • 1989) and the 
following discussion is drawn largely from Bovee (1986) .  Measurements of 
water depth, velocities , and substrates along transects placed in the 
study area divide the river into a large number of rectangular cells 
(plane view) .  Each cell has a unique combination of . depth , velocity , and 
substrate. Depth and velocities will vary with discharge, wh.i.le substrate 
is fixed. Cells on the edge of the river will vary in surface area as 
water elevations rise and fall , while those always inundated have a fixed 
surface area. Changes in depth and veloci ty at poi nts along each transect 
at unmeasured discharges are predicted by hydrauli-c simulation models 
described by Bovee and Milhous (1978) and Milhous et al . (1989) . Habitat 
is estimated when the predicted water depth , velocity , and substrate for 
each cell is evaluated against the microhabitat criteria used to define 
habitat. The depth , velocity , and substrate for each cell are compared 
with the criteria to determine an - overall habitat quality for each cell . 
This value is then multiplied by the surface area of the cell to obtain an 
index of microhabitat , called wei ghted usable area (WUA) . Summing the WUA 
for a 1.1 ce 11 s gives the WUA for the study site for a given discharge. We 
sj mulated spawning habitat for discharges ranging fr� 1 , 415. 6 to 14, 156 
m /s at 707 . 8  m3/s intervals (50 , 000 to 500 , 000 ft /s at 25 , 000 ft3/s 
intervals ) .  

Transects were surveyed i n  each ta i 1 race to obtain river cross 
section profiles detai ling river bed elevations , . mean water column 
velocities , and substrates at verticals along each transect for input into 
the hydraulic simulation program IFG4 of the PHABSIM (Milhous et al. 
1 989 ) . Five transects were surveyed downstream from Bonneville Dam , eight 
downstream from The Dalles Dam , five downstream from John Day Dam, and 
seven downstream from McNary Dam (Figure 4 ) .  Distances (nearest 0. 3 m)  
between individual transects were measured with an electronic distance 
meter (EDM ) , and elevations (height above mean sea level , nearest 0. 3 cm) 
were determined through standard surveying techniques. We used the EDM to 
measure the distance to a boat positioned along each transect descr i be bed 
elevations and to obtai n water velocities· for model c-al ibration. Water 
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Figure 2 .  Microhabitat criteria curves depicting the 
suitabil ity of water temperatures ,  depths , mean column 
velocities , and substrates for spawning white sturgeon . 
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Figure 3 .  Microhabitat criteria curves depicting the 
suitabil ity of water depths , mean column velocities , and 
substrates for young-of-the-year and j uvenile white sturgeon . 
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surface elevat i ons (nearest 0.3 cm) were measured at each - transect at 
several discharges. 

: �: ' . f 

We used least-squares regression to determine the relation between 
tailwater elevation at the dam and water elevati on at each transect . Each 
dam is an upstream hydraulic control , and hourly records or' ta i l water 
elevation and river discharge are kept by the U . S . Army . Corps . of 
Engineers. Regressions were based on hourly data · for the months of April
July from one or more years . This relation predicted the · tai -lwater 
elevation at each dam for the discharges to be simulated .  These 
predi cted tailwater elevati ons were then used to predi ct the water surface 
elevation at each transect for each discharge to be si mul ated . 

The relati on between discharge and white sturgeon spawning habitat 
wi thin the area described by the transects was establi shed wi th the HABTAE 
program of the PHABSIM (Milhous et al . 1989) . This program integrated the 
output from the hydraulic s i mul at ion model (predi cted- depths, water 
velocities , and substrates at selected discharges) wi th the microhabi tat 
criteria curves that defined habitat used by spawning white sturgeon . The 
lowest suitability for depth , mean column velocity ,  and substrate present 
for each cell (lowest li miting parameter approach ,  Bovee 1982) was used as 
the composite suitability index ( CS) of spawning habitat for each cell. 
Model output ( amount of spawning habitat versus discharge) allows 
compar i sons of usable habi tat and WUA . Usable habi tat i s  the sum of the 
surface areas of all cells wi th a CS > 0. Wei ghted usable area i s  the sum 
of the products of the surface area of a cell and the CS of that cell .. We 
multi pl i ed model output by individual reach l engths to obtain surface 
areas to allow compari sons of spawning habitat withi n  di fferent reaches. 

Daily spawning habitat from 1985 through 1991 was determined by 
integrating mean dai ly discharge and water temperature from April through 
July with the spawning habitat versus discharge relation for each 
tailrace. Mean daily discharge and water temperature for each dam were 
obtained from records maintai ned by the U.S. Geo l ogi cal Survey ( Water 
Resources Division, Portland, Oregon ) ,  the U . S . Army Corps of Engi neers 
( North Pacific D i vi si on ,  Portland ,  Oregon ) ,  the F i sh Passage Center 
( Portland ,  Oregon) , and the U . S . Fish and Wi ldlife Servi ce ( Cook , 
Washi ngton) . Dai ly spawning habi tat (WUA) was averaged monthly and 
annually. Vari ati on in spawning habi tat for each tailrace and year was 
assessed by calcul ating the coefficient -of vari ation i n  monthly habi tat 
during 1985- 1991. 

