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Abstract.—White sturgeons Acipenser transmontanus were sampled in three lower Columbia
River reservoirs from 1987 to 1991 to describe population dynamics, the ability of these stocks
to sustain harvest, and differences among reservoir and unimpounded populations. Significant
differences were observed among reservoirs in white sturgeon abundance, biomass, size compo-
sition, sex ratio, size of females at maturity, growth rate, condition factor, and rate of exploitation.
No differences among reservoirs were detected in fecundity, natural mortality rate, or longevity,
in part because of sampling difficulties. Recruitment rates and densities in reservoirs were inversely
correlated with growth rale, condition factor, and size of females at maturity. Differences in
population dynamics resulted in substantial differences in sustainable yields. Maximum yields per
recruit were predicted at annual exploitation rates between 5 and 15%. Most characteristics of
reservoir populations were less than or equal to optima reported for the unimpounded lower river;
as a result, yield per recruit, reproductive potential per recruit, and the number of recruits were
less in reservoirs than in the unimpounded river. Comparisons with pristine standing stocks suggest
that the unimpounded river may approximate preimpoundment conditions for white sturgeon. We
conclude that potential yield from impounded populations has been reduced by dam construction,
which restricts populations to river segments that may not include conditions optimal for all life
stages. Alternatives for enhancement of reservoir populations might include improved passage at
dams, increased spring flow to improve spawning success, transplants from productive populations,
hatchery supplementation, and more intensive harvest management.

Despite the value or potential value of sturgeon
fisheries 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 de-
pressed or endangered status of sturgeons almost
everywhere (Rochard et al. 1990; Birstein 1993).
The longevity and delayed maturation of sturgeons
appear to render populations incapable of sustain-
ing even moderate exploitation without collapse
(Smith 1914; Smith et al. 1984; Threader and
Brousseau 1986; Young et al. 1988; Rieman and
Beamesderfer 1990; Smith 1990; Boreman, in
press). Populations have also been severely af-
fected by changes in their large-river habitats, es-
pecially changes related to dam construction (Ar-
tyukhin et al. 1979; Votinov and Kas'yanov 1979;
Assis 1990; Lane 1991; Markarova et al. 1991).

Construction of hydroelectric dams on the Co-
lumbia River from 1938 to 1968 has segregated
white sturgeons Acipenser transmontanus into a
series of functionally discrete populations (North
et al. 1993) that have access to different habitats
(Parsley and Beckman 1994). Habitat varies in the
main-stem Columbia River in relation to the sur-
rounding topography, which includes interior

mountains, a semidesert plain, a gorge through the
Cascade Range, a drowned coastal valley, and an
estuary. The pristine river was characterized by
large spring floods and dynamic seasonal changes
in habitat and the availability of anadromous prey,
including salmonids Oncorhynchus spp., eulachon
Thaleichthys pacificus, and Pacific lamprey Lam-
petra tridentata. Before impoundment, white stur-
geons ranged freely (Bajkov 1951), undertaking
extensive seasonal migrations among habitats to
take advantage of scattered and seasonally favor-
able resources. Dam construction and operation
have reduced white sturgeon access to different
habitats, reduced seasonal variation in habitat by
controlling annual floods, and reduced habitat di-
versity by creating a series of homogeneous res-
ervoirs. Habitat changes have favored different
prey, predators, and competitors than were histor-
ically present.

Habitat differences probably have a complex ef-
fect on white sturgeon populations, potentially af-
fecting each life history stage differently. Com-
parisons of physical habitat availability will not
estimate this net effect on white sturgeon because
it is unknown where in the life cycle the population
is regulated or what combination of habitats op-
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timizes conditions throughout the life cycle. Ef-
fects may be difficult to detect with simple com-
parisons of density or harvest, which are con-
founded if rates of exploitation vary among pop-
ulations or years.

The net effect of habitat differences should,
however, be reflected in the potential production
of the population. We define potential production
as the capacity of a population to provide and sus-
tain yield. Potential yield is a useful measure of
the benefits we might obtain by exploiting popu-
lations under existing environmental conditions.
Potential yield and reproductive potential (Prager
et al. 1987) can be predicted from rates of repro-
duction, growth, and mortality by use of popula-
tion models that allow differences in exploitation
rates to be factored out.

We assessed the abundance, dynamics, and sus-
tainability of fisheries for white sturgeon popula-
tions in three lower Columbia River reservoirs. We
estimated numbers, recruitment, sex ratio, matu-
rity, fecundity, growth, condition, mortality, and
longevity, and we used these statistics to predict
the potential yield per recruit and reproductive po-
tential per recruit in each population. We also eval-
uated the effects of habitat differences by com-
paring characteristics of the impounded popula-
tions, the unimpounded population studied by
DeVore et al. (1995, this issue), and the pristine
population exploited before 1990 (Craig and Hack-
er 1940).

Study Area
John Day, The Dalles, and Bonneville reservoirs

are a series of impoundments operated for hydro-
electric power generation, navigation, and flood
control on the main-stem 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.

In other respects, the three reservoirs differ.
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 lentic lower section with steep cliff and boul-
der sides. The Dalles Reservoir is the smallest (38
km long; 4,500 ha; average depth, 7.5 m) and the
most riverine, with cobble, gravel, and sand sub-
strates distributed throughout most of its length.
Bonneville Reservoir (74 km long; 8,400 ha) is
shallow (average depth, 6.7 m) and has a mostly
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FIGURE 1.—The lower Columbia River basin and res-
ervoirs between Washington and Oregon.

sand substrate, which supports large beds of rooted
aquatic macrophytes during summer.

