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Abstract The numbers of spawning sites for Chinese
sturgeon have been drastically reduced since the
construction of the Gezhouba Dam across the Yangtze
River. This dam has blocked migration of Chinese
sturgeon to their historic spawning ground causing a
significant decline of the Chinese sturgeon population.
We conducted a VORTEX population viability analysis
to estimate the sustainability of the population and to
quantify the efficiency of current and alternative
conservation procedures. The model predicted the
observed decline of Chinese sturgeon, resulting from
the effect of the Gezhouba Dam. These simulations
demonstrated the potential interest of two conservation
measures: increasing spawning area and reducing

predation on sturgeon eggs. The simulations also
demonstrated that the actual restocking program is not
sufficient to sustain sturgeon population as the artificial
reproduction program induce the loss of more wild
mature adults that the recruitment expected by the
artificial reproduction.
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Introduction

Dams are known as one of the most negative human
impacts on river ecosystems, as they modify physical
environment and regulate flow (Allan 1996). This has
significant consequences for fragmentation of habitats,
blocking migration routes, and destroying spawning
grounds, causing loss of biodiversity (Baxter 1977;
Dudgeon 2000), as experienced on a large variety of
reservoirs all around the world (World Commission on
Dams 2000). Despite the negative impact of these
constructions, the amount of damming projects is still
increasing and dams are bigger and bigger, like the
Three–Gorges Dam (TGD). This dam, is the largest
dam ever built, it is 193 m high and the resulting
reservoir floods over 600 km of the Yangtze course. It
deeply modify the Yangtze ecosystem and will
probably strongly affect both animal and vegetal
communities (Wu et al. 2003). Indeed, Park et al.
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(2003) predicted a biodiversity decline of endemic
fishes of the upper Yangtze River caused by the TGD.
In addition, Xie (2003) pointed out the potential
negative impact of TGD, combined with the Gezhouba
Dam (located 38 km downstream from TGD) on the
ancient endemic fish, such as Chinese sturgeon
(Acipencer sinensis), Yangtze sturgeon (A. dabryanus),
and Chinese paddlefish (Psephurus gladius).

Biological information on Chinese paddlefish and
Yangtze sturgeon are too meager to forecast the
sustainability of these species. On the contrary, Chinese
sturgeon population biology was intensively studied
since the 1970s (Anonymous 1988). This species, due
to its large size (more than 4 meters long and 450 kg
weight, Chang and Cao 1999) but also to its ancient
history (paintings representing Chinese sturgeons made
more than 2000 years ago have been found in China) is
considered as one of the three most emblematic fish
species in the Yangtze River together with the Chinese
paddlefish and the Yangtze sturgeon. This is also a
vulnerable species, like most of the sturgeons, due to
its late maturity (Waldman and Wirgin 1997; Ludwig
2008). Prior to construction of the Gezhouba Dam, the
original spawning area was located in the upstream
part of the Yangtze River, The 16 known natural
spawning grounds were dispersed in a 800 km length
reach, from upstream of Xinshi to downstream of
Fuling (Fig. 1) (Anonymous 1988; Wei et al. 1997).
The construction of the Gezhouba Dam, in 1981,
blocked the migration route and all the natural
spawning grounds became unavailable. Only one new
spawning ground which has been recorded since 1981
is located just downstream the Gezhouba Dam and
represented by a 3 km long area (Fig. 1). The area of
this alternative spawning site represents less than 1%
of the ancient spawning area (around 800 km), as well
as the carrying capacity of this alternative spawning
site is about 10% of the ancient one, leading to a
decline of the population (Wei et al. 1997; Chang
1999; Yi et al. 1999). Aiming to conserve this
emblematic species, the Chinese government estab-
lished a series of protection measures, such as prohibit-
ing commercial fishing since 1983, setting up an
artificial propagation program (leading to release larvae
and juveniles since 1984), protecting actual spawning
ground, and initiating studies on the biology and the life
history of Chinese sturgeon (Fu et al. 1985; Chang and
Cao 1999). However the sustainability of the last
population of Chinese sturgeon is still unknown. Our

aim was therefore to estimate the status of the species
using a population viability analysis (PVA).

PVA methods are mathematical simulations of the
dynamics of a population. These models integrate the
biological characteristics of the considered population
and permit us to estimate the impact of environmental or
human disturbances on the sustainability of the
population, expressed for example as a population
growth rate. PVA methods are now extensively used to
estimate extinction risk of endangered species and
provide effective guidelines for establishing conserva-
tion measures (Lindenmayer and Possingham 1995;
Miller and Lacy 2005). However, the precision of
extinction risk prediction has been the subject of some
debate (Ludwig 1999; Fieberg and Ellner 2000;
Coulson et al. 2001; Brook et al. 2002; Ellner et al.
2002; Reed et al. 2002; McCarthy et al. 2003). Despite
uncertainties on the accuracy of the predictions, due
to incomplete biological information, stochastic
environmental events and the complexity of feedback
mechanisms, PVA are recognized as reliable methods
to estimate species sustainability (Brook et al. 2000)
and useful tools to manage threatened species
(Mathews and Macdonald 2001; Lunney et al. 2002).