Rearing Habitat 

The geographic i nformati on system EPPL71 was used to identify areas 
in each river reach that have suitable water depths and substrates for YOY 
and juvenile white sturgeon. A GIS is an assemblage of computer hardware 
and software tools that unites computerized mapping and data bases to 

1The menti on of commercial trade names does not imply endorsement by the 
U.S. Fish and Wildlife Service. 
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provi de analysi s  and di splay of geographi cally ori ented data . Star and 
Estes ( 1990 ) and Meaden and Kapetsky ( 1991 ) provi ded a background and 
appli cat i ons of GIS .  

Habi tat for VOV and juveni le whi te sturgeon was quanti fi ed by usi ng 
the GIS to i denti fy areas i n  each ri ver reach as sui table or unsui table 
for these li fe stages . Mean column water veloci ti es for the entire study 
area were not avai lable ; hence , analyses were li mi ted to depth and 
substrate . The cri teri a curves for water veloci ti es reveal that VOV and 
Juveni le whi te sturgeon wi ll use a wi de range of water veloci ti es (F i gure 
3) . Water depth and substrate contours were di gi ti zed from maps and 
rasteri zed to ei ther 9 . 29 m2 or 37 . 1 6 m2 cell si zes . Water depth contours 
were obtai ned from nauti cal charts produced by the National Oceani c and 
Atmospheri c  Admi ni strati on (Di stri buti on Branch , National Ocean Service , 
Ri verdale , Maryland 20737- 1 1 99) . Substrate contours were drawn from an 
assi m i lati on of fi eld measurements from thi s  and other studi es ,  pre
i mpoundment aeri al photographs , and the nauti cal charts. Depths were 
depi cted as di screte contours ; therefore , we assigned a sui tabi l i ty to 
each depth contour by averagi ng ,  at 0 . 3 -m  i ntervals , suitabi li ti es from 
the mi crohabi tat cri teri a (Table 2) . Substrate categories were also 
assi gned sui tabi li t ies from the mi crohabi tat cri teri a depi cted i n  Fi gures 
2 and 3 .  

H i gh sali ni ty i n  the estuary precludes the use of extensi ve areas of 
the uni mpounded lower ri ver reach by YOV and juveni le white sturgeon . The 
extent of saltwater i ntrusi on i s  dynami c and depends on ri ver di scharge 
and ti des . For thi s analysi s ,  we used ri ver km 45 as the downstream 
boundary for VOV and ri ver km 30 as the downstream boundary for juveni les 
because the abi li ty of whi te sturgeon to tol erate salini ty i ncreases wi th 
s i ze .  

For VOV and juveni l e  white sturgeon, a composite suitabi lity index 
for each cell representi ng the ri ver was deri ved by calculati ng the 
geometri c  mean of the sui tabi li ti es for the depth contour and substrate of 
that cell . The product of CS and the area of each cell gave a WUA for 
each ce 1 1  . Summi ng a 1 1  ce 1 1  s gave a WUA for each ri ver reach , and 
i dent i fi ed areas wi thi n each ri ver reach that were usable (CS = 0 . 001 to 
1 . 00 )  or unusable ( CS = 0) . Quali ty ranki ngs of low ( CS = 0 . 00 1  to 0 . 40) , 
medi um ( CS = 0 . 41 to 0 . 80) , or hi gh (CS = 0 . 81 to 1 . 00 )  were assi gned to 
each cell i n  each ri ver reach . Summing the areas of the cells with these 
classi fi cat i ons gave compari sons of the relative quali ty of the usable 
habi tat among the ri ver reaches . 

Resul ts 

Spawning Habi tat 

The amount of spawni ng habi tat for whi te sturgeon i ncreased i n  each 
tai l  race as di scharge i ncreased , however , the rate of i ncrease among 
tai lraces and di scharges vari ed due to di fferences i n  channel morphology 
among areas ( F i gures 5 and 6) . Spawni ng habi tat i ncreased because water 
veloci ti es i ncreased wi th di scharge . The Bonnevi lle Dam tai l  race provi des 
more hi gh quali ty spawning habi tat for whi te sturgeon at di scharges that 
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Table 2. Mi crohabi tat cri teri a values assi gned to each depth contour dep i cted 
on nauti cal charts of the study area. Values were obtai ned by averagi ng cri teri a 
values at 0 . 3  m i ntervals wi thi n each contour . 