Methods
Data collection.—From April through August

1987-1991, white sturgeons were sampled in the
three reservoirs with setlines and gill nets (Elliott
and Beamesderfer 1990; North et al. 1993) and by
inspecting catches in sport and commercial fish-
eries (Hale and James 1993). The legal size ranges
for catches in the sport and commercial fisheries
were 82-166 cm and 110-166 cm fork length (FL),
although larger fish were occasionally examined
from illegal catches confiscated by authorities. Set-
line effort was evenly distributed within each res-
ervoir; the reservoirs were completely sampled in
four sequential periods of 3 weeks each for The
Dalles Reservoir in 1987 and 1988, 4 weeks each
for Bonneville Reservoir in 1989, and 5 weeks
each for John Day Reservoir in 1990 (North et al.
1993). All reservoirs were sampled during 1991
with a single pass. Gill nets were used in The
Dalles Reservoir in 1987 and in 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.
Biopsy involved making a 1-2-cm incision near
the midventral line three ventral scutes anterior to
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the pelvic fin insertion, then using an otoscope to
locate and examine the gonad, removing and pre-
serving a 3-5-g sample of ovary, and finally clos-
ing the incision with sutures. Gonads of ripe fe-
males collected in fisheries and of subsamples re-
moved for egg counts were weighed.

Pectoral-fin sections were removed for age es-
timation from a subsample of the catch (30 fish/
20-cm-FL interval in each reservoir and year, if
available). All fish were measured (FL to the near-
est centimeter) and weighed (to the nearest 0.1 kg).
Fish collected alive and in good condition with
setlines were released after tagging them with in-
dividually numbered spaghetti or disk tags and re-
moving a barbel or a lateral scute specific to the
year of marking (Rien et al. 1994). The minimum
size tagged was 70 cm. Tags and marks were noted
upon recapture in setlines and fisheries.

Population statistics.—Abundance was estimat-
ed in the reservoirs for fish in the 70-166 cm size
range with a Schnabel multiple mark-recapture
method modified by Overton (1965) to account for
removals. Mark-recapture samples were grouped
by 3-5-week sampling period. Removals included
mortalities during sampling and harvest estimated
in sport and commercial fisheries (Hale and James
1993). Fish that lost their tags were identified from
secondary marks. The number of size-specific re-
captures was too small for reliable mark-recapture
abundance estimates; therefore, the length-fre-
quency distribution of the setline catch was used
to apportion the mark-recapture population esti-
mate for 70-166-cm fish among size-classes. The
mark-recapture estimate was also expanded to a
wider size range by means of proportional abun-
dance. The minimum inclusive size (54 cm) was
the lower bound of vulnerability to our setline gear.

Length frequencies were adjusted for size se-
lectivity of the gear by dividing by a correction
factor based on size-specific recapture rates (Bea-
mesderfer and Rieman 1988). Average recapture
to mark-at-large ratios were estimated for fish in
70-81, 82-109, 110-166, and >167-cm size-class-
es for each year. The recapture rate for each size-
class was divided by the recapture rate in the most
vulnerable size-class for each year to standardize
all values relative to one. Recapture rates for years
and reservoirs were then averaged for estimates of
relative vulnerabilities, which were 0.90 (70-81
cm FL), 0.93 (82-109 cm), 1.00 (110-166 cm),
and 0.65 (>167 cm). Thus, catchability of the
^167-cm size-group was only 65% of the 1 JO-
166 cm size-group; the resulting underrepresen-
tation of large fish in the length-frequency distri-

bution was corrected by dividing number of fish
observed that were 167 cm or longer in length by
0.65.

A minimum estimate of the biomass of white
sturgeon in the pristine lower Columbia River was
based on the total weight of all white sturgeons
harvested from 1889, when large-scale fishing for
white sturgeon began, until 1899, when popula-
tions were depleted and fisheries collapsed. Esti-
mates of biomass per unit area of pristine river
were based on the area where most harvest oc-
curred from the estuary to the mouth of the Snake
River (Craig and Hacker 1940).

Recruitment to the population, fishery, and pro-
tected oversized group in each reservoir were ap-
proximately represented as number of fish at ages
1, 10, and 25, respectively. Numbers of 10- and
25-year-old fish were calculated from mark-re-
capture estimates of abundance by using age dis-
tribution in the setline catch. The number of age-
1 fish was estimated from the number of age-10
fish by assuming an annual total mortality rate
equal to the average for unexploited ages 5-10 fish
from Bonneville and The Dalles reservoir gillnet
catches.

Sex ratio in each reservoir was estimated from
gonad inspections for two size-classes that cor-
responded 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 of sex fre-
quency between size-classes and among areas
(SAS Institute 1988).

Oocytes were classified according to criteria
modified slightly from Chapman (1989): immature
(previtellogenic, eggs translucent, <1.0 mm av-
erage diameter), maturing (vitellogenic, eggs
opaque, 1.0-3.0 mm average diameter), mature
(eggs black and detached from ovarian tissue,
>3.0 mm average diameter), and spent (gonads
flaccid with some residual, fully pigmented eggs).
Chi-square contingency tables were used to test
for independence in proportion of maturing fe-
males between size-classes and among areas (SAS
Institute 1988).

