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Abstract Populations of six sturgeon species in the

Danube River (beluga, Russian sturgeon, stellate

sturgeon, sterlet, ship sturgeon and Atlantic sturgeon)

have experienced severe decline during the last

several decades, mostly due to the unsustainable

fishery, river fragmentation and water pollution.

Present lack of knowledge on basic sturgeon demog-

raphy, life history and relative effects of different

negative factors is further hindering implementation

of efficient policy and management measures. In the

present study, population viability analysis in a

Vortex simulation model has been conducted in

order to assess the state of the six Danube sturgeon

species, their future risk of extinction and to deter-

mine the most suitable conservation and management

measures. Population viability analysis has revealed a

large sensitivity of the Danube sturgeon populations

to changes in the natural mortality, fecundity, age at

maturity and spawning frequency. It was also

confirmed that the sturgeons are highly susceptible

to even moderate levels of commercial fishery, and

that their recovery is a multi-decadal affair. Stocking

with adult individuals was shown to produce consid-

erably greater effect on population persistence than

stocking with juveniles, but the latter approach is

probably still preferable since it avoids many inherent

problems of aquaculture cultivation. This study

represents the first population viability analysis of

the Danube sturgeons.

Keywords Acipenser � Huso � PVA �
Extinction risk � Life history � Modelling

Introduction

Sturgeons (family Acipenseridae) are a group of 27

extant species that inhabit the northern hemisphere.

They represent an old group of fish that has evolved

for more than 250 million years, and that has

successfully survived several mass extinction events

throughout the history (Nikcevic et al. 2004). How-

ever, sturgeons have experienced the same fate as the

majority of other economically important fish

worldwide that are being either fully exploited,
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overharvested or completely depleted (Birstein et al.

1997; Botsford et al. 1997). It is generally considered

that the same life history strategy, involving long

lifespan, delayed maturation, large size and anadr-

omy, which has made them resilient to global

environmental changes in the past (Bemis et al.

1997), is at the same time making them highly

susceptible to extinction under anthropogenic impacts

(Jager 2001).

The Danube River basin and the Black Sea are

considered as the key habitat of European sturgeons

(Williot et al. 2002). However, due to a whole spectre

of anthropogenic impacts, such as over exploitation,

habitat fragmentation and pollution, all six sturgeon

species that have originally inhabited this region have

experienced severe decline (Lenhardt et al. 2006a).

Atlantic sturgeon (Acipenser sturio) is nowadays

considered as extinct in the Danube, while the ship

sturgeon (Acipenser nudiventris) might be on the

verge of extinction (Jarić et al. 2009a). Populations of

beluga (Huso huso), Russian sturgeon (Acipenser

gueldenstaedtii), stellate sturgeon (Acipenser stella-

tus) and sterlet (Acipenser ruthenus) are considered

as endangered and facing different levels of extinc-

tion risk (Reinartz 2002; Williot et al. 2002; Lenhardt

et al. 2006b).

Assessments of the state of Danube sturgeon

populations that have been the object of the com-

mercial fishery (beluga, Russian sturgeon, stellate

sturgeon and sterlet) have so far mostly relied on the

assessment of catch statistics (Lenhardt et al. 2006b),

which can be significantly biased by social and

economic dynamics, and which does not consider

illegal fishery that at certain points represented up to

a 90% of the actual total catch in the Danube in the

past (Bacalbasa-Dobrovici and Patriche 1999; Navo-

daru et al. 1999). The development of population

models that are able to assess its viability and the

extinction risks could be that tool that would bridge

existing gaps in knowledge and understanding of

sturgeon ecology and life history. Population viability

analysis (PVA) is the method that has become the

mainstream and indispensable tool in conservation

biology during the last two decades (Boyce 1992),

especially since it explicitly deals with uncertainties

in ecological data and processes (Akçakaya and

Sjögren-Gulve 2000). This approach has, however,

not been applied to sturgeons in the Danube River

basin.

The main objective of this study was to use Vortex

simulation model to conduct population viability

analysis of all six Danube sturgeon species, in order

to assess the state of their populations in the Danube

River, their future risk of extinction and existing

measures for protection and sustainable use of their

populations.

Materials and methods

This section contains only brief overview of the

model development. Full description of the model

parameterization is presented in the Appendix in

Electronic Supplementary Material.

Population viability analysis of the six Danube

sturgeon species was performed in Vortex software

package (version 9.72). Vortex is a PVA computer

model that makes an individual-based Monte Carlo

simulation of a population, through the action of

deterministic factors and environmental, demo-

graphic, and genetic stochasticity (Lacy 1993). For

a more detailed description of Vortex, see Lacy

(1993, 2000) and Miller and Lacy (2005).

In order to define population parameter values for

each of the six Danube sturgeon species, a literature

survey was conducted, and data sheets were made for

each Danube sturgeon species, with the values for

each of the basic parameters that are necessary

for scenario building in Vortex (Chap. 3 in the

Appendix).

In general, for parameters that were provided by

different authors as ranges or that were inconsistent in

provided values, a most probable mean value was

determined, and ranges were included in the model as

environmental variation through establishing a stan-

dard deviation for the mean value. If ranges provided

by different authors were inconsistent, values that

were given in the majority of the publications were

applied, and the other values were included in the

sensitivity analysis (for details see the Appendix).

The available data on deterministic growth rate

(the r value) for sturgeon populations is poor,

especially for the populations in the Danube River.

