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Abstract.—We use elasticity analyses for three sturgeon species, the shortnose sturgeon
Acipenser brevirostrum, Atlantic sturgeon A. oxyrinchus, and white sturgeon A. transmontanus,
to calculate the potential to increase population growth rate, A, by improving survival and
fecundity. Elasticity analysis is a means of assessing changes to A resulting from conserva-
tion initiatives. The elasticity of A to survival has a characteristic profile that includes a pla-
teau of high elasticity values across the young of the year and the juvenile ages. However,
survival elasticity falls at maturity and declines rapidly with increasing adult age. Changes
to fecundity have relatively little impact; the total of the fecundity elasticities over all ages is
equal to the single young-of-the-year survival elasticity. Even though the young-of-the-year
survival elasticity is equal to that of any other juvenile age, the overall opportunity for af-
fecting A is strongest in the young-of-the-year age-class because of its exceptional potential
for increase to survival. The juvenile and adult stages have roughly equal total survival elas-
ticities. These findings are particularly relevant in understanding the contributions of hatch-
eries, harvest regulations and habitat restoration as strategies for sturgeon conservation.
Hatcheries are focused on the young of the year, the demographically most sensitive compo-
nent of sturgeon life histories, and thus have the potential to make significant increases to A
if the genetic, evolutionary and ecological impacts of hatcheries can be controlled. Harvest,
even at low levels, can have a significant negative impact on A when it affects multiple age
classes. Managers can use elasticity analysis to calculate the total impact of harvest and to
mathematically evaluate the trade-off in exploiting young versus older individuals. Habitat
restoration strategies, usually assessed in terms of survivals of the age classes impacted,
would also benefit from using elasticity analysis to interpret their contributions to A. If resto-
ration efforts target the survival of age classes with high elasticities, significant population
growth may be achieved.

Sturgeon are a critical conservation concern (e.g.,
Birstein 1993; Boreman 1997; Secor et al. 2000a).
Once widely distributed and highly abundant,
sturgeon species today exist as fragmented popu-
lations occupying limited geographic areas and
containing relatively few individuals
(Beamesderfer and Farr 1997; Bemis and Kynard

1997). Many species require immediate conserva-
tion action to increase their population size (de
Meulenaer and Raymakers 2000), but an incom-
plete understanding of their biology and popula-
tion demography is hindering progress in the
development of conservation strategies.
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Sensitivity analyses of life history and demo-
graphic parameters have proven useful in evalu-
ating conservation strategies for long-lived species
(e.g., Dixon et al. 1997; Caswell 2000; de Kroon et
al. 2000) but have not previously been applied to
sturgeon. All sturgeon are long-lived, become
sexually mature at a relatively old age, and have
a multiyear interval between successive spawn-
ings (Doroshov 1985; Boreman 1997). At the same
time, there are notable differences in life history
and demographic parameters among sturgeon
species. We therefore provide elasticity analyses
for three different sturgeon species to evaluate
their response to improvements in survival and
fecundity, and we discuss the management alter-
natives of augmentation by hatchery stocking,
harvest regulations, and habitat restoration.

Sensitivity analyses allow us to evaluate how
population growth rate, A, responds to changes in
vital demographic rates (e.g., survival and fecun-
dity) and to identify the parameters on which A is
most functionally dependent (Caswell 2001). Sen-
sitivity analyses should be understood as approxi-
mations in the sense of derivatives. They can be
used to estimate the effect of small changes to pa-
rameter values; however, the estimates become
less reliable for large changes. Large changes per-
turb the age structure within a population, so es-
timates based on the original structure may no
longer be valid. Sensitivity analyses are neverthe-
less powerful tools in conservation, assisting man-
agement programs in maximizing their influence
on population growth rate by identifying vital
rates with high sensitivity (Heppell et al. 2000a).

A widely applied type of sensitivity analysis
in conservation assessment is the ‘elasticity” analy-
sis, which allows estimation and comparison of
the percentage changes in A resulting from per-
centage changes in the vital rates of particular
classes of individuals (Heppell et al. 2000b). Elas-
ticity analyses involve matrix projection models
that divide populations into classes of individu-
als that share similar demographic parameters
(such as annual age-classes or the grouping of age-
classes into the juvenile and adult stages), and
show the proportional contribution made to A by
parameter changes at each of these classes (de
Kroon et al. 2000). Perturbing matrix projection
models and calculating the effect on A through
elasticity analyses reveals how prospective
changes in the demographic parameters of any life
history class will influence overall population
growth rate. In sturgeon, elasticity analyses can
predict how A will change with small changes to
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the survival or fecundity of each age-class, allow-
ing managers to evaluate the influence of any par-
ticular change on population growth rate.
Alternatively, the models can predict how A will
change with small changes to the survival or fe-
cundity of broader life history stages, such as ju-
veniles or adults, allowing managers to address
groups of individuals that may require similar
conservation initiatives. For small changes, the
resulting increases in A will affect the abundance
of each life history class by (approximately) the
same percentage. For example, changes to adult
survival will affect the size of the entire popula-
tion, including both juveniles and adults; the size
of this change can be estimated through A. Such
analyses provide a guide that can direct manage-
ment strategies to the classes and parameters that
will offer the greatest return (see Heppell and
Crowder 1998, Caswell 2001, and reviews by
Caswell 2000; de Kroon et al. 2000; Heppell et al.
2000b).

Our models address three sturgeon species
with different life history schedules: the shortnose
sturgeon Acipenser brevirostrum, Atlantic sturgeon
A. oxyrinchus, and white sturgeon A. transmonta-
nus. Individually, these models can provide spe-
cific insight into the elasticities of survival and
fecundity at various stages of a sturgeon’s life his-
tory. Together they provide a synthetic picture of
how sturgeon populations may grow. We use the
results of the models to discuss the capacity of “the
three H's,” hatcheries, harvest and habitat, as strat-
egies to increase population size.