Ri ver reach · Depth Contour 
(m )  

Lower ri ver reach, 0- 1 . 82 

Bonnevi lle Pool , and 1 . 83 - 3 . 66 
The Dalles Pool 3 . 67 - 5 . 49 

5 . 50 - 9 . 1 4 
9 . 1 5 - 18 . 29 

> 18 . 29 

John Day Pool 0 - 1 . 52 
1 . 53 - 4 . 57 

4 . 58 - 7 . 62 

7 . 63 - 1 0 . 67 

1 0 . 68 - 13 . 72 

13 . 7 2 - 1 9 . 8 1 

> 19 . 81 
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Average cri �eri a v a 1 ue· 
Young-of-the- Juven i le 

year 

0 . 00 0 . 00 
0 . 00 0 . 0 1 
0 . 02 0 . 1 4 
0 . 37 0 . 37 
0 . 95 0 . 85 
1 . 00 1 . 00 

0 . 00 0 . 00 
0 . 00 ·0 . 04 

0 . 20 0 . 27 

0 . 63 0 . 52 

0 . 97 0 . 78 

1 . 00 0 . 99 

1 . 00 1 . 00 
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are l ower than discharges needed to provide even low to moderate quality 
spawning habitat in the other tailraces. 

Usable habitat { CS = 0 . 00 1  to 1 . 00 ) , when expressed as the 
proportion of the total area of each tailrace, is nearl y maximized in • 
Bonneville, John Day, Mc�ary, and The Dalles dam tailraces at about 6 , l70 , 
7 , 790 , 8 , 500 , and 9 , 200 m /s { 225 , 000 , 275 , 000 , 300 , 000 , and 325 , 000 ft /s) 
{ Figure 7 ) .  Usable area increases only slightl y at greater discharges. 
Weighted usable area {usable area with a quality component) ,  when 
expressed as the pr:rportion of t� total area of each tail race, is 
maximized at 6 , 370 m /s { 225 , 000 ft /s) in the Bonnevill e  tail race, but 
continues to increase with increasing discharge in the other tailraces, 
indicating that the quality of the usable habitat present in these 
tailraces improves with increasing discharge { Figure 7 ) .  

Incremental gains in habitat with increasing discharge in each 
tail race were examined by pl otting cumulative prrcent gain in total 
ha�itat as discharges range from 1 , 420 to 1 4 , 1 60 m /s { 50 , 000 to 500 , 000 
ft /s) .  Sl opes of the plotted l ines reveal the relative benefit of 
increases in discharge to habitat ; steeper slopes indicate a greater gain. 
Cumul ative gains in usabl e habitat are greatest in the Bonnjvil le, John 
Dai, and McNary dam tailraces at discharges less than 7 , 790 m /s { 275 , 000 
ft /s) ,  and gains in usable habi\at in The Dalles Dam tailrace are greatest , 
at discharges less than 9 , 200 m /s { 325 , 000 ft3/s) { Figure 8 ) . 

·· 

Cumulative gains in WUA in the Bonnevil le Dam tail race are greater 
at l ower discharges than cumul ative gains in WUA in the tailraces of the 
impounded reaches { Figure 8) . Cumulative gains in WUA in the impounded 
reaches are nearly identical as discharge increases. 

Bonneville Dam Tailrace. - - Habitat suitable for white sturgeon spawning 
is present at all simulated river discharges in the Bonnevil le Dam 
tailrace { Figures 5 and 6). The amount of habitat increases as discharge 
increasis, and high quality habitat is present at discharges greater than 
2 , 1 20 m /s { 75 , 000 ft3/s) . River dischafge during tqe white sturgeon 
spawning period is seldom less than 2 , 1 20 m /s { 75 , 000 ft /s) at Bonnevill e 
Dam. Usabl e habitat in the main channel downstream from Bonnevil le Dam 
increases \he most between discharges of 1 , 420 ind 3 , 540 m3/s { 50 , 000 and 
1 2g , ooo ft /s) and between 5 , 660 and 6 , 370 m /s { 200 , 000 and 225 , 000 
ft. /s) { Figure 5 ). Weighted usable area increases as discharge increa!es 
(Figure 6 ) . Approximatel y 90% of the usrble habitat pr�sent at 1 4 , 1 60 m /s 
( 500 , 000 ft3/s) is achieved at 6 , 370 m �s ( 2 25 , 000 ft i"s) { Figure 8 ) , and 
about 70% of the WUA present at 1 4 , 1 60 m /s ( 500 , 000 ft /s) is attained at 
the same discharge ( Figure 8) . 