The relationship between size and female ma-
turity was described in each reservoir with a cu-
mulative normal probability curve fit (Table 1,
equation 8); maximum-likelihood methods were
used in light of the binomial nature of the data
(Welch and Beamesderfer 1993). The fraction of
females spawning in each year was estimated as
the maturing proportion of all females examined.
This spawning fraction estimate included a cor-
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TABLE I.—Equations and definitions of variables and
parameters used in a model of the population dynamics of
white sturgeon.

Variable
or

parameter Definition
Equation
number

jVt ,

x
f

*max

m (
nx
Lx

L*
k
/o
W,

aw
/V
PXml

pf

Cx
<t>

h}. ...
65

p
F,

P,

R,

Yx,

Age-specific number of fish in population in
any year

= (tf.-i.MXS,)
Age
Year
Maximum age
Age-specific annual rate of survival

= I - (mt + nt - ( m t ) ( n t ) \
Exploitation (harvest mortality rate)
Conditional natural mortality rate
Length at age

= J.JI - cxp|-*(jr - /o)l)
Von Bertulanffy equation length at infinity
Von Bertalanffy equation parameter
Von Bertalanffy equation parameter
Weight at age

= ia»)(Lx)h*
Length-weight equation coefficient
Length-weight equation exponent
Reproductive potential of each age-class at or

above the age of female maturity
= CYuXpfXpsXF,) (5)

Proportion of the population that is female
Proportion of the population of females of each

age class that spawn in any year
= I - |l/(l + C»l for Lx<£ v. (6)

for Lx > u,
Maximum proportion of spawning females
Cumulative normal distribution function de-

pendent variable

, - u,)2/2a2]

Y, Net yield of all ages in any given year

(1)

(2)

(3)

(4)

(7)

(8)

Mean length of female sexual maturity
Variance about mean length of females at sex-

ual maturity
Constants (0.31938153. -0.356563782.

1.781477937. -1.821255978, 1.330274429)
Constant (0.2316419)
Age-specific fecundity of females

= (af)(Lx)bf (9)
Length-fecundity equation coefficient
Length-fecundity equation exponent
Net reproductive potential of all ages in any

given year

( 10)

Number of age- 1 recrutis to the population
(corresponds to Nj ,)

Age-specific yield to fisheries by weight in any
given year

(II)

(12)

rection for apparent reduced catchability of ripe
fish on baited setlines during the spawning season
(Welch and Beamesderfer 1993). Since white stur-
geon vitellogenesis requires 2 years, samples dur-
ing any time of the year include mature or spent
fish that spawn in the current year, maturing fish
that will spawn next year, and immature fish that
will spawn in subsequent years (Chapman 1989).
On average, the number of mature or spent fish
should equal the number of maturing fish, but our
sampling caught few mature fish during the April-
July spawning season. We thus assumed the num-
ber of mature females was equal to the number of
maturing females in calculating the annual spawn-
ing fraction (Welch and Beamesderfer 1993).
Comparisons of maturity curves were based on
95% joint confidence regions about paired esti-
mates of size-maturity equation parameters \L and
CT (Welch and Beamesderfer 1993). Joint 95% con-
fidence regions that did not include most-likely
values for other populations indicated significant
differences among populations (Welch and Bea-
mesderfer 1993).

A fecundity-size relationship was estimated
from egg counts in subsamples of ovaries expand-
ed by the difference in subsample and total ovary
weights. Relationships in a pooled sample of in-
dividual fish from all reservoirs and in the un-
impounded river (DeVore et al. 1995) were com-
pared with Bonferroni confidence regions for es-
timates of parameter pairs (Neter et al. 1985).
These confidence regions provided a family con-
fidence level of 95% for all populations and pa-
rameters; hence, statistically significant differ-
ences among populations were identified by com-
paring confidence region bounds with points rep-
resenting '4best" estimates of parameter pairs for
other populations.

Age was estimated by counting marks in thin
cross sections of the anterior pectoral fin ray (Rien
and Beamesderfer 1994). Von Bertalanffy equa-
tions (Table 1, equation 3) that described size at
age in each reservoir were fit with a nonlinear
regression (SAS Institute 1988). Statistical com-
parisons among areas were based on Bonferroni
95% confidence regions for the von Bertalanffy
parameters Lx and k estimated for each population
(Kimura 1980; Neter et al. 1985; Moreau 1987).
To facilitate comparisons, the von Bertalanffy pa-
rameter /o was standardized at the mean of values
estimated for each of three reservoirs and the un-
impounded river (-2.4).

Length (L)-weight (W) equation parameters
were estimated for each reservoir with linear re-
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gressions on log^-transformed observations of
length and weight. Relationships were compared
among areas with Bonferroni 95% confidence
regions for estimates of parameter pairs (Neter et
al. 1985). Condition factor was also compared
among areas with estimates of mean relative
weight (Wr) based on the standard weight equation

W = 2.735 E-6-L3 232

from Beamesderfer (1993). Statistical compari-
sons of relative weight among areas were based
on an analysis of variance (ANOVA), including
Tukey's pairwise comparisons (SAS Institute
1988).

Total annual rate of mortality in the reservoirs
was estimated by three methods (Ricker 1975).
Estimates of instantaneous rates were made from
the slope of the descending limb of catch curves
from gill nets for fish aged 5-10, and from setlines
for those aged 10-15 and 15-25. These age-groups
correspond to unexploited sizes, sizes vulnerable
only to sport fisheries, and sizes vulnerable to both
sport and commercial fisheries. 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 dif-
ferences in catchability, but comparable data were
not available for gill nets.