Based on the limited information that is available, we

have applied three different population growth rates

for each species: 0.05, 0.10 and 0.15. In order to

acquire such growth rates, age specific natural

mortality was fitted so that each of these r values

220 Rev Fish Biol Fisheries (2010) 20:219–237

123



was met in different scenarios (see Chap. 3 in the

Appendix for the natural mortality rates). All scenar-

ios and simulations were tested against each of the

three defined population growth rates. As was

proposed by a number of authors (Beissinger and

Westphal 1998; Akçakaya 2000), pseudo-extinction

criterion was applied in this study, instead of scoring

the risk of reaching absolute extinction.

The age 0–1 natural mortality was incorporated in

the model through the proportional reduction of

number of offspring produced, so young-of-the-year

that have not survived up to the age 1 were not

considered in the simulation. Therefore, it is impor-

tant to note that in the future text, population size (N)

does not include embryos and young-of-the-year that

will not survive up to the age 1. For example, the

population size of 2,000 individuals applied in some

scenarios represents a much larger actual population,

since the number of offspring that will succumb to

natural mortality during the first year of life can be up

to few thousand times larger.

In order to test the dependence of the model

behaviour on changes in each of the life history

parameters, as well as to span the ranges of life

history parameter values provided by different

authors, a sensitivity analysis was conducted. In

order to test the effect of change in any single

parameter, only one parameter was being changed at

a time. The age distribution of the initial population

was kept constant in all scenarios that were com-

pared, to avoid the effect of change in age distribu-

tion when life history parameters are being modified.

The tested change in each parameter was either

reflecting the ranges provided for that parameter by

different authors, or some general amount of change

was applied (e.g. ±50%). Ranges of values applied

for each life history parameter are presented in the

Chap. 4 of the Appendix. Output variables that were

tracked during the sensitivity analysis simulations

were the pseudo-extinction probability, deterministic

and stochastic population growth rates, expected

heterozygosity, and the mean time needed for pop-

ulation to reach half of the carrying capacity. Results

of the sensitivity analysis were assessed through the

use of two distinct approaches, a ranking technique

and regression analysis.

Relationships between the deterministic popula-

tion growth rate and the both probability of pseudo-

extinction and the expected heterozygosity were

assessed for each studied species with Spearman’s

non-parametric correlation test, in order to determine

the potential of the deterministic growth rate as a

general predictor of the overall population viability.

The basic questions that were addressed in harvest

scenarios were the determination of the threshold

level of the harvest pressure below which population

viability would still be preserved, as well as to

compare the vulnerability of different sturgeon spe-

cies to harvest. The harvest was introduced in the

model as the percentage of adults taken every year.

Special scenarios were developed where the two

oldest age groups of subadults were also harvested,

with the same harvest pressure applied as for the

adults.

Additional scenarios were developed to test effec-

tiveness of supportive stocking, since this approach

has been widely applied in the Danube River basin

(Reinartz 2002; Williot et al. 2002; Vassilev 2006).

The main goal was to test different approaches in

supportive stocking, and their influence on the

population viability. In general, stocking dynamics

(e.g. time of the release, number of releases) varied

between different scenarios along three main dimen-

sions: total number of individuals that were released,

age of released individuals (whether they were

juveniles or adults), and the temporal scale of

stocking (whether the same number of individuals

was released in a single year, or during several years).

As proposed by a number of different authors

(Ebenhard 2000; Beissinger 2002; Hanski 2002; Reed

et al. 2002), results of all scenarios were used more to

compare their relative effects, for instance to compare

different management scenarios, than to use them as

the absolute predictions. An extinction risk of

P \ 0.05 is commonly applied as the threshold to

evaluate viability (Beissinger and Westphal 1998), so

it was used in this study as well.

Results

Basic scenarios with the same total population size

applied to all species have shown, as was expected, a

high sensitivity of the model to the population size. In

general, populations had a significant probability

(P [ 0.05) of going extinct at the population size of

50 individuals, and the probability was close to, or

even at the absolute value (P = 1.00) for almost all
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species, and across all of the three assessed popula-

tion growth rates. In general, it was only at the

population sizes above 1,000 individuals that long

term viability became more likely. However, com-

parisons among the six studied species have shown

that they substantially differed in the population

viability and the other output model variables. There

was an apparent pattern that the species which had

the lowest proportion of the adults in a population,

such as the ship sturgeon and the Atlantic sturgeon

(see Chap. 2 in the Appendix), were also much more

vulnerable than the other species at the same

population size. An exception to this rule was the

sterlet, which at the same time belonged to the more

vulnerable species and to those with the highest

proportion of adults in a population.

In order to check the effect of the absolute number

of adults in a population on the risk of extinction,

basic scenarios of each species were compared again,

but this time with the same number of adult females

kept in each population. In such setup of the basic

scenario models, the Atlantic sturgeon and the ship

sturgeon have produced results more similar to the

other species, than it was in the model setup with the

same total number of individuals. In general, there

was a greater similarity among species, in both

simulation results and their vulnerability. These

results are indicating the importance of the adult

individuals in the population, and the lesser useful-

ness of the total population size as the predictor of the

population viability. However, the sterlet has

remained vulnerable in such model setup as well,

which might be explained by the ecology of this

species, which is very different from all other Danube

sturgeons (e.g. lower offspring number, frequent

spawning, and short time to maturity).

Both methods that have been applied to the

assessment of the results of the sensitivity analysis,

the regression analysis and the ranking technique, had

a high concordance in their results. Results of both

approaches are presented in Chap. 5 of the Appendix.

According to the results of the sensitivity analysis,

the most influential life history parameters on the

overall model behaviour were the age at which

females reach the maturity, mean number of off-

spring, natural mortality of the 0–1 and 1–4 age

groups, sex ratio, spawning frequency of females and

the natural mortality of adults. The influence of the

age at which females reach maturity on population

persistence was higher for early maturing species

than for those with delayed maturation (i.e. this

parameter was the most influential for sterlet and the

least influential for beluga).