Model output of white sturgeon spawning habitat in the Bonnevill e 
Dam tailrace reveals that spawning habitat first appears in the segment 
represented by transect 3 (Figure 4 )  and extended upriver and downriver as 
discharge increased. Cells with CS' s  of 0 . 81 or greater {high quality 
habitat) fJrst appeared along this transect at a discharge of 2 , 1 24 m /s 
( 7 5 , 000 ft /s) . 

Hydraulic simulations of water depths and velocities at different 
discharges in the river channels downstream from the two powerhouses and 
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247 



Usable Area 

/ / ; 0,, . 
.... I/, i • 

i;{ I i r.t •• • : I µ  
f I ,' / 
: I i / 
f I j/ 

f I ' 
j d,. l 

j I /,' 
: I 11.'.' 
f I r,' 
fl ici 

IA ;. 
1!1 l·· ' ., 

. .d/� 

.., 
::-_ ...

....
. 0'· ·  

. .. er
·· 

/ii 

--ojo-

· · G · ·  

. . . .  9 . . . . 

- A-

-.. ,6,-.. 

Bonneville Dam Tailrace 
The Dalles Dam Tallrace 
John Day Dam Tallrace 
McNary Dam Tailrace 

Low Pool Elevation 
High Pool Elevation 

-::� ··' 
0 1.-----.-a-tF-&---.----,---..,...---r----,,-----,.--,----r---r---r--..,...---l 

"!. 60 
la 

> 40 

0 2 4 

2 4 

6 8 

Discharge (1 000 rr?/s) 

6 8 

Discharge (1000 rr?/s) 

1 0  

1 0  

1 2 1 4  

Bonneville Dam Tailrace 
The Dalles Dam Tailrace 
John Day Dam Tallrace 
McNary Dam Tailrace 

Low Pool Elevation 
High Pool Elevation 

1 2  1 4  

Figure a .  Incremental gains in  percent usable spawning area 
and weighted usable spawning area as discharge increases to 
14 , 156  m3/s . 

248 



the sp i l l  bas i n  were not pos s i bl e  as water el evat i ons  and · discharges i n  
each channel are unrel ated . The total r i ver d i scharge c'an ,1 pass  through 
the channel s i n  any combi nat i on ,  thus precl ud i ng val i d  s i mul ati ons because 
d i fferent d i scharges may occur at the same water el evat ion : :  However , each 
channel i s  s i mi l ar i n  phys i cal morphometry to the mai n channel descri bed 
by transects 1 - 5 ,  and s u i tabl e spawn i ng habi tat is probabl y present i n  
each channel when d i scharge i s  substant i al_ l y  greater than'zero . · · 

The Dal l es Dam Tai l race . - - Spawn i ng habi tat i s  present , al though l ow i n  
quant i ty and qual i ty ,  i n  t h i s ta i l race when :r i ver di scharge i s  2 , 1 20 m3/s 
( 75 , 000 · ft3/s ) . Apprec i abl e i ncreases i n  habi tat are not ev i dent unt i l 
d i scharges exceed 3 , 540 m3/s ( 1 25 , 000 ft3/s ) ( F i gures 5 and 6 ) . 
Apyrox i mate ly  90% of the usabl e habi tat present at 1 4 , 1 60 f3/s ( 500 , 000 
ft / s )  i s  atta i ned when d i scharge approaches 9 , 200 m /s (325  000 
ft3/s ) ( F i gure 8) , and 60% of the WUA present at 1 4 , 1 60 m3/s · ( 500 , 000 ft!/s )  
i s  atta i ned at  the  same d i scharge ( Fi gure 8) . 

· ·  

Model output of wh i te sturgeon spawn i ng habi tat and d fscharge i n  The 
Da 1 1  es Dam ta i l race shows that usabl e habitat fi rst appears at transect 8 
( F i gure 4 )  and extended upri ver and downri ver as d i scharge i ncreased . 
Cel l s  wi th CS ' s  of 0 . 81 or greater ( h i gh qual i ty hab i tat )  fi rst occurred 
al ong transect 8 at a d i scharge of 4 , 250 m3/s ( 1 50 , 000 ft3/s ) . 

John Day Dam Tai l race . - - Spawn i ng habi tat -was present i n  mi n i mal area and 
qual i ty i n  th i s  ta i l race when d i scharge was 2 , 830 m3/s ( 1 00 , 000 
ft3/ s ) ( F i gures 5 and 6 ) . Us abl e spawn i ng habi tat i ncreased greatl y as 
di jcha rge i ncreased from 2 , 830 through 6 , 370 m3 / s (1 00 , 000 through 225 , 200 
ft / s ) , and WUA i ncreased most between d i scharges of 3 , 540 and 1 0 , q20 m /s 
( 1 25 , 000 and 375 , 000 ft3/s ) . Approxi matel y 90% of the u sabl e hab i tat 
present at a d i scharge of \4 , 1 60 m3/s ( 500 , 000 ft3/ s J  i s  real i zed as 
d i scharge approaches 7 , 080 m /s ( 250 , 000 ft3/s) ( F i gure 8) , whereas onl y 
about 50% of the WUA present at 1 4 , 1 60 m3/s  ( 500 , 000 ft3/s )  i s  ach i eved at 
the same d i scharge ( F i gure 8) . 