Total mortality rate in the reservoirs was also
estimated by comparing catch rate in setlines 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
successive years. Rates were estimated as the quo-
tient of observations when only two observations
were available (Ricker 1975). Rates were esti-
mated with a linear least-squares regression of
log^-transformed catch when three or more obser-
vations were available. Approximate 95% confi-
dence limits about rate estimates were estimated
from regressions as ±2 SE.

Exploitation rate in reservoir populations was
estimated as the number of tagged fish observed
in the catch of sport and commercial anglers di-
vided by the number of tagged fish at large, Num-
ber of tagged fish in the commercial catch was
estimated from a subsample examined for marks
at commercial fish buyers and fish sale reports re-
quired from every fish buyer. 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 (Hale and James 1993).

Natural mortality rate was estimated with a re-
gression based on growth rate and temperature:

= iol-°-0066 - °-279 l Ol6543

4 0.4634 Iog10(r)l;

M = instantaneous rate of annual mortality, k and
Lx are parameters from the von Bertalanffy equa-
tion, and T = mean annual water temperature in
degrees Celsius (Pauly 1980). Natural mortality
rates based on the difference between total mor-
tality and exploitation rates were also examined.

Observed maximum ages were compared with
maximum ages predicted by growth curve param-
eters (/o 4- 3/fc; Pauly 1980).

Potential production. — Estimates of population
statistics were substituted into the population-
modeling software MOCPOP (Beamesderfer
1991) to define an age-structured model and es-
timate the potential yield and reproduction for each
white sturgeon population (Table 1). An equilib-
rium population was structured for each reservoir
population based on constant recruitment (age 1 )
in each year for the number of years equal to the
life span of the white sturgeon. Weight of fish har-
vested (sizes 82-166 cm FL) and population fe-
cundity in the final year of the simulation were
estimated for a range of exploitation rates to iden-
tify maxima and corresponding exploitation rates.
Yield and reproductive potential were expressed
relative to number of age-1 recruits because we
lack information on survival between the egg stage
and age 1. Area-specific inputs were used except
where no significant difference (P < 0.05) was
detected among areas (Table 2).

Results
Population Statistics

Numbers of white sturgeon (>54 cm) in the res-
ervoirs ranged from 6,300 fish in John Day Res-
ervoir to 51,400 in Bonneville Reservoir (Table
3). Large declines in estimates of abundance in
The Dalles Reservoir from 1987 to 1988 corre-
spond to very large harvests by sport and com-
mercial fisheries during those years (almost 8,000
fish in a 2-year period), although the documented
harvest was too small to account for observed de-
clines in all size-groups between 1987 and 1988.
Densities ranged from 0.30 fish/ha in John Day
Reservoir in 1990 to 6.16 fish/ha in The Dalles
Reservoir in 1987. Biomasses of white sturgeon
ranged from 3.6 kg/ha in John Day Reservoir in
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TABLE 2.—Estimates of population statistics used in simulations of white sturgeon populations in three lower Colum-
bia River reservoirs.

Variable
or

parameter

n*

L*
k
'0
-*ma*
<lw

hw

Pf
H
(7

c
afbf
R

Ages

1-10

>IO
>0
>0
>0
>0
>0
>0
>0
>0
>0
>0
>0
>0

1

Unimpounded
river

0.09b

0.213b

0.090C

310
0.027
-2.4
100

1.04E-5
2.96
0.45
160
I R

0.5
0.736
2.94

1.0 E+4

Bonncvillc

0.213

0.048
311

0.022
-2.4
100

3.11 E-6
3.19
0.54
168
53
0.5

3.39 E-4
4.05

l .OE+4

Reservoir

The Dalles

0.213

0.046
340

0.023
-2.4
100

1.35 E-6
3.38
0.46
164
26
0.5

3.39 E-4
4.05

1.0 E+4

John Day

0.213

0.042
382

0.020
-2.4
100

2.40 E-6
3.26
0.46
194
40
0.5

3.39 E-4
4.05

l .OE+4
a Conditional rather than instantaneous natural mortality rales were used by modeling program.
b Model sensitivity to natural mortality rate for ages 1-10 was examined with separate simulations by using the assumption by DeVore

et al. (1995) that rates were similar for all ages and an alternative that mortality of young fish was the same in all populations.

1990 lo 81.4 kg/ha in The Dalles Reservoir in
1987. Small fish (54-81 cm) composed a greater
proportion of the population in Bonneville Res-
ervoir than in the other two reservoirs (Table 3).
Numbers of large fish (> 167 cm) ranged from 500
to 1,000 among reservoirs (Table 3).

Reservoir population densities and biomass
were much less than in the unimpounded river
where DeVore et al. (1995) estimated an abun-
dance of 14.6 fish/ha and a biomass of 87.5 kg/
ha. A minimum estimate of historic biomass (77
kg/ha) throughout the area currently including the

unimpounded river and the three reservoirs is sim-
ilar to the current biomass in the unimpounded
river.

Among reservoirs, estimated recruitment of age-
I fish varied from 1,200 in The Dalles Reservoir
in 1988 to 25,700 in Bonneville Reservoir in 1989
(Table 3). Numbers surviving to the approximate
average age of recruitment to fisheries (age 10) in
all reservoirs ranged from 140 to 3,020 (Table 3).
Annual recruitment was much less than the aver-
age in the unimpounded river to age 1 (399,500)
and to the fisheries (164,900; DeVore et al. 1995).