Maximum age of reproduction and the maximum

number of offspring had a low or no influence at all

on the model behaviour, probably because the values

that have been applied to these parameters were too

high to interfere with, respectively, the longevity

defined by the distribution of the age specific natural

mortality and the variation in the average number of

offspring. Even a substantial decrease in the maxi-

mum reproductive age was able to produce only a

moderate impact on the population viability. Male-

related traits, such as the age at which males reach

maturity or the spawning frequency of males, had

also a weak effect on the population viability.

Environmental variation in life history traits had

only moderate to low influence on model behaviour,

and the environmental variation in natural mortality

was the only one that had somewhat larger influence

on the model. Carrying capacity and its environmen-

tal variation had significant influence on the popula-

tion viability, and the impact of the environmental

variation in carrying capacity was especially pro-

nounced at the higher population growth rates (0.10

and 0.15).

Both population growth rates (deterministic and

stochastic) that were assessed as model output

variables were generally influenced by the same

model parameters as the probability of pseudo-

extinction. Since the male-related traits and environ-

mental variation-related parameters are not included

in the estimation of the deterministic population

growth rate, these parameters had no influence on this

output variable. The same ratio of change in the mean

number of offspring, natural mortality of the 0–1 age

group and in the sex ratio produced the same amount

of change in the deterministic population growth rate,

but the influence of the sex ratio on the stochastic

population growth rate was always slightly weaker

than the influence of the other two parameters.

The relationships between the deterministic pop-

ulation growth rate and the probability of pseudo-

extinction for each of the studied species are

presented in Fig. 1, and the relationships between

the deterministic population growth rate and the

expected heterozygosity in Fig. 2. As can be seen in

both figures, the r value had a high degree of
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correlation with the probability of pseudo-extinction

and the expected heterozygosity, but the exact

relationship differed among species. Spearman’s

non-parametric correlation test confirmed high cor-

relation between the r value and the both pseudo-

extinction probability and expected heterozygosity

(Table 1).

It is important to emphasize that many figures that

will be presented contain only the average values

among all iterations that have survived (1,000

iterations were applied in all simulations), while the

individual iterations were always experiencing large

variations in population size and were never able to

reach such stable behaviour as the average values

(e.g. as it is presented in the Fig. 5). Results shown as

average values of all simulated iterations are always

associated with a large stochasticity expressed in

each of the single iterations. Figure 3 shows two

simulations with identical input data except in the

environmental variation included in the model. As

can be seen in the figure, the actual development of

population dynamics can follow many different

patterns, but variations are proportional to the total

amount of stochasticity included in the model.

Fig. 1 Relationship between the deterministic population

growth rate (X axis) and the probability of pseudo-extinction

(Y axis) in the sensitivity analysis performed on the six Danube

sturgeon species. Initial population size in all scenarios was set

to 50 and the carrying capacity to 2,000 individuals
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Average values can present only the most probable

general direction of change, and the actual result in a

particular case may diverge from this central value.

Harvest scenarios showed high sensitivity of

Danube sturgeon species to fishing pressure. Maxi-

mum harvest levels at which population remained

viable were dependent on the population growth rate,

and higher growth rates allowed higher harvest to be

performed without causing the drop in population

viability. Maximum harvest levels with preserved

viability for each species and each population growth

rate are presented in the Fig. 4.

At the harvest levels above those presented in the

Fig. 4, populations were experiencing significant

decline in population size (Fig. 5), and the extinction

risk increased dramatically. A series of scenarios with

different initial population sizes and carrying capac-

ity levels was conducted, to check the effect of the

carrying capacity and population size on these

established thresholds of the maximum sustainable

harvest levels. The results revealed that the maximum

sustainable harvest level was not sensitive to the

carrying capacity or the initial population size,

probably since it was expressed in the percent of

Fig. 2 Relationship between the deterministic population

growth rate (X axis) and the expected heterozygosity (Y axis)

in the sensitivity analysis performed on the six Danube

sturgeon species. Initial population size in all scenarios was

set to 50 and the carrying capacity to 2,000 individuals
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the adult population that is being taken, so the harvest

pressure was always relative to the population size.

At the unsustainable levels of harvest, population size

was always reduced to half of its initial size in no

more than 50 years of the simulation, whatever the

size of the initial population. Populations always

declined to a low population size, where the harvest

pressure also became low (since it is set to be relative

to the population size), and then remained at those

low population numbers, but with a high risk of

extinction (i.e. with a high number of iterations going

extinct).

In some cases, the maximum harvest pressure at

which population viability was still preserved was not

the level that was at the same time ensuring the

maximum total number of harvested individuals. In

such cases, depending on the species, the maximum

total number of harvested individuals was reached at

the harvest level that was either 5% units above or

below the maximum viable harvest level. In other

words, the maximum amount of harvested adults was

reached for some species at the harvest pressure that

was already above the acceptable risk of extinction

(P [ 0.05, ship sturgeon at population growth rates

r = 0.05 and 0.10, sterlet at r = 0.05 and 0.10, and

Atlantic sturgeon at r = 0.05), while for some

species this occurred at the harvest pressure that

was below the maximum viable one (Russian and

stellate sturgeon at r = 0.10). Furthermore, in some

cases the harvest level where the maximum number

of harvested individuals was reached was not the

same for both males and females, and in such cases

the maximum number of males was harvested at 5%

lower harvest pressure than for the females.

When the harvest of subadults was added to the

harvest of adults, maximum viable harvest levels

were dramatically reduced (Fig. 6). Even though the

subadults comprised less than 50% of the number of

adults in a population, the viability of populations

when both subadults and adults were harvested was

reduced twofold, so the effect of inclusion of

subadults in the harvested part of the population on

the sustainability of harvesting was manifested as

more than simply additive.