Methods

Species

Worldwide, there are perhaps 25 or 27 species of
sturgeon depending on classification. Bemis and
Kynard (1997) considered 27 Acipenseridae spe-
cies, but this was revised by Birstein et al. (2000),
who grouped three previously determined sepa-
rate species into a single species. The taxonomy
and phylogeny of sturgeons remains an active area
of study today (e.g., Bemis et al. 1997). In the ge-
nus Acipenser, 16-19 species have radiated into
some of the smallest and largest sturgeons. We
have chosen three North American species that
vary greatly in body size and life history, and that
have relatively well-known biologies. We focus on
females, and thus the demographic parameter
values mentioned are for females. Males typically
become sexually mature at an earlier age, have a
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shorter interval between successive spawnings,
and do not live as long as females (Auer 1999).
We assume that males are always available for fer-
tilization and therefore do not limit population
growth.

Shortnose - With a maximum female length and
weight less than 1.2 m and 24 kg, respectively, the
shortnose sturgeon is the smallest Acipenser in
North America (Kynard 1997). Because of its small
size, it has been of less commercial and recre-
ational interest than other sturgeon, but popula-
tions have declined severely due to blockage of
spawning runs by dams, bycatch harvest, dredg-
ing and regulation of rivers, and pollution (Kynard
1997; NMFS 1998a). The shortnose sturgeon was
listed in 1973 on the endangered species list. The
species is amphidromous, spending most of its life
in fresh water, but with occasional exposure to
marine or brackish waters in estuaries of its natal
rivers (Bain 1997; Kynard 1997). Adults migrate
in fall and concentrate on spawning grounds ear-
lier than other sturgeon species, generally spawn-
ing every two to four years in late winter or spring,
depending on latitude (Dadswell et al. 1984; Gil-
bert and Moran 1989; Bain 1997). Young of the year
remain in fresh water, but 1-year-old and older
juveniles join adults in similar patterns of fresh-
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water and saltwater habitat use, including migra-
tion (Dovel et al. 1992; Kynard 1997). Female
shortnose sturgeon typically mature at 6-10 years
of age and live to a maximum of about 37 years
(Table 1). The shortnose sturgeon’s geographic
range includes coastal rivers from New Brunswick
to Florida (Gilbert and Moran 1989).

Atlantic - With a maximum female length of 4 m
and weight of less than 350 kg, the Atlantic stur-
geon is one of the largest fish in North American
rivers, but intermediate in size among sturgeon
(Magnin 1964; Scott and Crossman 1973; Dovel
and Berggren 1983; Winemiller and Rose 1992). It
was an important commercial species for both
flesh and caviar (Waldman and Secor 1998). The
combination of habitat destruction, pollution, and
overharvesting has severely reduced its numbers,
and fishery restrictions or closures are in place
(Kahnle et al. 1998; NMFS 1998b; Secor and
Gunderson 1998; Secor and Waldman 1999). The
Atlantic sturgeon is anadromous. Adults migrate
from marine to fresh water every three to six years
in late winter and spawn in spring or early sum-
mer (Van Eenennaam et al. 1996). Young of the
year remain on upstream spawning grounds for
the first three months of life before migrating
downstream to deeper estuarine waters (Dovel

Table 1. Demographic parameter values and references used for female shortnose, Atlantic and white stur-
geon. YOY is the young-of-the-year age-class. Spawning date varies among systems; the spawning date
used in the model is given with the representative system to which it refers (overall ranges of spawning
dates for the species are listed in parentheses). YOY survival, as solved by the model for a population at
equilibrium and spawning on the given date, is listed (parentheses indicate the ranges in YOY survivals

corresponding to the ranges in spawning dates).

Shortnose sturgeon

Atlantic sturgeon

White sturgeon

System Kennebec River Hudson River Lower Columbia River
Connecticut River
Hudson River
Studies Boreman 1997 Magnin 1964 Beamesderfer and Rien 1993
Dadswell 1979 Stevenson 1997 Beamesderfer et al. 1995
Van Eenennaam et al. 1996 Boreman 1997
Van Eenennaam and Chapman et al. 1996
Doroshov 1998 Tracy and Wall 1993
Lifespan (yr) 37 60 100
Age at maturity (yr) 8 (6-10) 16 (14-17) 26 (16-35)
Survival for ages 21  0.865 0.93 0.91
Spawning Date 1 May, Hudson 15 June, Hudson 1 May, Lower Columbia
(February-May) (March-July) (April-June)
YOY survival 5.37 x 10° 7.56 x 107 1.05 x 10°
(solved by model) (5.18 x10° - 5.44x10°)  (7.41 x107 - 7.64 x 107) (1.04 x 10° - 1.06 x 10?)
Fecundity function 4091 + 2864*AGE -1,304,704 + 111,909*AGE ~ -279,991 + 23,371*AGE
(eggs/female)

Spawn interval (yr) 3

4.5 (3-6)

3 (2-4)
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and Berggren 1983). Juveniles move between up-
stream freshwater areas during the warmer
months and downstream brackish areas during the
colder months for one to six years before migrat-
ing out to sea (Dovel et Berggren 1983; Secor et al.
2000b). Both adults and juveniles spend much of
their lives in the marine environment, and may
travel great distances (>1000 km), but they gener-
ally remain near the shore in depths of less than
20 m (Gilbert and Moran 1989; Bain 1997; Johnson
et al. 1997). Female Atlantic sturgeon typically
mature at 14-17 years of age and live to 60 years
(Table 1). The Atlantic sturgeon is protected over
much of its geographic range, which comprises
the western Atlantic Ocean and coastal rivers from
Labrador south to Florida (Gilbert and Moran
1989; ASMFC 1998). This range encompasses that
of the shortnose sturgeon, and where the two spe-
cies co-occur, they tend to segregate on the basis
of habitat (Dovel and Berggren 1983; Bain 1997).