TABLE 3.—Abundance of white sturgeons 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.

Number of fish by length range
(cm. FL)a

Year fl 54-81 82-109 110-166 >167 1 lb

Age
(years)

10 25
Number/

ha kg/ha

Bonneville Reservoir
1989 35.400

(27,5(XM5,400)
32.900 16,700 1.200 600 51.400 25,700 3,020 340 6.12 30.0

The Dalles Reservoir
1987

1988

23,600
(15.700-33.600)

9.000
(7.300-11.000)

7.800

4,200

11.000

4.300

7,900

2.000

1.000

800

27.700

11.300

13.600

1,200

1.600 160

140 40

6.16 81.4

2.51 35.5

1990 3.900
(2,300-<>,IOO)

3,600 1.700
John Day Reservoir

500 500 6.300 3.200 380 60 0.30 3.6

a These correspond to total lengths of 24-35. 36-47. 48-72. and >73 in.
b Refers to abundance back-calculated from age-10 abundance and age-1-10 mortality rate.
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TABLE 4.—Sex and stage of female maturity for white sturgeons collected in three lower Columbia River reservoirs,
1987-1991.

Reservoir

Bonncvillc

The Dalles

John Day

All pooled

Length
(cm)

82-166
>I66

82-166
>166

82-166
>I66

82-166
>166

N

1 .536
78

1.572
62

516
42

3.624
182

Unknown

1
I I
10
7
2

17
13
35

Males

711
24

854
25

283
10

1.848
59

Immature

777
10

674
13

228
7

1.679
30

Females

Maturing

35
24
28
15

*>
7

65
46

Mature
and spent

12
9
6
2
1
1

19
12

Females were more prevalent in Bonneville Res-
ervoir (54%) than in the The Dalles Reservoir
(46%), John Day Reservoir (46%), or the unim-
pounded river (45%; DeVore el al. 1995). The sex
ratio among larger fish was increasingly skewed
toward females (Table 4). Differences in sex ratio
among reservoirs, and between reservoirs and the
unimpounded river were significant for 82-166 cm
fish but not for fish larger than 166 cm (Table 5).
Differences in sex frequency between fish less than
and greater than 166 cm were significant in a
pooled reservoir sample, but not in individual res-
ervoir samples (Table 5).

The fraction of females that were mature in-
creased with si/e (Figure 2; Table 4), and the dif-
ference between size-groups in fraction of matur-
ing females was significant in a pooled-reservoir
sample (Table 5). More females matured at small
sizes in Bonneville Reservoir than in The Dalles

Reservoir, John Day Reservoir, or the unimpound-
ed river (Figure 2A). Comparisons of joint con-
fidence regions about paired parameter estimates
detected significant differences in maturation
among populations (Figure 3), although reservoir
differences in proportion of maturing females were
not significant when two size-classes were con-
sidered separately (Table 5).

Size-fecundity relationships from a pooled-res-
ervoir sample described average fecundities slight-
ly larger than those estimated in the unimpounded
river for all sizes of fish (Figure 2B). Differences
in size-fecundity relationships were significant
(Figure 3).

Fish in Bonneville Reservoir were smaller on
average than similar-aged fish in the other two res-
ervoirs or in the unimpounded river (Figure 4),
and differences in the von Bertalanffy parameters
were significant (Figure 3). In John Day and The

TABLE 5.—Results of chi-squarc tests for independence of sex or female maturity and size or area.

Variable 1

Sexh

Maturity1

Variable 2

Si/c-classc

Reservoird

Area'

Si/.e-classc

Reservoir41

Areac

Observations included

Bonneville Reservoir
The Dalles Reservoir
John Day Reservoir
Reservoirs pooled
Fork lengths 82-166 cm
Fork lengths >I66 cm
Fork lengths 82- 166 cm
Fork lengths > 166 cm
Reservoirs pooled
Fork lengths 82- 1 66 cm
Fork lengths > 166 cm
Fork lengths 82-166 cm
Fork lengths > 166 cm

df

1
1
1
1
2
2
I
1
2
4
4
2
2

X2

2.85
1.82
2.17
6.89

25.24
1.17

16.99
3.47

442.81
8.53
6.43
6.33

14.98

P*

O.()91
0.177
0.140
0.009

<0.(K)I
0.558

< 0.001
0.062

<O.OOI
0.074
0.169
0.042

<0.001
a Considered significant if P < 0.05.
h Mule or female, unknowns excluded.
L Fork lengths, 82-166 cm or >166 cm.
d Bonneville. The Dalles, and John Day reservoirs.
c Reservoirs pooled and the unimpounded river.
r Females only: maturing or immature, mature, and spent.
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FIGURE 2.—(A) Maturity and (B) fecundity (millions
of eggs) versus size of female white sturgeons in three
reservoirs and the unimpounded lower Columbia River.
Maturity equations are from Welch and Beamesderfer
(1993). Data for the unimpounded river is from DeVore
et al. (1995).

Dalles reservoirs, mean sizes at age were similar
and growth equation parameters were not signifi-
cantly different. Growth was significantly less for
all reservoir populations than for the population
in the unimpounded river (Figure 3), although
mean length at age in the unimpounded river was
only slightly greater than in John Day and The
Dalles reservoirs (Figure 4).