In stocking scenarios, the largest differences were

found between scenarios with releases of juvenile and

adult individuals. In general, even the release of a

small number of adults (in most cases even ten

individuals) was sufficient to move the population out

of the high risk of extinction. On the contrary, a high

number of juveniles (even above 1,000) was often

necessary to ensure population survival. Effects of

these two stocking strategies seem to be inversely

related. For example, the highest positive effect of

stocking with juveniles was manifested in the sterlet

population, while the same species also had the

weakest effect of the stocking with adults. The cause

probably lies in the life history of each species,

mainly in relative juvenile and adult mortality, but

also in the age at which females reach their maturity.

The sterlet has higher adult mortality than the other

sturgeon species, which probably reduces the positive

effects of the stocking with adults. On the other hand,

a short time to maturity enables the larger portion of

stocked sterlet juveniles to survive to maturity and

consequently increase the population size through

reproduction. Due to the same reason, stocking with

juveniles had smaller effect in species that need

Table 1 Correlations between the deterministic growth rate, pseudo-extinction probability and heterozygosity level in the sensitivity

analysis of six studied sturgeon species (Spearman’s non-parametric correlation test)

r/P r/H

Correlation coefficient Significance Correlation coefficient Significance

Beluga -0.888 0.000 0.844 0.000

Russian sturgeon -0.760 0.000 0.893 0.000

Stellate sturgeon -0.891 0.000 0.937 0.000

Sterlet -0.949 0.000 0.952 0.000

Ship sturgeon -0.939 0.000 0.940 0.000

Atlantic sturgeon -0.936 0.000 0.881 0.000

r/P correlation between population growth rate and the pseudo-extinction probability, r/H correlation between population growth rate

and the level of expected heterozygosity
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Fig. 3 Two scenarios with identical input data, except the

larger amount of environmental variation that was applied in

the scenario B. Images represent simulation screens from the

Vortex program, with 1,000 iterations simulated in each

scenario and population growth rate r = 0.10. a All

environmental variation in the model (female spawning

frequency, mean fecundity and natural mortality) reduced to

zero; b environmental variation in all three variables increased

by 50% over those applied in basic scenarios
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longer time to mature, since the juveniles of those

species have thus less chance to survive to maturity.

Examples of the effect of the stocking with the adults

and juveniles are, respectively, presented in Fig. 7.

As can be seen in the Fig. 7, stocking with

juveniles always produces a lag in the increase of

population, when compared with the immediate

effect of stocking with adult individuals. The initial

population increase, caused by the release of indi-

viduals in the population, is quickly followed by a

significant decline, due to the high mortality of

juveniles, and the actual population recovery occurs

only after a lag of a certain number of years, that is

equal to the time needed for females to reach

maturity.

Observed differences between scenarios with dif-

ferent temporal dynamics of releases were smaller

than expected (Fig. 8). In general, a release of all

individuals in the first year of the simulation

produced a shorter time for the population to recover,

in comparison to scenarios where the same total

number of individuals was released during a number

of years. On the other hand, multiple release events

reduced the risk of extinction, in comparison to single

release scenarios. However, both outcomes should

probably be expected, since the earlier release of an

individual means that it will have more time to

reproduce and thus help the population recovery,

while the annual release of individuals during the

period of 10 years would mean that the population

cannot go extinct during that period, since new

individuals are arriving in the population every year.

Discussion

The population viability analysis that was performed

in the present study has shown in practice that the

individual-based models, such as the Vortex simula-

tion program, can be applied to species with life

histories similar to those of the six studied Danube

sturgeon species. It is important to emphasize that

Vortex is a computer package developed primarily

for the simulation of small populations of mammals,

Fig. 4 Maximum harvest pressures at which the populations of six studied Danube sturgeon species remained viable (pseudo-

extinction probability P \ 0.05), given three different population growth rates (r = 0.05, 0.10 and 0.15)
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reptiles and birds (Miller and Lacy 2005), and that

fish species have been so far rarely modelled in this

program. Species with large populations and a life

history similar to those of sturgeons (e.g. large

fecundity) are not ideal objects of IBMs, since it is

demanding for a computer to simulate such a large

number of individuals. The limitations of the model

do not allow simulation of the actual population sizes

of sturgeons (measured in hundreds of thousands of

individuals), so only theoretical populations could be

simulated (e.g. 2,000 individuals).

On the other hand, there are also several advan-

tages in using a model such as Vortex for the species

in question. Some aspects of population dynamics,

Fig. 5 Result of different harvest pressures applied on the six

studied Danube sturgeon species (population growth rate

r = 0.10). Y axis—average population size among all iterations

in a simulation; X axis—years of the simulation; percentage

values represent different harvest pressures. Initial population

size and carrying capacity in all scenarios were set to 2,000

individuals
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such as stochasticity, and the inclusion of genetic

considerations have rarely been addressed in PVAs of

sturgeon species so far, and Vortex represents a tool

with the ability to deal with these issues and thus

provide new insights in sturgeon ecology. Further-

more, while the real population sizes could not be

included in the model, absolute prediction was never

a goal of this study, so the model was still expected to

be capable to provide meaningful comparisons of

relative differences among scenarios. The only situ-

ation where this study could provide certain power in

the absolute projections is the case if sturgeons would

drop to such small population sizes, in other words

when the simulated population size would reflect the

actual one, which may be the case for the Atlantic

and ship sturgeon. Finally, this study could be a

valuable case study for improvement of our knowl-

edge and understanding of Vortex as a PVA model,

since this is probably one of the rare cases when this

widely used model has been applied to species with

such a specific ecology and life history.