White - With a maximum female length greater
than 6 m and weight of 600 kg, the white sturgeon
is the largest North American sturgeon and prob-
ably the largest fish in North American fresh wa-
ters (Scott and Crossman 1973; Winemiller and
Rose 1992; Birstein 1993). It is an important aquac-
ulture species for flesh and caviar and is also popu-
lar as a recreational fish (McCabe and Tracy 1994;
Chapman et al. 1996). Regulations on size limits
in some areas may not be adequate to protect
populations from overexploitation (DeVore et al.
1995). The white sturgeon is anadromous, with
females migrating every three years or so in late
winter to spawn in the spring (Chapman et al.
1996). Young of the year remain in fresh water,
generally in the deeper areas of rivers (McCabe
and Tracy 1994). Juveniles move upstream during
the fall and early winter and downstream during
late winter and early spring (Scott and Crossman
1973). Adults spend most of their lives in shallow,
local estuarine and marine waters, but are known
to move to depths of 30 m and distances of more
than 1,000 km (Scott and Crossman 1973; Chap-
man et al. 1996). Contingents of white sturgeon
are also landlocked, completing their life cycle in
freshwater (Duke et al. 1999; Anders et al. 2001).
Female white sturgeon typically mature at 16-35
years of age and live to be more than 100 years
(Table 1). The white sturgeon’s geographic range
includes coastal Pacific rivers and estuaries from
Alaska to California (Scott and Crossman 1973;
Birstein 1993).
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Data

Data on females of the three species were com-
piled from the literature (Table 1). There is little
information about variation in parameter values
within and among locations; therefore, our choice
of parameter values should be viewed as approxi-
mate. For Atlantic sturgeon and white sturgeon,
complete sets of life history attributes have only
been documented for the Hudson River and Co-
lumbia River systems, respectively, which limited
the choice of parameter values to these systems.
We used natural mortality rates with no added an-
thropogenic mortality. Since young-of-the-year
mortality rates are empirically unknown, we
solved for the survival that gives the eigenvalue A
=1 (i.e., a population at equilibrium). Although
choice of spawning date affects the young-of-year
survival solution, it does not change the elasticity
calculations.

We recognized three female life stages: young
of the year, juvenile, and adult. Young of the year
is the interval (usually 7-8 months) between emer-
gence and 1 January of the next calendar year. In
some literature, young of the year is called “age
0” or is indicated by a “+” sign, as in age “X+.”
Juvenile (J) is from age 1 (1 January -31 December
after the young-of-the-year phase) through each
year before maturity. Adult (A) is the first year of
maturity (reproduction or egg production)
through the year of death.

Age at maturity occurs over a range of ages
(e.g., 6-10 years for female shortnose sturgeon),
and for the purpose of modeling convenience we
have chosen a median value (e.g., 8 years for fe-
male shortnose sturgeon). For shortnose sturgeon,
the natural mortality value of 0.135 corresponds
to an annual survival without fishing mortality of
0.865. Constant mortality over all classes, in this
case ages 1-37, is of course a crude assumption.
However, many sturgeon biologists seem to agree
that high mortality in the young of the year is sub-
stantially reduced to very low mortality in the ju-
veniles and adults (e.g., Boreman 1997). In fact,
year-class strength is probably established within
the first two months of life (Kynard 1997; Nilo et
al. 1997). By age 2, sturgeon are large enough to
have escaped most natural predators (except hu-
mans), at which point the major sources of mor-
tality become fishing, illnesses, food, habitat
issues, and/or senescence (e.g., McCabe and Tracy
1994; Secor and Waldman 1999). The interval be-
tween successive spawnings is poorly docu-
mented for female sturgeons but is known to be
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more than 1 year and to vary significantly among
and within species (Stevenson and Secor 2000).
Fecundity schedules were calculated from pub-
lished data that we reference in Table 1. Linear fits
of fecundity (number of eggs per female) and age
provided reasonable representation of fecundity
schedules for the three sturgeon species.

Model

The models developed here are based on age-spe-
cific classes: we divide the life of the sturgeon into
single age-classes. For the shortnose sturgeon, as
an example, the information available suggests a
maximum age of 37 years plus the time as young
of the year, so we consider a life history model
divided into 38 classes. The data in Table 1 were
incorporated into a 38 x 38 matrix representing
the change in population structure from one year
to the next. Survival in the first year (young of the
year) was unknown. The entry in the (i+1)th row
and ith column is the proportion of the ith age-
class that survives into the (i+1)th age-class. The
entry in the first row in the jth column is the aver-
age number of female eggs produced by an indi-
vidual female in the jth class. This is calculated
from the fecundity function (Table 1), divided by
spawning interval (e.g., three years for shortnose
sturgeon), discounted by the mortality of females
between the 1 January census and the spawning
date, and then divided by two to count only those
eggs that can mature into females. All other en-
tries in the matrix are zero. The matrix has a maxi-
mum eigenvalue, A, which represents the factor
by which the total population changes in one year
(population growth rate). If A exceeds one, the
population is growing; if it is below one, the popu-
lation is declining. Under the assumption that the
data apply to a population at equilibrium (i.e., A =
1), it is possible to solve for first-year (young of
the year) survival.