Model output of wh i te sturgeon spawn i ng habi tat and d i scharge i n  the 
John Day Dam tai l race showed that spawn i ng habi tat fi rst appeared al ong 
transects 4 and 5 ( F i gure 4) and extended downri ver as d i scharge 
i ncreased . Ce 1 1  s wi th CS ' s of O .  81 or greater ( h i gh quality ·hab i tat )  
fi rst occurred al ong these transects at a d i scharge o f  6 , 660 m3/s ( 200 , 000 
ft3 /s ) . 

McNary Dam Ta i l race . - - I t  was necessary . to derive · two relat i ons  
descri b i ng the  amount of  wh ite  sturgeon spawn i ng habi tat i n  the  McNary Dam 
ta i l race . The U . S .  Army . Corps of Eng i neers has ma i ntai ned reservo i r  
el evat i ons  i n  John Day Pool (measured at John Day Dam)  at two l evel s ,  
approxi mate ly  80 . 5  m and 81 . 4  m above mean sea l eve l .  Typ i cal ly ,  the pool 
i s  kept at the l ower el evat i on duri ng wi nter and spri ng , and the h i gher 
el evat i on i s  ma i nta i ned start i ng i n  mi d to l ate June through the s ummer 
for i rri gat i on wi thdrawal s .  Duri ng 1988 , however , the reservo i r  el evat i on 
was ma i nta i ned at the h i gher l evel throughout the year . 

Hab i tat su i tabl e for spawn i ng was �resent i n  th i s  ta i l race when 
r i ver d i scharge was 2 , 830 m3/s ( 1 00 , 000 ft/s ) or greater a:t e i ther pool 
el evat i on ( F i gures  5 and 6) . Us abl e spawn i ng habi tat i ncreased great ly  as 
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d i schar�e i ncreased ; the greatest ga i ns  were when d i scharge i ncreased from 
2 , 830 m /s to 8 , 490 m3/s ( 1 00 , 000 to 300 , 000 ft3/s }  ( F i gure 5 ) . H i gher 
d i scharges were needed to ach i eve the same usabl e habi tat when the pool 
el evat i on was ma i nta i ned at the 81 . 4 -m el evat i on than when i t  was at 80 . 5  
m .  We i ghted usabl e area at both pool el evat i ons  i ncreased progress i vel y 
wi th d i scharge ( F i gure 6 ) , wi th greater WUA at l ower pool el evat i ons . 
Approx i matel y 90% of t�e usabl e area �resent at 1 4 , 1 60 m3/s ( 500 , 000 ft3/s } 
i s  atta i ned at 7 , 790 m /s ( 275 , 000 ft /s } at e i ther pool el evat i on ( F i g�re 
8 ) , whereas only  about 50% of the WUA present at a d i scharge of 1 4 , 160 m /s 
( 500 , 000 ft3/s }  i s  real i zed at the same d i scharge and \ pool el ev�t i on of 
80 . 5  m .  Onl y  about 40% of the WUA present at 1 4 , 1 60 m /s ( 500 , 000 ft3/s } 
i s  present at 7 , 790 m3/s ( 275 , 000 ft3/s }  and a pool e l evat i on of 81 . 4  m 
( F i gure 8) . 

Model output of spawn i ng habi tat i n  the McNary Dam ta i l race showed 
spawn i ng habi tat fi rst appeared al ong transect 7 ( F i gure 4 )  at l ower 
d i scharges , and extended downri ver as d i scharge i ncreased . Ce 1 1  s wi th 
CS ' s  of 0 . 81 or greater ( h i gh qual J tY hab i tat) fi rst occurred al ong th i s  
transect at a d i scharge of 7 , 080 m /s ( 250 , 000 ft3/s } . 