Most sturgeon PVAs have been based on age-

structured models, and except for few examples of

IBM applications (Jager et al. 2000, 2001; Jager

2001, 2005, 2006a, b), sturgeon PVAs have mostly

lacked considerations of demographic and environ-

mental stochasticity and genetics (Jarić et al. 2009b).

The majority of models applied to sturgeons so far

have been developed specifically for the purpose, and

the software packages for IBMs, such as Vortex, have

not been used previous to this study.

This study has revealed considerable sensitivity of

sturgeon populations to changes in a number of life

history parameters. Population viability was most

strongly influenced by changes in the age at which

females reach maturity, in the mean fecundity, egg to

age 1 natural mortality and juvenile mortality (age

groups 1–4), as well as by sex ratio, spawning

frequency and adult mortality. These results are in

accordance with PVAs performed on North American

sturgeon species (Pine et al. 2001; Beamesderfer

et al. 2007; Kennedy and Sutton 2007), that have

found that the most influential parameters were egg

mortality, age at maturity of females, spawning

frequency and the overall natural mortality. Kennedy

and Sutton (2007) estimated that the egg mortality

was the single most influential population parameter,

and an increase of 0.0001% units in mortality rate

(from 0.9998 as the average value) caused as much as

a 95% decline in population abundance and biomass.

Bajer and Wildhaber (2007) have found that the egg,

juvenile and young adult mortality were the most

influential parameters on the population growth rate,

while the fecundity was a less sensitive parameter.

This differs from the findings in the present study,

where the fecundity had the same effect on popula-

tion persistence as the egg to age 1 mortality and

belonged to the most sensitive parameters. However,

it is important to note that these two life history

parameters have been combined in this study (see

Chap. 2 in the Appendix), so it was not really

possible to make distinction between their effects.

It was determined in both the present study and by

Kennedy and Sutton (2007) that the mortality of eggs

and the youngest age classes were much more

influential than the mortality of adult individuals.

Fig. 6 Result of different harvest pressures applied on the

Russian sturgeon (population growth rate r = 0.15). a Harvest

of adults only; b harvest of both adults and the two oldest

subadult age groups; Y axis—average population size among

all iterations in a simulation; X axis—years of the simulation;

percentage values represent different harvest pressures. Initial

population size and carrying capacity in all scenarios were set

to 2,000 individuals
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On the other hand, Pine et al. (2001) have established

that the population of A. oxyrinchus desotoi was

sensitive to even small changes in the adult mortality,

and Boreman (1997) and Heppell (2007) have

claimed that a small reduction in mortality of the

adults could balance a relatively large increase in egg

to age 1 mortality. Boreman (1997) supported this

claim with the explanation that the fish are exposed to

Fig. 7 Recovery of a small population of beluga, ship

sturgeon and sterlet with different number of juvenile (a) or

adult (b) individuals released in the first year of the simulation

(population growth rate r = 0.05). From the lowest to the

highest one, respectively, full lines in each graph represent: a
the basic scenario and the release of 200, 400, 600, 800 and

1,000 juvenile individuals; b the basic scenario and the release

of 20, 40, 60, 80 and 100 adult individuals; Y axis—average

population size among iterations with surviving populations in

a simulation; X axis—years of the simulation. Initial population

size in all scenarios was set to 50 and the carrying capacity to

2,000 individuals
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a high mortality rate of age 0–1 during only 1 year of

their life, while the mortality in adults encompasses

many age groups. While we recognize the importance

of the adult mortality on population viability, we have

to disagree with such an explanation. High influence

of the egg to age 1 mortality on the population

persistence is caused by the fact that this age group

comprises the major part of the population, so any

change in their mortality will have an impact on a

large number of individuals. The adult mortality

indeed extends its impact on many age groups, but

there are few individuals, so the total number of fish

that are impacted by adult mortality will not be so

large. In sturgeon populations, adults comprise only a

small part of the total population. Beamesderfer et al.

(2007) have estimated that the adults of A. mediros-

tris have represented only 12% of the total population

at equilibrium. In the present study, the proportion of

adults in populations of different sturgeon species at

stable age distribution varied between 2.7 and 15.1%,

with the average value between 7.5 and 8.7%,

depending on the population growth rate.

However, the importance of adults in a population

has been confirmed in this study as well. It was

indicated by the behaviour of scenarios where the six

studied species were first compared at the same total

population size and then at the same number of

adults, with the latter approach leading to a greater

similarity between species in result parameters. Since

there are so few adults in a population, each adult

individual is important to the population persistence.

Importance of adult individuals is further pronounced

by their high survival rate, which enables them to

reach older age and have multiple spawning events. It

is generally considered that populations of long-lived

organisms are sensitive to adult survivorship (Boyce

1992; Beissinger 2002). According to Colombo et al.

(2007), harvested populations are likely to collapse

due to the removal of reproductively viable adults,

and age-specific maternal effects on offspring sur-

vival may emphasize the importance of maintaining

large, old females in the population (Heppell 2007).

However, the influence of adult mortality in the

present study was found to be inversely related to the

age at which individuals reach maturity, and not

strongly related to the longevity of the species. In

other words, species that matured early, such as the

sterlet and stellate sturgeon, were more influenced by

the adult mortality than those species that mature late,

such as the beluga, even though the beluga has much

greater longevity and thus has significantly greater

number of adult age groups. The reason lies in the

fact that species such as the sterlet have larger

relative number of adult age groups than species with

great longevity—i.e. the proportion of age classes

that belong to adults, not their absolute number, is

larger.

Life history parameters related to males have weak

influence on the population viability, as long as there

are enough males to fertilize the eggs in each

Fig. 8 Recovery of a small population of beluga, with the

same number of juvenile (a) or adult (b) individuals released in

three different patterns (population growth rate r = 0.05).