Most matrix projection models adopt either
prebreeding (immediately prior to reproduction)
or postbreeding (immediately following reproduc-
tion) census times (Caswell 2001). However, our
model follows the aging convention used for fish
and adopts 1 January in the calendar year as its
census time. Each adult age therefore undergoes
a specific fraction of its annual mortality before
reproduction that is dependent on the spawning
date of the species. Choice of census time, like
choice of spawning date, affects the solved value
for young-of-the-year survival but does not affect
elasticity values.
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With the matrix constructed as above, elas-
ticities were calculated by standard methods (see
Caswell 2001 and a special feature edited by
Heppell et al. 2000 in Ecology 81(3):605-708; es-
pecially de Kroon et al. 2000). For each age-class,
we can evaluate the effect on A of changes in sur-
vival (S). We can also evaluate the effect of changes
in fecundity (F) in adults (females alone). For ex-
ample, if the elasticity of A to the survival of four-
year olds is 6%, then a change to their survival
will result in a percentage change to A that is 6%
as large. Therefore, increasing S for four-year-olds
by 10% would resultin a 0.6% (6% x 10%) increase
in the population growth rate, changing A =1to A
=1.006 (see Caswell, 2000, pp. 240-243, eq. 9.111).
However, an S elasticity of 6% for each juvenile
age-class (ages 1-7) would provide a total elastic-
ity of 42% (7 years X 6%). A 10% increase to each
juvenile age would then provide a 4.2% (42% x
10%) increase to A, changing A = 1 to A = 1.042.
Elasticities of A to fecundity have a similar inter-
pretation.

It should be emphasized that elasticities are
derivatives and, as such, are localized analyses.
Predictions of changes in A become more accurate
as the changes become smaller. Fortunately, in
practice, A is probably close to linear at the scale
of changes we considered, and therefore, elastici-
ties can provide reasonably accurate predictions
of even relatively large perturbations (Caswell
2001).

Finally, although our analyses focus on in-
creases to A from the increases to survival or fe-
cundity that might result from conservation
initiatives, we note that our elasticity analyses will
apply equally to decreases in survival or fecun-
dity (e.g., because of fishing mortality). Thus, they
can be used to interpret decreases to A from nega-
tive impacts on these parameters.

Assumptions

The model makes a number of assumptions. The
major ones are listed below:

1. The annual mortality rate is assumed to be the
same for all juvenile and adult ages. Young of
the year have their own mortality rate, which
is very high. Many researchers appear to ac-
cept this assumption, and there are data to sup-
port it (Nilo et al. 1997; Secor et al. 2000a).
However, we test the effect of changing mor-
tality rates.

2. Female fecundity is assumed to increase lin-
early across all adult age classes. Published fe-
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cundity data generally fit quite well to linear
functions (see Table 1 for species-specific stud-
ies), but fecundity may not increase linearly in
some systems (e.g., Boreman 1997). In addition,
fecundity functions do not incorporate differ-
ences in quality of females of different ages,
such as superior egg quality or spawning loca-
tions for older females. We therefore test the
effect of varying female quality with age by let-
ting fecundity increase either more or less rap-
idly than linearly with age.

3. Females are assumed to have a fixed spawn-
ing interval. In reality, females probably use en-
vironmental and physiological information to
choose years for spawning, but spawning in-
tervals are poorly known and vary among riv-
ers. Fortunately, whether the spawn interval is
3, 5, or more years has no effect on the elastic-
ity outcomes, and minimal effect on the rest of
our analyses.

4. The model assumes an average proportion of
individuals spawn every year (e.g.,1/3 for
shortnose). Irregular spawning by individuals
has no effect on the model. However, irregular
but concurrent spawning by the entire popu-
lation may affect the patterns of recruitment
through density-dependent processes and thus
possibly some outcomes of the model (see as-
sumption 6).

5. The populations are evaluated at equilibrium
and at a stable age distribution. As sturgeon
are periodic species (Winemiller and Rose
1992), most populations are probably not in
stable age distribution. Actual populations are
known to have dramatic fluctuations in the size
of each age-class. This means that a given age-
class will constitute different proportions of the
population in different years, which in turn
means that elasticities will also fluctuate. How-
ever, the results obtained here are expected to
be meaningful if they are interpreted in the
sense of an “average.” That is, if a given per-
centage change is imposed each year for a num-
ber of years, then the predicted effect should
occur over the long term.

6. The model assumes no density dependence in
population dynamics. While density-depen-
dent growth and survival might be incorpo-
rated, these are difficult to include within the
model framework (the deterministic matrix
model is fundamentally linear and does not
incorporate nonlinear effects). Since we are
evaluating the potentials for recovery of de-

GROSS ET AL.

pressed populations, it seems reasonable to ig-
nore density dependence at this point.

Results

We first present the elasticity analyses for both the
age classes and stages of the three sturgeon spe-
cies. Next, we examine the robustness of the elas-
ticity analyses to variation in the underlying data
from which they were constructed. Third, we show
how A responds to the results found in the elastic-
ity analyses. Finally, we summarize the study and
discuss the maximum achievable gain in popula-
tion growth from increasing the survival and fe-
cundity of sturgeon.

Elasticity

Age-class - The elasticity analyses have remarkably
similar shapes for each of the three species (Fig-
ure 1). Elasticity values are always greatest for
annual survival in early life, drop at the onset of
maturity, and are relatively small for fecundity of
each age-class. An important feature of each analy-
sis is the “plateau’ of survival elasticity values be-
fore maturity, a property common to elasticity
analyses (e.g., Heppell et al. 2000a; Caswell 2001).
All ages before maturity, including the young of
the year (age 0) and juvenile ages, have exactly
the same elasticity. Population growth rate is there-
fore no more affected by percentage changes to
the young-of-the-year survival than it is by the
same percentage changes to the survival of any
other age before maturity (equal rates of return).
Across species, the age-class elasticity values nec-
essarily decrease as the number of juvenile and
adult years increases. This is why the plateaus
decrease from shortnose (5.8%) to Atlantic (2.9%)
to white sturgeon (2.2%). Therefore, for a fixed
percentage increase in survival of any age-class
before maturity, the shortnose should show the
largest response and the white sturgeon the least.