T i me Seri es Anal ys i s of Spawn i ng Habi tat 

The amount of habi tat s u i tabl e for wh i te sturgeon spawn i ng vari ed i n  
al l areas duri ng 1 985 - 1991  ( F i gure 9 )  and was control l ed by d i scharge and 
water temperature . John Day and McNary Dam ta i l races had the greatest 
vari at i on i n  month ly  spawn i ng habi tat . The effect of reduced d i scharge on 
spawn i ng hab i tat duri ng l ow-water years ( 1 985 , 1 987 - 1 989 ) i s  ev i dent i n  
the graphs  dep i ct i ng monthl y spawn i ng habi tat i n  The Dal l es ,  John Day , and 
McNary Dam ta i l races ( F i gure 9 ) . The reduced d i scharges i n  these years 
had l ess  of an effect on spawn i ng habi tat i n  the Bonnev i l l e  Dam ta i l race 
because the phys i cal morphol ogy of th i s  ta i l race prov i des cond i t i ons that 
create habi tat s u i tabl e for spawn i ng at d i scharges l ower than d i scharges 
needed i n  the other tai l races . The rol e of temperature i n  defi n i ng the 
spawn i ng peri od and i ts effect on total spawn i ng habi tat i s  ev i dent i n  
each year , part i cul arl y 1 986 , and al l tai l races . 

Creat i on of an annual t i me seri es us i ng temperature -cond i t i oned 
annua 1 average spawn i ng habi tat reveal s that Bonnev i l l e  Dam ta i l race 
prov i ded more spawn i ng habi tat duri ng the l ow-water years ( 1 985 , 1 987 -
1 989 ) than the other three tai l races { F i gure 1 0 ) . More spawn i ng habi tat 
was present each year i n  Bonnev i l l e  and John Day dam tai l races , and i n  
McNary Dam tai l race i n  1 988 ,  than i n  The Dal l es Dam ta i l race . The 
coeffi c i ent of vari at i on i n  annual spawn i ng habi tat was general l y  l owest 
i n  Bonnev i l l e  Dam ta i l race ( F i gure 1 1 ) , denot i ng that the amount of 
spawn i ng habi tat d i dn ' t  fl uctuate as much i n  th i s ta i l race as i t  d i d  i n  
the other ta i l races . 

Reari ng Habi tat 

The i mpounded ri ver reaches have proport i onatel y more reari ng 
habi tat than the un i mpounded l ower ri ver reach (Tabl e 3 ) . Rank i ng the 
usabl e area of each ri ver reach i nto h i gh ,  med i um ,  and l ow qual i ty 
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Figure 10 . Composite index of annual weighted usable spawning habitat present in 
Bonneville , The Dalles , John Day , and McNary dam tailraces . The composite index was 
calculated by multiplying average monthly values of total habitat by the number of days 
in the month , summing those , and dividing the sum by the number of days during April , 
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Table 3 .  Amount o f  habi tat for young-of-the-year and juven i le whi te sturgeon i n  the four ri ver reaches 
downstream from McNary Dam. All areas are expressed i n  hectares ; percentages are i n  parenthesi s .  

Ri ver reach 
Hab i tat Lower Ri ver Bonnevi l 1 e Pool The Dalles Pool John Day Pool 

Young-of-the-year 
Total surface area 25 , 629 7 , 632 3 , 639 19 , 781 
Usable area 13 , 744 ( 54 )  5 , 935  ( 78) 2 , 700 ( 74) 14, 727 ( 74) 

Hi gh quali ty 6 , 477  ( 25 )  3 , 100 (41) 633 (17 ) 10, 206 ( 52) 
Med i um quali ty 3 , 779 (15)  1 , 870 ( 25) 1, 759 ( 48)  3 , 422 (17 )  

N Low quali ty 3 , 488 ( 14) 965 ( 13) 309 (8 )  1 , 099 ( 6 )  
We i ghted usable area 9 , 132 4 , 257 1 , 667 11 , 752 

Juven i les 
Total surface area 41, 223 7 , 632 3 , 639 19, 781 
Usable area 23 , 090 ( 56 ) 6 , 618 (87 )  3 , 442 ( 9 5 )  17 , 277 (87 )  

H i gh qual i ty 7 , 791 ( 19 )  3 , 218 (42) 1 , 542 ( 42)  10 , 586 ( 54 ) 

Med i um quali ty · 5 , 219 ( 13)  1 , 752 ( 23) 850 ( 23 )  4 , 077 ( 21) 
Low qual i ty 10 , 080 ( 21) 1 , 648 ( 22 )  1 , 050 ( 29 )  2 , 614 (13) 

Wei ghted usable area 12 , 699 4 , 487 2 , 223 13 , 413 



categories showed that differences exist in the amount and qual i ty of the 
habitat for VOV and juvenil e white sturgeon among the four reaches . The 
John Day Pool general l y  has more habitat for VOV and juvenil es than the 
·other reaches, incl uding the unimpounded l ower river. 