19—All individuals released at once in the first year of the

simulation, 29—equal portions of individuals released two

times, in the first and sixth year of the simulation, 109—equal

portions of individuals released each year during the initial

10 years of the simulation; Y axis—average population size

among iterations with surviving populations in a simulation; X
axis—years of the simulation. Initial population size in all

scenarios was set to 50 and the carrying capacity to 2,000

individuals
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spawning event. Indeed, due to this fact, many

sturgeon PVA models have been restricted only to

females (Bajer and Wildhaber 2007; Kennedy and

Sutton 2007).

The life history parameters that are most influen-

tial on population viability are usually proposed for

the highest management or research priority (Mills

and Lindberg 2002). However, as it was stated by

Mills and Lindberg (2002), parameters that are

influential can often have low level of actual varia-

tion, so this issue has also to be addressed with

certain caution.

The present study has confirmed a high correlation

between the population growth rate (deterministic

and stochastic) and the population viability and rate

of genetic loss. This confirms the value of the

population growth rate as the overall predictor or

indicator of the population state. Population growth

rate has been used in many studies as one of the main

simulation parameters for the assessment of the

population viability (Pine et al. 2001; Bajer and

Wildhaber 2007). However, any such use of the

population growth rate should be conducted with the

awareness that this parameter does not consider

certain aspects, such as stochasticity, genetically

linked demographic traits and the male-related traits,

and that it is thus unable to register changes in these

traits that might impact population viability.

What is the real value of population growth rate in

the Danube populations? Surprisingly, this demo-

graphic parameter seems to be rarely touched upon or

discussed in existing literature on the demography of

sturgeons, and estimates of the rate were presented in

few sources. Sturgeon PVAs generally produce the

conclusion that slow physical growth and discontin-

uous spawning of sturgeons result in low intrinsic

population growth rates (Heppell 2007), but the

actual value of this parameter is seldom determined

or presented. According to the scarce literature that is

available, it can range from 0.05 (Bruch 2008) to 0.10

(Secor and Niklitschek 2002), or vary between 0.05

and 0.15 (Balnath et al. 2008). However, the present

study has confirmed that the model behaviour and its

sensitivity to changes in vital rates were particularly

dependent on the population growth rate. The

importance of this parameter was revealed by both

the comparison of the scenarios with the three

different population growth rates employed (0.05,

0.10 and 0.15), and by a strong correlation of the

population growth rate with the population viability

and the amount of genetic loss. As it was shown in

harvest scenarios, maximum harvest pressure

(expressed as relative to population size) was depen-

dent on population growth rate and not on the initial

population size. The apparent lack of understanding

of the real population growth rate in the six studied

species may significantly hinder development of the

effective management in the future, so the assessment

of the intrinsic population growth rate of the Danube

sturgeon populations should represent one of the

highest research priorities. However, it is important to

emphasize that, while the population growth rate is

indeed an important population parameter, there are

other parameters as well that might be used instead as

good indicators of population state, which are at the

same time more simple to measure, such as the

population age structure.

Comparisons of the PVA results for the six studied

sturgeon species have revealed that the sterlet pop-

ulation model was showing large differences com-

pared to the other five species. This was shown

through the different relative sensitivity to the life

history parameters, lower general viability of the

population in both types of basic scenarios (that were

comparing species through the same population size

and the same number of adult females), and by the

extreme sensitivity to harvesting at low population

growth rates (r = 0.05). Such model behaviour

seems to be counterintuitive when compared to the

actual situation in the field where, despite the high

harvest pressure, this species has remained the least

affected one—this is the only sturgeon species in the

Danube River that is still an object of the commercial

fishery. According to the IUCN Red List of

Threatened Species (IUCN 2008), the sterlet is

globally categorized as a vulnerable species, while

the stellate, Russian, ship sturgeon and beluga are

categorized as endangered and the Atlantic sturgeon

as a critically endangered species. Based on these

facts, it seems likely that the sterlet actually has a

higher intrinsic population growth rate than the other

five Danube sturgeon species. At higher population

growth rates the model of this species behaves like

the other five species at lower growth rates (e.g. if the

population growth rate r = 0.10 is applied to the

sterlet and r = 0.05 to the other five species). This

difference can also be noticed at the maximum viable

harvest levels in Fig. 4. Furthermore, while most
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sturgeon species resemble to a certain extent the K-

selected type of species (Pianka 1970)—great lon-

gevity, large body size, delayed reproduction, infre-

quent spawning (the exception to this is their high

fecundity), the sterlet is less evolved in this direction

than the other sturgeons and more towards the r-

selected type of species—significantly shorter lon-

gevity, earlier maturation, frequent spawning and

smaller body size. One of the common distinctions

between those two types of selection is the larger

population growth rate of the r-selected species.

However, the question of the actual intrinsic popu-

lation growth rate of the sterlet and other Danube

sturgeons will be only resolved through future

research efforts.

The present study has confirmed that the natural

mortality rates of Danube sturgeon species, beside

their intrinsic population growth rate, should proba-

bly represent the single most important object of any

future study on Danube sturgeon populations. While

the data on the actual natural mortality rates of

sturgeons is almost non-existent, it is even more so

regarding the Danube populations. Although it is

generally acknowledged that it is probably the most

difficult life history parameter to determine (Boyce

1992; Beissinger and Westphal 1998), it is at the

same time one of the key parameters for any PVA

scenario building, so it is likely that the lack of data

on the sturgeon natural mortality will represent one of

the main hindering factors for future development of

Danube sturgeon PVAs.