In contrast to the plateau in early life, the adult
ages have declining elasticities (decreasing rates
of return). Therefore, among adults, population
growth rate responds best to improvement of sur-
vival in the early adult ages. There is low elastic-
ity for each late adult age-class, and thus there will
be little response in population growth rate to in-
creasing the survival of older adults. It should be
noted that while elasticities of adult age-classes
decline, the reproductive value of individual fe-
males may increase; a single adult is worth more
than a single young of the year.
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Figure 1. Age-class elasticity profiles for females of the three sturgeon species: shortnose, Atlantic, and white
sturgeon. The elasticity scale represents the percentage contribution of each age-specific survival and fecun-
dity parameter to population growth rate A. The age of maturity and the final year of life are given for each
species along the horizontal axis. Age 0 is the YOY (young-of-the-year) age-class; ages 1 to the year prior to
maturity are the juvenile age-classes; and from maturity to final year of life are the adult age-classes. The
short black bars represent the elasticity for fecundity; the longer open bars represent the elasticity for sur-
vival. The combined fecundity and survival elasticity bars total 100%. Sturgeon silhouettes were drawn
from Scott and Crossman (1973) and are approximately to scale.

Compared with survival, fecundity has rela-
tively low elasticity (low rate of return). Therefore,
1 will show relatively little response to improve-
ments in fecundity. The highest annual fecundity
elasticity among the three species is only 0.5% (at
age 8 for the shortnose sturgeon). This is because
the effects of fecundity are shared across all adult
age classes and because high mortality in the
young of the year devalues the contribution of egg
number to population growth.

Life Stage - The elasticities of the life stages are cal-
culated by summing across the ages in each stage
(Figure 2). The young-of-the-year stage, being a
single age, has much lower survival elasticity than
the juvenile stage. But the juvenile stage, with
many fewer ages than the adult stage, is compa-
rable in total elasticity to the adult stage. This is
because each juvenile age is worth more in elas-

ticity than each adult age (i.e., the survival of each
juvenile age has a greater influence on ). Fecun-
dity across all ages has much less elasticity than
the survival of either the juvenile or adult stages.
If the cumulative elasticity for fecundity across all
adult age classes is considered, it is equal to the
survival elasticity of the young of the year
(Heppell et al. 2000a). This means that A is affected
equally by a percentage increase in overall egg
production as by an equal percentage increase in
the young-of-the-year survival.

The elasticity of life stage survival increases
from young of the year to juvenile to adult in both
shortnose sturgeon and Atlantic sturgeon. In con-
trast, it peaks at the juvenile stage in the white
sturgeon. This difference among the species is
largely due to differences in the number of years
spent in the juvenile stage relative to the adult
stage and in annual survival. As the number of
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Figure 2. Combined elasticities for survival in the three life stages and fecundity for female shortnose, Atlan-
tic, and white sturgeon. The sum of the bars for each species is 100%.

juvenile ages increases, the population becomes
more sensitive to the survival of this life stage. As
the annual survival of all age classes increases, the
population becomes more sensitive to adult sur-
vival (see Figure 3).

Robustness of Elasticities

The matrix projection models are based on the data
of Table 1; the data are approximations and can
be expected to vary through time and among lo-
cations (e.g., Dadswell et al. 1984; Gilbert and
Moran 1989). How robust are the results to varia-
tion in the underlying data? We address this by
varying the underlying survival, age of maturity,
and fecundity data and examining the resulting
elasticity values. Since the outcomes are similar
for the three species, we present only the results
for the shortnose sturgeon (Figure 3).

For survival (Figure 3b), we contrast the av-
erage annual survival of 86.5% used in the base
elasticity profile (Figure 3a) for juveniles and
adults (Figure 1), with a reduced survival of 70%,
and an increased survival of 95%. As survival de-
creases, survival elasticity shifts to the juvenile
stage and to early adulthood, and decreases at
later adult ages. Fecundity elasticity also shifts to
early adulthood. With low annual survival of 70%,
population growth becomes less than half as sen-

sitive to improvements in adult survival (elastic-
ity = 25%) as to juvenile survival (59%). This is
because few adults remain at older ages, and thus
the best improvements to population growth are
obtained by getting more recruits into the first few
adult ages. The same results would apply if there
were a decrease in adult survival relative to juve-
nile survival, rather than a uniform decrease to
both life-stages. The reverse is also true; as sur-
vival increases to 95%, survival elasticity shifts
away from juveniles and toward the adult stage.
Fecundity elasticity shifts to later adult ages and
becomes more evenly distributed across years.
With high annual survival of 95%, population
growth becomes about half as sensitive to im-
provements in juvenile survival (elasticity = 30%)
as to adult survival (61%).

For age of maturity (Figure 3c), we contrast
the average age used in the base elasticity profile
(age 8; Figure 3a), with the minimum bound (age
6; Table 1), and the upper bound (age 10; Table 1).
As age of maturity increases from 6 to 10 years,
the total elasticity of the juvenile stage also in-
creases and that of the adult stage decreases. The
rate of increase in total juvenile elasticity slows
down, however, as age of maturity increases. Thus,
there is a greater increase in juvenile elasticity
when the age of maturity increases from 6 to 8
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(+9%) than when it increases from 8 to 10 (+7%).
The relative importance of juveniles and adults
flips between ages of maturity 8 and 10, with the
latter more important when age of maturity is 8
and the former when it is 10. Thus, age of matu-
rity is a strong determinant of total juvenile elas-
ticity and the relative value of the juvenile and
adult life-stages. Finally, the young-of-the-year
and fecundity elasticities show only slight de-
creases with increasing age of maturity.