Based on previous studies on the population
biology of the Chinese sturgeon, our aim was to
build a population viability analysis (PVA) model to
estimate the sustainability of this species in the
Yangtze River. Then, we used this model to quantify
the efficiency of actual and alternative management
procedures, leading to discuss their interest for
Chinese sturgeon conservation.

Material and methods

Chinese sturgeon

Chinese sturgeon is an anadromous species, which
historically reproduced in the upstream parts of two
large rivers: Yangtze and Pearl rivers (Fig. 1). However,
due to human impact, the Chinese sturgeon is now
rarely found in the Pearl River, and the Yangtze River
is probably its last refuge (Wei et al. 1997). Spawning
stocks were estimated as well as biological character-
istics of the species were recorded since 1981 by the
Hydrobiology Institute of the Chinese Academy of
Sciences in Wuhan, the Chinese Sturgeon Institute in
Yichang and Yangtze River Fisheries Research
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Institute in Shashi. Since 1981, sampling has been
done each year during the reproduction period. Fish
spawning stock were estimated using hydroacoustic
methods and biological characteristics (see Table 1)
were measured by fish captures. Indeed, each year,
mature adults were captured for artificial reproduction
purposes. For more detail on the biological character-
istics and population structure of Chinese sturgeon, see
Deng et al. (1985), Chang (1999) and Wei (2003).

PVA model and scenarios

Population sustainability of Chinese sturgeon was
estimated using the VORTEX (Lacy 1993) PVA
simulation method. The choice of VORTEX was
guided by the ability of this model to incorporate
available details on sturgeon life history. Moreover, this
modeling procedure is commonly used to forecast
sustainability of endangered species, and it has been
recognized as an efficient and flexible method,
providing similar predictions to the other sustainability
analysis programs (Brook et al. 2000). The VORTEX
model is a Monte Carlo simulation of the effects

of deterministic forces as well as demographic,
environmental and genetic stochasticity on the dynam-
ics of a population (Lacy 2000; Miller and Lacy 2005).
This program models population processes as discrete
sequential events with probabilistic outcomes. It is an
individual-based system that keeps track of each
member of a population. Life history processes are
therefore simulated by generating random numbers to
determine whether each individual live or dies and to
determine the reproductive output of each female
at each reproduction. Full details of VORTEX
functioning are given by Lacy (1993).

The VORTEXmodel of Chinese sturgeon population
dynamics was built using actual knowledge on the
species and these parameters are given in Table 1.
Although the VORTEX model can be used on any
kind of animals, it can not deal with total initial
population sizes larger than 30000 (Miller and Lacy
2005). This is easily exceeded for high fecundity
species (such as fish); in that case, Lacy (1993)
proposed to restrict the population considered in the
model to sub-adult and adult individuals to avoid
biases in the simulations. The size and age structure

Fig. 1 Map of China showing the location of historical and actual Chinese sturgeon (A. sinensis) spawning area. The two dams,
Three-Gorges Dam (TGD) and Gezhouba Dam are indicated on the map
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of Chinese sturgeon population has been roughly
estimated to c.a. 90000 fish older than one year (Gao
2007). The estimation was based on 1981 biological
survey of the species conducted by the Chinese
Academy of Sciences and all available information
on the species. As this fish number exceeded the
VORTEX program capabilities, we followed the
recommendation of Miller and Lacy (2005) to restrict
the population size to adults and sub-adults. We hence

restricted our analysis to the fish older than 6 years,
and the initial population size was then set to 26930
individuals (i.e. total estimated number of Chinese
sturgeon older than 6 years old; Table 1). This age also
correspond to the beginning of sub-adult fish migration
from the sea to the Yangtze River. It was then possible
to record these fish in the Yangtze River. Indeed, it is
almost impossible to estimate sturgeon survival during
the first years, as the individuals can not be counted in a

Table 1 Parameters used in VORTEX for basic simulation and status simulation

Parameter Value Sources Sampling

Basic Status
(Best-Worst)

Type of reproductive system Polygamous Polygamous Wei 2003

Inbreeding depression Nil Nil Zhang et al.
2003

Collecting 106 fishes between
1995-2000

Age of first reproduction for female 20 years 13–26 years Chang 1999 From 1981 to 1998 in Yichang