A comparison of the relative weight indices (Wr)
indicated fish condition was slightly poorer in
Bonneville Reservoir (97%) than in The Dalles
Reservoir (99%) or John Day Reservoir (100%).
Condition in all reservoirs was less than in the
unimpounded river (112%; DeVore et al. 1995).
Relative weights in Bonneville Reservoir and the
unimpounded river were significantly different
from relative weight in the other two reservoirs
(ANOVA with pairwise multiple comparisons: df
= 3, 11,249; F = 519.0; P < 0.001). Comparisons
of confidence regions for joint estimates of param-
eters in length-weight equations confirm that con-
dition in each area is unique (Figure 3).

Instantaneous total mortality rates estimated for
fish aged 5-10 from gill-net catch curves were 0.20
± 0.33 (95% confidence interval) for The Dalles
Reservoir in 1987 and 0.28 ±0.12 for Bonneville
Reservoir in 1991 (Figure 5). Estimates for older

fish based on catch curves varied widely among
years (Figure 6) and were often less than estimates
of fishing mortality for the same periods (Table 6).
Estimates based on catch rates of cohorts in suc-
cessive years also varied, and several were less
than or near zero (Table 7).

Annual exploitation rates in combined fisheries
were 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 6).
Harvest and exploitation varied annually (Table 6).
Annual exploitation rates in the reservoirs were
less than or similar to rates observed in the un-
impounded river from 1985-1991 (DeVore et al.
1995).

Instantaneous natural mortality rates estimated
with the regression of growth parameters and mean
annual water temperature were 0.049 for Bonne-
ville Reservoir, 0.047 for The Dalles Reservoir,
0.043 for John Day Reservoir, and 0.070 for the
unimpounded river. These estimates of instanta-
neous natural mortality rate were somewhat less
than the empirical estimate of 0.10 from DeVore
et al. (1995) for the unimpounded river but were
much less than the 0.20-0.28 estimated for un-
exploited 5-10-year-old white sturgeons in The
Dalles and Bonneville reservoirs. Realistic natural
mortality rates could not be calculated from total
mortality and exploitation rates because of unre-
liable estimates of total mortality.

A white sturgeon estimated to be 104 years old
was collected in this study, and six other fish from
the reservoirs were estimated to be between 50
and 80 years old. Observed maxima were less than
the 147 years predicted from von Bertalanffy curve
parameters.

Potential Production
Maximum yield per recruit was approximately

25% greater in John Day and The Dalles reservoirs
than in Bonneville Reservoir (Figure 7A). Yield
per recruit was greatest among reservoir popula-
tions at annual exploitation rates between 5 and
15%. Estimates of sustainable annual yield (kg)
based on the number of age-1 recruits estimated
in each reservoir were 16,000 (1.90/ha) in Bon-
neville Reservoir, 5,800 (1.29/ha) in The Dalles
Reservoir, and 2,600 (0.12/ha) in John Day Res-
ervoir. Potential yields in the reservoirs were sub-
stantially less than in the unimpounded river at
current levels of recruitment, whether based on
instantaneous natural mortality rates of sublegal
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FIGURE 3.—Joint 95% confidence regions for length-female maturity, length-fecundity, von Bertalanffy L^ and
k (fo fixed at -2.4), and length-weight equation parameters for four white sturgeon populations in the lower
Columbia River. Parameter pairs are considered significantly different if point estimates are not within the confidence
region for another reservoir. (Symbols are defined in Table I.)

fish similar to the 0.24 estimated in this paper for
impounded stocks (295,200 kg or 4.84 kg/ha) or
based on the O.IO used by DeVore et al. (1995)
based on fish in the harvestable size range
(1,174,500 kg or 19.25 kg/ha: Figure 7A).

Differences in reproductive potential among ar-
eas were also substantial (Figure 7B). Reproduc-
tive potential per recruit declined exponentially
with increasing exploitation and was near zero at
rates exceeding 20%. Reproductive potential per
recruit in the reservoirs was 13-33% or 57-135%
of estimates for the Unimpounded river based on
different assumptions for natural mortality rate for
fish aged 1-10.

Discussion
Characteristics of white sturgeon populations

varied significantly among areas. In Bonneville

Reservoir, greater numbers of recruits resulted in
greater densities, but this population also showed
smaller average size, growth rate, condition factor,
and size of females at maturity. Recruitment was
less in The Dalles Reservoir, but average size,
growth rate, condition factor, and size of females
at maturity were greater than in Bonneville Res-
ervoir. Growth, condition, and maturation were
similar in John Day and The Dalles reservoir, but
recruitment and density in John Day were much
lower than in the other two reservoirs, and the size
composition was skewed to larger, older fish. In
the unimpounded river, all population character-
istics except fecundity equaled or exceeded max-
imums observed in any reservoir.

Observed differences in population character-
istics result in much less potential yield in the
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reservoirs than in the unimpounded river and dif-
ferences in productivity among reservoirs. The un-
impounded river provided the best conditions for
all life cycle stages, but each reservoir did not.
Reductions in yield per recruit, reproductive po-

JC
o
oo
- 2 H

1 -

Bonneville 1991
v Z = 0.28

The Dalles 1987

° o 0 °

10 15 20

Age (years)

FIGURE 5.—Catch curves for while sturgeons captured
in gill nets in Bonneville (O) and The Dalles (V) res-
ervoirs. Instantaneous rates of total mortality (Z) are
indicated for each regression line.

tential per recruit, and number of recruits all con-
tributed to reduced yield in reservoir populations.
Differences in recruitment among the reservoirs
mean that Bonneville can sustain the largest net
yield and John Day the least, despite the opposite
pattern in yield per recruit.