For fecundity (Figure 3 d), we contrast the lin-
ear increase in eggs with age, as used in the model,
to a quadratic function that rises to 30 times as
much at the oldest age-class. By increasing female
fecundity in this manner, we emphasize the addi-
tional potential contributions of older females to
recruitment that may not be captured by egg num-
ber alone. For instance, older females may also
produce eggs or larvae of better quality, obtain
superior spawning locations or spawn at better
times within the year, or have greater genetic qual-
ity that is passed on to their offspring. All of these
factors could increase recruitment and therefore
increase the relative value of older females to
population growth rate. The results show that an
increase in the value of older females does shift
elasticity toward them, and away from the juve-
niles, but the overall impact on elasticity is not very
strong, and there is very little effect on the elastic-
ity of young of the year (or fecundity). We also
consider fecundity as a quadratic function with a
negative leading coefficient. Here, the quadratic
fecundity function was chosen to have the same
values at ages 8 and 37 as the linear function used
in the base profile, but to rise more quickly and
flatten out at the end. Specifically, it was chosen
to have a horizontal tangent at age 37, which, to-
gether with the values at ages 8 and 37, determines
the function uniquely. This would correspond to
a situation in which fecundity grows rapidly in
early maturity but levels off in old age. We find
that this quadratic function barely alters the val-
ues of the base profile.

In summary, the elasticity analyses are very
robust to the data sets on which they were estab-
lished, and thus the results from the analyses
should be widely applicable to sturgeon. We find
that the total elasticity of the juvenile stage sur-
vival increases with a decrease in juvenile and
adult survival, an increase in age of maturity, or a
decrease in the fecundity value of older females.
However, these changes do not change the basic
character of the elasticity results.
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Constraints to Population Growth Rate (1)

There is a ceiling to the increase in A that can be
obtained from improving survival (de Kroon et
al. 2000). For example, in shortnose sturgeon, ju-
venile ages 1-7 already have an annual survival
of 86.5%, so the increase in their survival is lim-
ited to 15.6% (100/86.5-1). As a consequence of
this survival ceiling, the maximum possible in-
crease to A from increasing the survival at each
age 1-7 is 1% (annual elasticity of 5.8% x 15.6%).
Adult ages 8-37 also share the same annual sur-
vival, and therefore, they too are limited to 15.6%
increases. However, they have even lower elastici-
ties, and thus, their maximum survival improve-
ments will achieve less than a 1% increase in A. In
contrast, when existing survivals are below 50%,
increases in survival can exceed 100%, and A can
increase substantially. The extremely low young-
of-the-year survival of perhaps 5 x 10~ (about one
egg in 20,000 survives to age 1) provides consid-
erable opportunity for survival gains and thus
large potential increases to A.

The maximum increases in A that can be real-
ized in this model under the constraints of the
demography and life history of sturgeon are sum-
marized in Figure 4 for shortnose sturgeon. The
maximum achievable increase in survival, AS, is
capped by the 0.865 survival (Table 1) to 15.6%
for ages 1-37 (Figure 4a, insert). The young-of-the-
year age-class has a much lower survival (Table
1) and therefore a much higher cap, as indicated
by the vertical arrow. The base elasticity profile of
Figure 1 illustrates a survival elasticity of 5.8% for
ages 0-7, and this falls rapidly after maturity (Fig-
ure 4a). The two functions, AS and elasticity, are
multiplied to obtain the theoretical maximum in-
crease in A (%) for each class. This maximum in-
crease is the largest percent increase in population
growth rate that is possible (Figure 4b). The maxi-
mum increase in population growth rate obtained
by improving survival in each of the ages 1-7 is
less than 1% and declines rapidly across ages 8-
37. In contrast, young-of-the-year age-class has a
very high maximum potential contribution to A
because of its low survival. Improving juvenile
survival can, in total, achieve a 6.4% increase to A,
and adult survival 7.4% (Figure 4c). The young of
the year, by contrast, can theoretically achieve
more than a 100% increase to A (Figure 4c). Thus,
the greatest potential for increasing sturgeon
population size may be realized through changes
to young-of-the-year survival.
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Discussion

Our modeling results suggest that very different
sturgeon species have similar elasticity profiles for
population growth rate, which allows general in-
terpretation of population growth for sturgeon. We
find that population growth in sturgeon is (1) most
sensitive to young-of-the-year and juvenile sur-
vival on an age-specific basis, (2) about equally
sensitive to the survival in the entire juvenile stage
and the entire adult stage, and (3) least sensitive
to annual adult fecundity. Young-of-the-year and
juvenile survival elasticities have the same value
at all ages, whereas survival elasticity declines
rapidly with age after maturity (Caswell 2001). We
find that certain life history and demographic pa-
rameters strongly influence the potential for in-
creasing population growth rate. In particular, the
relatively high natural survival of juvenile and
adult ages restricts their potential contributions
to population growth. In contrast, the relatively
low survival of young of the year means that re-
covery programs focused on this stage could be
more efficient and realize much greater improve-
ments in population growth rates than those that
focus on juvenile or adult stages. Of course, our
analysis of the three sturgeon species assumes that
the populations are undergoing only natural mor-
tality. With added anthropogenic mortality, such
as harvest, the scope for improvement in survival
rates will increase.

Our finding of high elasticity in young of the
year and juvenile ages compared with adult ages
differs from previous conclusions for long-lived
species. Elasticity profiles of sea turtles (Heppell
and Crowder 1998; Heppell et al. 2000a) differ con-
siderably from those of sturgeon, probably due to
the sturgeon’s vastly larger fecundity. Heppell and
Crowder (1998) infer from their results for sea
turtles that the adult stage of sturgeon may also
have greater influence on A than the early life
stages. We found that the relative contributions to
A of the two stages (juveniles and adults) when all
ages are summed are roughly equivalent, with
weighting dependent on both the length of each
stage and annual survival values. A higher annual
survival tends to shift weighting away from juve-
niles and towards adults. The differences between
our results and those for sea turtles indicate that
the results of elasticity analyses may vary consid-
erably among “long-lived” species.