Age of first reproduction for male 13 years 8–18 years Chang 1999 From 1981 to 1998 in Yichang

Maximum age of reproduction 35 years 35 years Chang 1999 From 1981 to 1998 in Yichang

Density dependent reproduction Yes Yes Qiao et al.
2006

1998–1999 and 2002 in Yichang

Carrying capacity of spawning ground below
the dam (S)

38 13–64 Chang 1999 From 1984 to 1998 in Yichang

Time of spawning activity each year (A) 1.7 time 1–2 time Wei 2003 From 1982 to 2003 in Yichang

Percentage of spawners to adult females at
density dependence (Pi)

13.40% 9.20%–18.40% Gao 2007 Estimeted by sampling data in 1981

Male sex ratio at birth (proportion of males) 46.10% 46.10% Gao 2007 Estimeted by sampling data in 1981

Mean of six-year old offspring per female 10.5 6.2–29.9 Gao 2007 Estimeted by sampling data in 1981

Males in breeding pool 15.90% 10.90%–
21.90%

Gao 2007 Estimeted by sampling data in 1981

Female mortality before maturation 8.3–16.0% 8.3–16.0% This study Estimeted by sampling data in 1981

Adult female mortality 7.40% 7.40% This study Estimeted by sampling data in 1981

Male mortality before maturation 13.4–18.7% 13.4–18.7% This study Estimeted by sampling data in 1981

Adult male mortality 11.60% 11.60% This study Estimeted by sampling data in 1981

Catastrophe Ship Nil- Ship This study From 1984 to 1998 below
Gezhouba Dam

Frequency of catastrophe 100% Nil-100% This study From 1984 to 1998 below
Gezhouba Dam

Severity of catastrophe to reproduction 1 1–0.987 This study From 1984 to 1998 below
Gezhouba Dam

Severity of catastrophe to survival 0.999 1–0.999 This study From 1984 to 1998 below
Gezhouba Dam

Initial population size 26 930 26 930 Gao 2007 Estimeted by sampling data in 1981

Carrying capacity (K) 30 000 30 000 Gao 2007 Estimeted by results of Chang
(1999)

Harvest 0 0–100 Chang and
Cao 1999

From 1984 to 1999 in Yichang

Supplementation 0 0–34 Gao 2007 Estimeted by the number of
releasing fishes in 1998
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large river such as the Yangtze. This procedure proposed
byMiller and Lacy (2005) to deal with large population
sizes, was efficiently employed for population viability
analysis of trout using VORTEX (Brook et al. 2000;
Rieman and Allendorf 2001) (See Appendix). Due to
the large population size, we assumed there was no
inbreeding depression, as demonstrated by Zhang et al.
(2003). After construction of the Gezhouba Dam, the
new spawning ground below the dam was not
sufficient to permit all the mature fish to spawn (Qiao
et al. 2006). Therefore, we considered that the dam
induced a density-dependent reproduction due to the
loss of natural spawning habitats (Table 1). We
expressed the percentage (PF) of females breeding
density-dependently as

PF ¼ MINðS � A;F � PiÞ
F

� 100%

where S was the carrying capacity of the spawning
ground, namely the number of spawners (Chang 1999).
A (time) was the number of spawning activity each
year (Wei 2003). F was the number of adult females
considered in the VORTEX model and Pi was the
percentage of adult females breeding (Gao 2007).

Male sex ratio at birth was estimated as the
proportion of 6 years old males to 6 years old
individuals. According to the previous studies on
sturgeon biology and the calculated population
structure, the average fecundity was estimated to 10.5
six-year old offspring per female (Gao 2007). Males in
breeding pool were considered as the proportion of
mature males to males older than 13 years. Natural
mortality rate was estimated as described by Chen and
Watanabe (1989). Since fishing would be involved as
an input parameter, the fishing mortality was neglected
here to avoid “double dipping” (Brook 2000). The
actual carrying capacity is unknown, but the population
size was stable before damming due to a constant
recruitment (Chang 1999). We considered that the
initial population size approached carrying capacity
which was assumed equal to 30000, according to the
VORTEX model prescriptions (Miller and Lacy 2005).
One “catastrophe” was considered, it accounted for
238 individuals killed by ships propellers from 1984 to
1998 (Chang 1999). This occurs each year, so the
“catastrophe” frequency was 100% and its severity in
reproduction and survival rate was 0.999 and 0.987,
respectively. Since 1984 spawners were captured to
perform artificial reproduction and restocking (i.e.

supplementation). In the model, supplementation and
harvest were considered as artificial impacts on the
population.