Projected differences in potential yield were
based only on differences in population charac-
teristics that we could measure. No differences
were detected among reservoirs in fecundity, lon-
gevity, or natural mortality rate, in part because of
sampling difficulties. Sample sizes for fecundity
were very small; fecundity could only be estimated
from dead fish; most mature females were larger
than those legally harvested in fisheries; catch-
ability of these large fish in our setline sampling
was poor; and the rarity and value of these mature
fish precluded sacrifice. Many of these large, older
fish were also difficult to age (Rien and Beames-
derfer 1994); however, we assume that bias in es-
timates of population statistics is consistent among
all populations.

Natural mortality rate was very low, and small
differences were impossible to detect from the dif-
ference between uncertain estimates of total and
fishing mortality rates that rely on complex cal-
culations and assumptions that are rarely met.
Therefore, estimates of yield and reproductive po-
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tential were based on natural mortality rates esti- ages. For instance, an instantaneous annual mor-
mated from Pauly's regression to minimize con- tality rate of 0.05 after age 10 results in only 1%
founding effects of unrelated methods of mortality survival to age 100. At greater mortality rates,
rate estimation. Rates estimated with Pauly's re- chances of observing 100-year-old fish are almost
gressions were consistent with observed maximum zero.

TABLE 6.—Numbers (with percent exploitation in parentheses when it could be calculated) of white sturgeons caught
by sport and commercial fisheries in three lower Columbia River reservoirs, 1987-1991.

Fishery

Sport
Commercial

Sport
Commercial

Sport
Commercial

Number of white sturgeon caught in:

1987 1988 1989

Bonneville Reservoir
1,530(3) 2,800(5)
2,030(6) 1,410(15)

The Dalles Reservoir
1,990(11) 910(5) 500
3,800(31) 1,010(18) 1.930

John Day Reservoir
280

1.103 170

1990

2,110
1,890

1.210

320(5)
410

1991

1.160

340

140 (8)
40
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TABLE 7.—Cohort analyses for estimating total annual
mortality rate of white sturgeon in three lower Columbia
River reservoirs.

Reservoir
and year Ages

Setline
days

Sturgeon/
day Za

Total catch cohort
Bonneville

1988
1989
1991

The Dalles
1987
1988
1991

John Day
1990
1991

10-24
11-25
13-28

10-24
11-25
14-29

10-24
11-25

170
775
168

233
675
138

327
96

2.0588
2.8026
3.3810

2.6137
1.5733
0.6957

0.3945
0.6250

-0.155

0.317

-0.460
Tagged-fish cohorts

Bonneville6

1989
1991

The Dallesc

1988
1989

>9
>10

>8
>9

775
168

675
70

0.0477
0.0476

0.0904
0.0571

0.001

0.459
a Estimated as
-log, (catch rate in year 6/catch rate in year d)Wb ~ flM for samples

from 2 years and with a regression on logr(catch rate) for samples
from 3 years.

b Fish tagged in 1988.
cFish tagged in 1987.

Our attempts to characterize white sturgeon pop-
ulations were also confounded by differences in
exploitation among areas and years that affected
standing stock and size composition, and preclud-
ed direct comparisons to evaluate habitat differ-
ences. For instance, commercial fisheries were
most intense in John Day and The Dalles reservoirs
during the 1980s (S. King, Oregon Department of
Fish and Wildlife, personal communication) and
have likely depressed abundance of white sturgeon
in those reservoirs. A decline in abundance in John
Day Reservoir is corroborated by declines in har-
vest per unit effort by anglers from 0.11 white
sturgeon per trip in 1983-1986 (Beamesderfer et
al. 1990) to 0.04 white sturgeon per trip in 1989-
1991 (Hale and James 1993). A trend in increasing
harvest from 1979 to 1987 by commercial fisheries
in all three reservoirs (ODFW and WDFW 1994)
would violate stable age-structure assumptions of
catch curve estimates of total mortality rate (Rick-
er 1975) and would explain total mortality rate
estimates which were sometimes less than zero or
observed exploitation rates.

Declines in estimated abundance in The Dalles
Reservoir from 1987 to 1988 exceed those ac-
counted for by the observed harvest and also in-
clude size-classes protected from harvest (<82 cm
and >166 cm). It remains unclear whether ob-
served decreases reflect the uncertainty in popu-
lation estimates or a real decline in abundance
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FIGURE 7.—(A) Simulated yield and (B) reproduction per recruit in relation to exploitation rates under a 82-
166-cm size window for four white sturgeon populations in the lower Columbia River.
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which exceeded documented harvest. If harvest
affected abundance in protected size-classes that
included age-10 fish, estimates of age-1 abundance
back-calculated from the abundance of age-10 fish
and annual survival rates would be biased by re-
cent changes in mortality. Hence, the large change
in age-1 abundance back-calculated for 1987 and
1988 in The Dalles Reservoir should be interpreted
with caution.

The pattern of differences among populations
implies environmental or past harvest differences
rather than genetic causes. Genetic differences are
unlikely because only one or two generations have
elapsed since dam construction and existing move-
ment among reservoirs may be adequate to prevent
genetic divergence (North et al. 1993). Relatively
poorer condition, lower growth rate, and a smaller
size of females at maturity in Bonneville Reservoir
probably represent a compensatory response to in-
traspecific competition. Strong recruitment of
young fish in Bonneville resulted in densities
greater than in The Dalles or John Day reservoirs
but less than in the unimpounded river.