Sturgeon Conservation Strategies

We now interpret these results in terms of hatch-
eries, harvest and habitat strategies. We focus pri-
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marily on hatcheries, because the model results
suggest that hatcheries may be a highly effective
management strategy. It should be noted that this
interpretation of management alternatives is lim-
ited to identifying the possibilities and constraints
in affecting population growth rate through
changes in specific portions of the life cycle. These
analyses cannot weigh the ease with which a given
change can be achieved. Such considerations must
be address-ed by professional sturgeon managers,
and we take caution not to overreach in attempt-
ing to draw management conclusions. We also
point out that the changes to A that result from
extreme increases in survival are difficult to pre-
dict with accuracy since our model assumes a lin-
ear response in AA while biological consequences,
such as density dependence, become increasingly
important with increasing magnitude of change.
Our analyses also assume that AS is acting upon
all individuals within a class. In some conserva-
tion initiatives, however, only a proportion of the
individuals in a class will benefit. For instance, a
hatchery that collects eggs from a sample of fe-
males will only increase the survival for that
proportion of the young of the year. The contribu-
tions to A will be influenced by the proportion af-
fected.

Finally, there is a qualification to be made re-
garding the utilization of elasticity analyses in
management. The analysis does not consider the
unforeseen fluctuations and imperfect information
that challenge management applications. Both the
data entered into models and the applications of
the results of models are subject to error. These
uncertainties must of course be taken into account
in management practice by precautionary deci-
sion-making.

Hatcheries - Hatcheries function primarily to in-
crease survival in early classes, typically eggs and
young of the year (Piper et al. 1982). Early hatch-
ery survival rates of two orders of magnitude
above natural are possible (Secor et al. 1992; Secor
and Houde 1998; Secor et al. 2000a), although not
always achieved. Managers may also attempt to
increase ‘fecundity’ through stocking and trans-
location from other sources (this indirect increase
in fecundity is not typical, but see Beamesderfer
and Farr [1997] and Rien and North [2001]). In our
analyses, any increase in fecundity is equivalent
to an increase in young-of-the-year survival, so it
increases the number of individuals within the
young-of-the-year class. For example, a 10% in-
crease in eggs in a population is equivalent to a
10% increase in young-of-the-year survival.
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Survival of the young of the year in sturgeon
is typically low (e.g., Nilo et al. 1997; Secor and
Waldman 1999). This may be a consequence of the
unpredictability of the environment and thus the
evolution of small egg size and minimal parental
investment (Roff 1992; Sargent and Gross 1993;
Winemiller and Rose 1993). Hatcheries can avoid
this unpredictability by providing the resources
that the developing young require (Secor and
Houde 1998). Provided that the sturgeon culture
techniques exist (e.g., Smith et al. 1985; Conte et
al. 1988; Gisbert and Williot 1997, Ireland et al.
2001), it is possible to increase survival manyfold,
and this increase, together with the relatively large
elasticity for young of the year, can achieve sig-
nificant increases in population growth rate. Thus,
hatcheries are manipulating a highly elastic com-
ponent of the system.

However, there are several considerations re-
garding hatcheries. First, the proportion of the
population that is affected may be very low in
large populations (although it can be higher for
small populations). Thus even large increases in
survival for the individuals affected may have
relatively little effect on overall population growth
in an abundant population, i.e., there is a trade-
off between the proportion affected and the in-
crease in survival (or fecundity) that will be
necessary to obtain the desired A.

Second, the value of hatcheries must be as-
sessed against the contributions of adult fish left
in the wild, and against the loss of their future
production due to the impact they receive in the
hatchery. Hatcheries typically operate at some cost
to adults. Handling females and the physical re-
moval of eggs typically involve some injury, which
can decrease subsequent female survival and may
in some cases cause death. Any gain from the
hatchery must be discounted by any loss to the
current and future wild production. The elastici-
ties of young-of-the-year survival, and of fecun-
dities, provide a mechanism for analyzing this
tradeoff. Increasing one at the cost of the other may
not provide any gain at all.

Third, elasticity is equally high in all juvenile
ages, so focusing on ages 0 or 1 is not necessarily
the ‘best’ hatchery strategy. In some situations, a
percentage increase in survival may be easier at
later ages, when there are fewer individuals to
work with or when the effort is more readily ac-
complished. For example, in some populations it
may be easier to catch and increase the survival
of most of the juveniles in a later age-class because
there are fewer of them. This strategy would im-
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prove a larger proportion of the population, per-
haps more economically, and may thus override
the constraints on survival increases after age 0.
Another consideration is that hatcheries tend to
maximize numbers, producing thousands or mil-
lions of young of the year, of which only a very
small percentage will survive to maturity (e.g.,
Smith et al. 1995). In some cases, it may be more
productive to put resources into a few hundred
eggs or young of the year that can be reared for a
longer time period, combining elasticity across
several age classes.

Fourth, there are many ecological and evolu-
tionary issues that must be considered when
evaluating the contribution of hatcheries for any
fish species. Hatcheries can and have caused de-
velopmental and genetic changes that reduce the
fitness not only of hatchery-produced individu-
als, but also of those born in the wild (e.g.,
Schramm and Piper 1995; Gross 1998; Youngson
and Verspoor 1998). Developmental changes im-
mediately reduce survival and performance of
hatchery-released individuals relative to their wild
counterparts. For instance, when reared under tra-
ditional production-hatchery techniques, indi-
viduals lack information about predators, food
sources, and habitat structure when they are re-
leased, and have modified morphologies (e.g., fin-
shape), all of which reduce their own performance,
but can also impact the performance of wild fish.
Hatchery-induced genetic changes are responsible
for the longer-term reduction in survival and per-
formance that characterizes hatchery-produced
fish (e.g., NRC 1996). Hatchery stocks can and
have become increasingly domesticated to the
hatchery, thereby losing their adaptations for the
wild and the genetic variation that is important
for future evolution. Hatchery stocks can also re-
place and alter wild gene frequencies. These ge-
netic and developmental concerns restrict the
potential for hatcheries to utilize the full elasticity
response of sturgeon for population growth. For
example, reducing the number of classes reared
in hatcheries and specifically selecting adults in-
volved in the hatchery program can minimize de-
velopmental and genetic changes, but both
inevitably reduce the number of individuals that
can benefit.