Di scuss i on 

Hydroel ectric devel opment has reduced the avai l abil ity of habitat 
for spawning white sturgeon and has increased the area suitabl e for YOY 
and juvenil e white sturgeon in the impounded reaches . The four dams in 
the study area transformed the river from free-fl owing to a series of 
pool s ,  which inundated several rapids a.nd fal l s  that probabl y provided 
conditions suitabl e for spawning white sturgeon . In the present study 
area the dam tail races provided the onl y habitat that approximates pre
impoundment rapids. During years of reduced river runoff, the l ack of 
high qual ity spawning habitat in the impounded reaches may precl ude 
successful reproduction by white sturgeon . Recruitment to VOV in the 
three impounded areas was poor during 1987-1989 , when river discharges 
were l ow, and improved with the increased discharges during 1990 and 1991 
(Mil l er and Beckman 1992a) . Model output predicted l ower amounts of 
spawning habitat during 1987-1989 rel ative to that predicted during 1990 
and 1991 . Restoring the historic natural hydrograph during the whit!! 
sturgeon spawning period woul d improve the reproductive success of the 
impounded popul ations . Spawning areas might al so be improved by 
physical l y  al tering the river channel s to increase water vel ocities at l ow 
discharges ( Khoroshko and Vl asenko 1970) . 

Rearing habitat is probabl y under-used in the impounded river 
reaches, though we investigated the physical , not the biol ogical , abil ity 
of the river to support rearing white sturgeon . Successive year-cl ass 
fail ures and l ow numbers of recruits to VOV during years of successful 
spawning have resul ted in fewer fish to occupy the avail abl e habitat in 
these reaches. Impoundment has increased water depths upstream from the 
dams, and VOV and juvenil e white sturgeon use the deeper water ; thus the 
physical rearing habitat has increased. Rearing white sturgeon feed 
primaril y on benthic invertebrates obtained from the substrate and 
drifting in the currents (Muir et al . 1988 ; Schreiber 1962) , but they can 
al so capture and feed on young fish ( Brannon et al . 1986) . Densities of 
benthic invertebrates were higher in The Dal l es Pool than densities in the 
unimpounded l ower river reach ( Parsl ey et al . 1989 ; McCabe et al . 1992) , 
and mean l ength at age for younger fish ( 1 - 5  years) is greater in the 
impounded areas than in the unimpounded l ower river (Mil l er and Beckman 
1992b).  These findings indicate that stocking or transpl anting young fish 
into the impounded areas has potential for increasing the popul ations that 
have had poor reproductive success . 

Bonnevil l e  Dam tail race provides high qual ity habitat for spawning 
white sturgeon at discharges l ower than those needed to provide even low 
to medium qual ity habitat in the other three tail races . Tidal 
fl uctuations in the Pacific Ocean affect water l evel s to Bonnevil l e  Dam 
and cause backwater effects that are simil ar to an impoundment. However , 
the hydraul ic sl ope of the river in the Bonnevil l e  Dam tail race is much 
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greater than the hydraul i c  s l ope of the other tai l races , result i ng i n  
h i gher water vel oc i t i es at l ow d i scharges . 

The est i mates of spawn i ng and reari ng hab i tat we deri ved were 
cont i ngent on several factors : the cri teri a curves that defi ned habi tat , 
the funct i on s  used to obta i n  a compos i te s u i tabi l i ty i ndex , the area 
encompassed by transects , the accuracy of the hydraul i c  s i mul at i on s  
( spawn i ng hab i tat ) , and t he  accuracy of the  base maps used i n  t he  G I S  
( rear i ng habi tat ) . The cri teri a curves we used were devel oped from data 
col l ected wi th i n  the study area ,  and represent the best i nformat i on on 
habi tat use by wh i te sturgeon . The data dep i ct habi tat use under current 
env i ronmental cond i t i ons caused by hydroel ectri c operat i on s , not pre
devel opment cond it i ons , and the . effects on the analys i s  are unknown . 
Curves deta i l i ng habi tat use i n  free- fl owi ng ri vers are needed ; however , 
l i tt l e free- fl owi ng habi tat wi th v i abl e wh i te sturgeon popul at i ons rema i ns 
i n  the Col umb i a R i ver bas i n .  

The funct i on used to deri ve CS for each cel l and 1 i fe stage coul d 
affect cal cul ated habi tat areas . We used the l owest val ue of the three 
habi t at descri ptors ( l owest l i mi t i ng parameter) as the compos i te 
s u i tabi l i ty i ndex for spawn i ng habi tat because the area of s u i tabl e water 
depths and s ubstrates wi th i n  the known spawn i ng areas of each r i ver reach 
i s  not apprec i ably affected by vary i ng r i ver d i scharges , wh i l e  water 
vel oc i t i es are great ly  affected . Cal cul ati on of spawn i ng WUA wi th  a 
mul t i pl i cat i ve funct i on s l i ghtl y l owered the est i mates of spawn i ng habi tat 
( U . S .  F i s h  and Wi l dl i fe Serv i ce ,  unpubl i shed data) . 