Another issue that has been poorly addressed

within the present literature on sturgeon ecology is

the existence of senescence in sturgeons, the maxi-

mum reproductive age that occurs before the maxi-

mum longevity has been reached. In most of the

studies performed so far, as well as in review studies

dealing with the sturgeon ecology, this issue has not

been raised or touched upon, not even regarding the

North American sturgeon species that are generally

considered as well studied. The only available

reference that confirms existence of senescence in

sturgeons is that of Lagutov and Lagutov (2008). A

study by Williot et al. (2005) registered senescence in

aquaculture populations, and it was hypothesized by

Williot (personal communication) that it should be

also present in the nature. On the other hand, most of

the interviewed sturgeon experts were either uncer-

tain whether senescence exists in sturgeons, or they

were even certain that sturgeons can spawn through-

out their whole life. Sulak and Randall (2002) have

argued against the widely accepted paradigm in

sturgeon ecology that sturgeons can commonly attain

those reported large body sizes and long age, and

claimed that such large individuals are rare and their

contribution to the population only minor. The

sensitivity analysis has indicated that the existence

of senescence would not have large influence on

population viability, except if the maximum repro-

ductive age is reached a long time before their

maximum reported longevity. This issue, however,

needs to be studied further.

All models that have been developed within the

present study have dealt with a single small popula-

tion of each species. This could correspond to an

isolated subpopulation in a fragmented ecosystem, or

a depleted population within a large distribution area.

For some of the species this may be a realistic

scenario at present, for other species the models are

used to assess minimum viable population sizes,

although the populations today are larger. The

scenarios employed do not capture the case of several

subpopulations partly linked through gene flow

between them, but such scenarios should be an

important object of further studies.

All studied sturgeon species have shown a rela-

tively high susceptibility to harvest pressure. While it

differed among different species and among different

population growth rates applied (Fig. 4), the general

pattern was that, at population growth rate of

r = 0.05, the maximum viable harvest pressure was

within the range of 0.05–0.10 of the adult population

size, at r = 0.10 it ranged from 0.20 to 0.30, and at

r = 0.15 from 0.40 to 0.50. As already discussed, the

only exception was the sterlet, whose maximum

harvest pressure was always more similar to that of

other species at the lower population growth rate (e.g.

the threshold harvest pressure at r = 0.10 was similar

to the harvest threshold of other species at r = 0.05).

These threshold levels fall within those determined

by other PVAs, performed mostly on North American

sturgeon species—reported threshold values were

below 0.10 (Quist et al. 2002), 0.05–0.15 (Beames-

derfer et al. 1995), 0.15–0.20 (Colombo et al. 2007),

0.35 (Kennedy and Sutton 2007). Although these

PVAs have not presented the growth rates of

simulated populations, comparison of these threshold

values with those obtained in the present study shows
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that they are mostly similar to the threshold ranges

obtained at r = 0.05 and 0.10, which are also the

more realistic population growth rates for sturgeons

(as was previously discussed). It is important to note,

however, that the harvest threshold levels that are

expressed in such relative terms (i.e. in percentage of

adults taken from the population) are difficult to be

implemented in practice, since they would require a

good knowledge of the actual population size, thus

demanding constant efforts of making population

censuses, that would be certainly both time and

money consuming.

In harvest assessment scenarios developed by

Kennedy and Sutton (2007), the model was not

significantly influenced by the initial population size,

and the harvest pressures, expressed as ratios, had the

same influence on different sizes of population. The

model in the present study had the same behaviour,

and whatever initial population size was applied, the

harvest threshold levels remained the same. At

unsustainable harvest rates, populations in general

needed less than 50 years to be reduced to the half of

their initial size. If compared with results of harvest

scenarios obtained in the present study, the actual rate

of decline of the total sturgeon catch in Romania

(Bacalbaşa-Dobrovici 1991 citt. in Patriche et al.

1999) would correspond to harvest pressures that are

far above the threshold levels (Fig. 5).

Cases of harvest pressure that ensures maximum

total yield being above the maximum viable harvest

pressure (within the simulated period of 500 years),

that were observed in the present study, represent

additional problem in reaching the management goal

of maximum sustained yield. Since the exploitation is

always directed at levels that maximize yield on short

term, in such cases they might tend to pass over the

viable harvest thresholds, and reach a level with an

unacceptable risk of extinction (P [ 0.05). Accord-

ing to Ludwig and Walters (2002), maximum

sustained yields are an inefficient and rarely achieved

goal, which belongs more to the convenient political

fiction than to the actual science. Botsford et al.

(1997) have stated that the two main reasons for the

failure of the approach of maximum sustained yield

are the lack of political will to implement it and the

imprecise predictions of harvest levels, due to an

intrinsic uncertainty of the system. Kennedy and

Sutton (2007) have proposed that the optimum

harvest levels should always be 0.10 below the value

that represents the maximum viable harvest level, in

order to allow natural variation in life history

parameters such as the age at maturity. Such an

approach would reduce the potential risk that harvest

becomes a selection pressure towards the maturation

at younger age and smaller body size (Kuparinen

et al. 2008).

Fishing pressure that is at the same time directed at

both adult and subadult age groups was shown to

significantly reduce population viability, as well as the

threshold of maximum viable harvest. The large

impact of subadult harvest most likely originates from

the fact that the subadult individuals that are taken from

the population have thus failed to have at least one

successful reproduction and in that way to compensate

for the individuals that have been harvested. Currently,

the sterlet population in Serbia is still considered to be

under significant pressure of commercial fishery that is,

due to illegal fishing practices, also comprised of

subadults (Lenhardt et al. 2006a), which is likely to

further reduce the population viability.