Production of impounded white sturgeon pop-
ulations would likely be greater if dams did not
constrain white sturgeon movements. Parsley and
Beckman (1994) suggest that large amounts of
rearing habitat suitable for white sturgeon occur
in all areas but that spawning habitat is limited in
The Dalles and John Day reservoirs. Before im-
poundment, unused rearing habitat now in The
Dalles and John Day reservoirs could be fully
seeded with white sturgeons spawned in favorable
habitat concentrated in Bonneville Reservoir and
downstream from Bonneville Dam. White stur-
geons spawned in Bonneville Reservoir could have
dispersed into rearing habitat upstream or down-
stream where increased growth and a larger size
of females at maturity would increase the potential
yield and reproductive potential per recruit.

Estimates from historic harvests confirm that the
biomass throughout the impounded lower river
was historically greater than currently exists and
that the current standing stock in the unimpounded
river might be similar to that of the pristine pop-
ulation. The estimate of standing stock in the pris-
tine white sturgeon population is conservative be-
cause only fish greater than 20 kg were harvested
and because the ocean provided a refuge for a por-
tion of the white sturgeon population. However,
we believe this minimum estimate represents a
large fraction of the population because large, old
fish predominate in unexploited populations of
long-lived fish (Power 1978) and because the rapid

depletion of the population from 1889 to 1899
could not have been achieved unless the fraction
of the population in the ocean was considerably
less than the fraction of the population in the river.

Our results suggest several possibilities for im-
proving production of impounded populations of
white sturgeon. Improved fish passage at dams is
one alternative. Fish ladders might be redesigned
to provide upstream access to white sturgeons.
White sturgeons occasionally pass ladders and
some ladders are used more frequently than others
(Warren and Beckman 1993). Fish lifts were ex-
amined with some promise at Bonneville Dam
from 1938 to 1956 (Warren and Beckman 1993).
However, the benefits of improved upstream pas-
sage in providing access to underseeded rearing
areas in The Dalles and John Day reservoirs may
be offset by movement of mature spawners into
reservoirs where spawning habitat is poor. Phys-
ically collecting and transporting juveniles to un-
derseeded reservoirs might provide harvest ben-
efits similar to improved passage, without the con-
founding problem of the loss of spawners.

White sturgeon populations in underseeded res-
ervoirs might also be enhanced by operation of the
hydropower system to increase river discharge
during spawning periods in May and June. Spawn-
ing success was positively correlated with river
discharge, which affects the amount of habitat suit-
able for spawning in May and June (Anders and
Beckman 1993; Parsley and Beckman 1994). Pos-
itive correlations between flow and spawning or
recruitment have also been observed for white
sturgeon in the Sacramento-San Joaquin system
(Stevens and Miller 1970; Kohlhorst et al. 1991)
and for other Acipenser spp. (Votinov and Ka-
s'yanov 1979; Veshchev 1991; LaHaye et al.
1992). Populations of mature spawners observed
in each Columbia River reservoir may be adequate
to fully seed available rearing habitat if enhanced
discharge provides adequate spawning habitat. En-
hanced spring flows currently being pursued to in-
crease survival of juvenile salmonids (Wood 1993)
may also be beneficial to impounded white stur-
geon populations.

Supplementation of underseeded reservoirs with
hatchery-reared fish could be another alternative
for enhancement. Hatchery technology that uses
wild broodstock has recently been developed for
white sturgeon (Conte et al. 1988). However, re-
lease of large numbers of offspring from a few
parents could pose substantial genetic risk to wild
fish. Technology has not yet been applied in a pro-
duction-level conservation hatchery and many
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problems (disease, feeding, size and time of re-
lease) need investigation. Finally, carrying-capac-
ity limitations and resulting stunting is far more
likely for the long-lived, iteroparous, and resident
white sturgeon than for anadromous and semel-
parous salmonids. Similar problems with salmo-
nids have led to a reevaluation of salmon hatch-
eries and a call for rigorous scrutiny of potential
new programs (Hilborn 1992). Transplants of fish
would allow investigation of the potential for sup-
plementation without incurring the genetic and
disease risks and expenses of a hatchery program.

More intensive regulation of fisheries is another
alternative for mitigating effects of dams on white
sturgeon productivity. Observed rates of exploi-
tation 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
has collapsed fisheries in The Dalles and John Day
reservoirs and would have collapsed populations
without the harvest restrictions enacted from 1988
through 1995. Substantial populations of large,
mature fish remain in each reservoir and, if pro-
tected, could replenish depleted populations within
10-15 years if managed for sustainable harvest.

Optimum rates of exploitation also vary among
populations and are dependent on the character-
istics of each. For instance, maximum yield per
recruit would occur at lesser rates of exploitation
in Bonneville Reservoir than in the other two res-
ervoirs (unless population characteristics compen-
sated for differences in exploitation). Management
strategies that recogni/e these differences by
means of 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 conclude that impounded populations of
white sturgeon in the lower Columbia River can
sustain exploitation but that yield is less than
would be expected if populations were not seg-
regated by a series of dams. Several alternatives
for mitigating dam effects to enhance production
of impounded stocks were identified, but an ef-
fective program will require further investigation
of habitat constraints and potential compensation
in population parameters.
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