Wh i te sturgeon YOY and j uven i l es use a wi de range of water depths ,  
vel oc i t i es ,  and substrate types ,  and any one phys i cal habi tat vari abl e i s  
probably no more i mportant than another for these 1 i fe stages . Therefore , 
we used the geometri c mean of the s u i tabi l i t i es for water depth and 
substrate to deri ve a CS for YOY and j uven i l e  wh i te sturgeon . Water 
vel oci t i es at d i fferent ri ver d i scharges throughout the study area were 
not est i mated and were assumed su i tabl e for these l i fe stages i n  a l l areas 
at al l d i scharges . Th i s  assumpt i on was reasonabl e ,  con s i deri ng the 
vel oc i t i es used by both l i fe stages and the known phys i cal  character i st i cs 
of the r i ver reaches i n  the study area . The cri teri a curves dep i ct i ng the 
s u·i tabi l i ty of water vel oc i t i es for YOY and j uven i l es i nd i cate that mean 
col umn vel oc i t i es of 0 . 0  m/s are used by both l i fe stages , and the upper 
l i m i t i s  near 2 . 0  m/s .  Except for the rel at i vel y smal l areas immed i ately 
downstream from the dams , where water vel oc i t i es may exceed 2 . 0  m/s ,  the 
ent i re study area has vel oc i t i es wi th i n  th i s  range . 

Our est i mates of spawn i ng habi tat are onl y  for the areas encompas sed 
by the transects pl aced across the ri ver i n  each dam ta i l race . The 
computer programs wi th i n  PHABS IM use channel shape , reach l ength , and 
changes i n  water depth assoc i ated wi th d i scharge to s i mul ate habi tat . We 
have under-est i mated the amount of spawn i ng habi tat i n  the Bonnev i l l e  Dam 
ta i l race , as we were unabl e to est i mate habi tat i n  the three short 
channel s downstream from the two powerhouses and the sp i l l  gates and the 
s hort channel downstream from where the d i scharges from the second 
powerhouse and the spi l l  gates meet . These areas probably provi de 
s u i tabl e spawn i ng habi tat wi th suffi c i ent d i scharge . 
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The hydraulic simulation model used to predict water velocities is 
generally accepted as adequate for use 9n smaller rivers and streams , but 
to our knowledge has never been applied to a ri ver as large as. the 
Col umbia. The model outputs obtained are within accept�ble ranges , a.nd i n  
theory the model is suitable for use on riV'ers this size ( Rober:t Milhous , 
U.S. Fish and Wildlife Service , personal communication) .  

T�e ana� ysis of spawning h.abita_t at va�i.ou_s disc:harge_s )!a� bJsed. on 
total ri ver d 1 scharge. Most cal 1 brat 1 on ve l oc1 t 1es were measured when the 
total river discharge was through the · turbines ; ·  .. changes . · ·in the 
combinations of spi 1 1  gates and turbi nes used to pass the water through 
each dam probably alter the velocity distribution along the transects 
closest to the dams. Estimates of usable spawning area should not be 
affected greatly , but estimates of WUA for spawning may d i ffer with 
different combinations of spill and turbi ne discharge_. 

Young-of-the-year and juvenile habitat ·  was assessed directly frc;,m 
maps detailing water depths and substrates. Physical habitat for these 
life stages does not seem to be l imiting, th·ough the biol ogical capacity 
of the habitat to support these life stages was not addressed. Young 
white sturgeon feed primarily on benthic invertebrates , and the physical 
environment must produce an ample food source , either from secondary 
production or from allochthonous items. 

Our estimates of rearing habitat are satisfactory for comparative 
purposes when the size of the study area is considered. We used the best 
available maps , but recent changes due to dredg_ing , filling , and sediment 
deposition were not included. The maps also depict water depths at fixed 
river el evations. Water elevations fluctuate markedly in the upper end of 
the lower river reach , and the amount of habitat available for YOY and 
juvenile white sturgeon changes as river elevations rise and fall , but the 
areas are small compared with the total area of the lower river reach. 

White sturgeon evolved in the Columbia River basin , which 
historical l y  had a hydrograph characterized by discharges that were higher 
during summer and lower during winter relative to the hydrographs of 
recent years. Development of the water resources of the basin has not 
only altered the hydrograph , but has also lowered the hydraulic slope of 
vast river reaches. Both actions have reduced water velocities throughout 
much of the study area during the white sturgeon spawning period , 
resulting in poor recruitment in the impounded areas during years of low 
river discharge. This analysis revealed the importance of river discharge 
to white sturgeon spawning habitat , particularly in the impounded reaches 
upstream from Bonneville Dam. It al so reveal ed that abundant rearing 
habitat exists in the impoundments. If recruitment can be bolstered , or 
the populations supplemented with young fish , the white sturgeon fishery 
in the lower 470 km of the Columbia River should continue and possibly 
improve. 
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