Stocking scenarios have shown significantly

higher relative effect of stocking with adults, when

compared to juveniles. This issue was the object of

many debates in the field of conservation ichthyol-

ogy, and there are many pros and cons for both

approaches. The majority of sturgeons used for

stocking worldwide are fingerlings (Chebanov and

Billard 2001; Shahifar 2006). It is important to note

that the juveniles released in stocking scenarios in the

present study (Fig. 7) consisted of 1 year old indi-

viduals, while the most commonly released individ-

uals in real cases are often only a few weeks or

1 month old. Since only a small number of finger-

lings would survive to age 1, each released fish of age

1 would correspond to an actual release of several

hundreds of fingerlings. Therefore, if the rough

relationship between the effect of one released adult

and the release of 1 year old fish is more than 1:10,

the relationship between stocked adults and finger-

lings would be then more than 1:1,000 or even

1:10,000. However, although stocked juveniles have

a low survival when released in the natural environ-

ment (Chebanov and Billard 2001), stocking with

adults comprises a number of other problems, such as

the domestication and other selection processes

caused by aquaculture conditions, as well as substan-

tially reduced fitness when compared with fish from

natural populations (Reisenbichler and Rubin 1999).
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Rearing individuals up to their maturity is both time

and money consuming, so it is usually not practiced,

except in the commercial aquaculture for caviar

production and in the case of permanent brood-stock.

The only exception is probably the sterlet, due to its

early maturity, and some countries like Austria have

been also releasing sterlet adults (Williot et al. 2002).

The pattern of lower effectiveness of juvenile stock-

ing for late maturing species, that is caused by the

lower chances of survival of stocked individuals if

they need longer time to reach maturity and repro-

duce, indicates that this aspect of life history has to be

always taken into consideration when deciding on the

amount of juvenile individuals that should be

released.

Another important pattern that was revealed in

juvenile stocking scenarios is the delayed effect of

stocking on the population recovery, proportional to

the time of maturity (Fig. 7). This lag, caused by the

time that released individuals need to wait before

they start reproducing, has to be included in man-

agement planning. For instance, the release of large

numbers of beluga juveniles will produce effect on

population dynamics and recovery only after

15 years, which is the average time that females of

this species need to reach the maturity.

The stocking scenarios within the present study

have not dealt with the important question of the effect

of supportive stocking on the inbreeding (and out-

breeding) depression (Ludwig 2006), and there is a

need for wider use of genetic models which could

provide information on the costs and benefits of

supplementing fish populations with hatchery-reared

stock (Jager et al. 2000). As claimed by Hedrick

(2002), effective population size of fish species with a

high number of offspring can be surprisingly small,

since there is a large variance in contribution to the next

generation, which is even more visible in supportive

stocking, when few adults are used to produce a large

number of stocked individuals. It is a common practice

to use no more than ten sturgeon individuals of each sex

to produce hundreds of thousands of offspring that will

be released (Patriche pers. comm.).

Conclusions

The population viability analysis performed in the

present study has revealed a large sensitivity of the

Danube sturgeon populations to changes in life

history parameters, especially in the natural mortal-

ity, fecundity, age at maturity and spawning fre-

quency, so any anthropogenic impact that has an

influence on these vital rates can also significantly

increase their risk of extinction. It was also confirmed

that the sturgeons are highly susceptible to even

moderate levels of commercial fishery, and that the

pressures that are above the thresholds of population

viability can reduce a population to less then half of

its initial size in only a few decades. Slow recovery of

sturgeon populations, observed in no-impact scenar-

ios, confirms the claim of Lenhardt et al. (2006a) that

the recovery of sturgeons, especially of those long-

lived species like the beluga, is a multi-decadal affair.

This fact is important to take into consideration for

any management planning in the present situation of

established moratoria on sturgeon fishery in the

Danube.

Stocking will probably remain one of the main

conservation measures in the Danube basin. While

the present study has shown that the stocking with

adult individuals produces considerably greater effect

on population persistence than the stocking with

juveniles, the latter approach can be still considered

as preferable, since it avoids many inherent problems

of aquaculture cultivation. The significant lag in

positive effects of stocking on population persistence

and recovery, which was revealed in juvenile stock-

ing scenarios and especially in slow maturing species,

has to be considered in future conservation and

management policy planning activities.

Nevertheless, due to a lack of data on life history

parameters of Danube sturgeons, there were many

assumptions and ‘‘rules of thumb’’ made in develop-

ment of model input data, so there is a certain level of

caution needed when interpreting obtained results.

Indeed, although the development of PVA models for

Danube sturgeons could improve our ability to

implement efficient conservation strategies for these

species, this process might be slowed to an extent by

lack of exact data on sturgeon life history parameters.

There is a present need for extensive studies on

sturgeon ecology and life history that would provide

better estimation of their life history parameters.

However, the future development of PVA should not

wait for better data, since it can provide insights

regarding the parameters that have the strongest

impact on population persistence, and thus endow
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researchers with directions to research activities of

greatest importance (Jarić et al. 2009b). Based on the

results of this study, future research efforts should be

oriented towards the estimation of the inherent

population growth rate of each Danube sturgeon

species, natural mortality rates of the each age group,

and better assessment of the average fecundity, age at

maturity and spawning frequency of females.

If used with ample precaution and thoroughness

and taking into account present uncertainties, PVAs

could significantly improve our knowledge about

these remarkable species and possible ways of their

protection.
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ulation viability analysis and potential of its application to

Danube sturgeons. Arch Biol Sci 61(1):123–128

Kennedy AJ, Sutton TM (2007) Effects of harvest and length

limits on shovelnose sturgeon in the upper Wabash River,

Indiana. J Appl Ichthyol 23:465–475

Kuparinen A, O’Hara RB, Merilä J (2008) The role of growth
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