Finally, hatcheries rarely solve problems so
much as provide a bandage to the symptom. The
decline in sturgeon has almost always been due
to habitat deterioration and harvesting practices
(Birstein 1993); hatcheries do not reverse these
problems. Many fish biologists have become in-
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creasingly outspoken against hatcheries because
of the diversion of attention from the real issues
(e.g., Kynard 1997; Lichatowich 1999). As we have
shown, hatcheries can, in theory, significantly in-
crease sturgeon numbers. However, it would seem
that hatcheries should operate only with full
awareness of the tradeoffs involved.

Harvest - Harvest regulations attempt to maximize
or maintain yields through quotas, size (gear) lim-
its, and season limits. Regulations are also directed
at controlling poaching and bycatch, which can
remove substantial fractions of the juvenile and
adult stock (Collins et al. 1996; Kynard 1997; Secor
et al. 2000b). It might seem that harvest regula-
tions will have little effect on population growth
because of the relatively low elasticity in adult age
classes. However, the combined elasticity for adult
survival is about equal to that of juvenile survival,
and thus the mortality imposed on adults through
fishing can have a severe effect on sturgeon popu-
lation growth. Boreman (1997) has already shown
the vulnerability of sturgeon populations to fish-
ing impacts as a consequence of the number of
years that long-lived adults spend in the fishery.
Cochnauer (2001) presents a case where harvest
restriction appears to have resulted in an improved
age-class structure for a population of white stur-
geon.

The relatively low survival elasticity of the
older adult age classes, and their much larger body
size, suggest some important management con-
siderations. If fishers insist on capturing a fixed
percentage of certain individuals, then all else be-
ing equal, this percentage should probably be
taken from the very oldest fish, since these indi-
viduals contribute least to population growth (Fig-
ure 1; Figure 4). Even though an older female
sturgeon contributes substantially more eggs, or
progeny of better quality, her remaining lifetime
contribution to population growth is still much
less than that of even a middle-aged female. This
is because the older fish is not going to contribute
for as many additional years to production. Thus,
its removal has less of an impact on sturgeon
population growth than the loss of a younger in-
dividual with higher reproductive value. An im-
portant qualification is that older individuals in a
population with nonstable age distribution (e.g.,
missing younger individuals) may be necessary
to span recruitment gaps (Secor 2000).

In contrast, the smaller elasticity of fecundity
relative to adult survival in any age-class suggests
that egg exploitation for caviar may be less detri-
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mental to population growth than adult harvest,
providing that adults are not severely impacted
in the process of harvesting the caviar. Based upon
life table analysis (egg production per recruit),
Kahnle et al. (1998) and Secor et al. (2000a) argued
that only mature sturgeons should be harvested
during their spawning runs using escapement tar-
gets. This recommendation complements well the
elasticity analysis, which indicates that egg har-
vesting from old females (i.e., decreasing fecun-
dity) is more sustainable than harvest of flesh from
younger individuals (i.e., decreasing survival).
Conservation of sturgeon would be further pro-
moted if eggs could be removed from live stur-
geon that were then released after recovery (e.g.,
Ireland et al. 2001). It might therefore be possible
to encourage a shift in the target of harvest from
flesh to the renewable production of eggs as a
means to maintain sturgeon populations in the
face of exploitation pressure.

In general, managers of harvest may benefit
by considering the ratio of elasticities to determine
the potential trade-offs that exist in exploitation.
For instance, the ratio of total adult survival elas-
ticity to total juvenile survival elasticity in
shortnose sturgeon is 1.17 (48%/41%; Figure 2).
Therefore, the effects on 1 of a 10% decrease in
adult survival through fishing mortality can be
nullified by a 12% increase in juvenile survival
(10% x 1.17 = 12%). The 10% decrease in adult sur-
vival will cost population growth about 4.8% (48%
x 10% = 4.8%), while the 12% increase in juvenile
survival will benefit population growth about
4.9% (41% x 12% = 4.9%). Similar trade-off analy-
ses can be done for all classes and stages of the
sturgeon life histories.

Habitat - The elasticity analyses show that habitat
improvements increasing survival of young of the
year or any class within the juvenile life stage will
make strong contributions to population growth.
Conversely, habitat improvements that increase
only fecundity or survival of a specific age-class,
such as increased feeding opportunities for cer-
tain adults, will provide less of an increase in
population growth. Habitat improvement can
vary from relatively minor to quite expensive un-
dertakings (Beamesderfer and Farr 1997). Fortu-
nately, habitat improvements usually
simultaneously influence the survival of multiple
classes, such as all juveniles or all adults or even
both. Thus, the costs of these conservation initia-
tives can be shared across the multiple elasticities
that are affected. Beamesderfer and Farr (1997)
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recently surveyed more than 200 sturgeon biolo-
gists and management organizations and found
that habitat improvement was considered to be
the most important conservation undertaking for
sturgeon, yet the least often employed. Instead,
hatcheries and harvest regulations were the most
frequent initiatives. Since hatcheries primarily af-
fect the young of the year, and harvest regulations
primarily affect the adults, habitat improvements
that simultaneously affect young of the year, ju-
veniles and adults may achieve a combined elas-
ticity benefit that far exceeds any other manage-
ment alternative.
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