The VORTEX parameters were calculated using
species-specific and population–specific data obtained
from field surveys (Table 1). The population was
modeled over 100 years with each simulation repeated
for 1000 iterations. The model output provided
population growth rate, extinction probability and
population size dynamics. Differences between models
simulations were tested using Student t-test. We first
predicted population dynamics using the parameters of
sturgeon biology given in Table 1. This accounted for
the actual situation, including impact of the dam and
conservation measures set since the Gezhouba Dam
construction (no commercial fishing, restocking…).
Restocking is the current conservation strategy. This
program has been set since 1984 by the Institute of
Chinese Sturgeon. From 1984 to 1999, up to 100
mature fishes were permitted to be captured each year.
Mature fish were captured and used to produce
juveniles by artificial reproduction. Since 1999, the
catches were reduced to less than 50 fish per year
(Chang and Cao 1999). Each year since 1984,
juveniles were produced by artificial reproduction and
released to the Yangtze. However, the number of
juveniles released did not exceed 20000 fish per year.
In 1998, about 20000 juveniles were released to the
Yangtze (Xiao et al. 1999). Gao (2007) estimated that
this represents about 4% of the juvenile population in
the estuary based on the mark-recapture and genetic
data (Chang 1999; Zhu et al. 2002). Morover, the long
term biological survey of Chinese sturgeon population
dynamics in place since 1984, allowed us to estimate
among the 20000 released juveniles only 34 will
survive up to 7 years of age (Gao 2007). To provide a
detailed understanding of the drawbacks of restocking
we used our simulations to test the negative effect of
adult capture for artificial reproduction purposes and
the positive effect of restocking (only 20000 juveniles
per year was tested as this corresponds to the actual
restocking level). However, due to both individual
variability and uncertainties in the biology of sturgeon,
we provided simulations ranging from best to worst
situation (Table 1). In that way, the outcome of the
sturgeon population is comprised between these two
extreme values. Then, based on parameters estimated
by the average value of the biological data, we
constructed a basic simulation of sturgeon population
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size dynamics. This basic simulation comprised no
restocking and no harvest, to provide a situation without
human impact except the impact of the dam. The basic
simulation was then used to run a series of simulations
to simulate the effect of different human actions in terms
of conservation or disturbances for the species. These
scenarios were modeled to help identify the impact of
some human activities as well as the interest of some
conservation measures to the sustainability of Chinese
sturgeon population.

The 6 scenarios tested were the following:

Scenario 1: Impact of the dams
In this scenario we considered that the removal of
the dams (TGD and Gezhouba) would allow
recovery of the original spawning grounds surface
and therefore improve spawning. In the basic
simulations, the impact of the dams was considered
as density-dependent reproduction due to the small
size of the spawning ground. The assumption
without density-dependent reproduction, which
represented the status without impact of the dam,
was simulated and compared with the basic
assumption.
Scenario 2: Utility of supplementation
The supplementation comes from restocking
permitted by artificial reproduction. The supple-
mentation range tested, equivalent of 20, 30 and 40
seven year old individuals, was consistent with
actual restocking. This allowed us to test if the
artificial supplementation constitutes a useful
conservation strategy.
Scenario 3: Impact of fish harvest
Commercial fishing is forbidden since 1983, but
adults are still captured for scientific purposes
and artificial reproduction. We therefore tested
the impact of the adults harvest on population
sustainability. Three harvest levels were tested: 20,
50 and 100 individuals per year (50% male and
50% female).
Scenario 4: Modifying spawning ground size
The remaining spawning site is less than 1% of the
historic spawning area. In this scenario we tested
the effect of increasing spawning ground size, for
example by building artificial spawning grounds.
Therefore, we simulated increases of 50%, 100%
and 200% in spawning ground size. We also
simulated a decrease of 50% of the carrying

capacity of the spawning ground. This simulates
the effect of the TGD, as a 41.6 % reduction of the
flow downstream Gerzhouba dam is expected due
to TGD functioning.
Scenario 5: Increasing fecundity
A large proportion of Chinese sturgeon eggs are
eaten by benthic fish (mainly largemouth bronze
gudgeon (Coreius guichenoti), bronze gudgeon
(C. heterodon) and dark barbel (Pelteobagrus
vachelli)). This predation pressure drastically
reduces recruitment and affects population
dynamics (Hu et al. 1992; Chang 1999; Yu et al.
2002). In this scenario, we simulated a reduction
of benthic fish predation pressure on sturgeon
eggs, leading to increased sturgeon fecundity. The
impact of a set of fecundity improvements were
modeled as 50%, 100% and 200% increase of
offspring numbers.
Scenario 6: combination of spawning ground and
fecundity
In this scenario, the effects of simultaneous
implementation of two conservation measures
suggested above were tested. These combinations
of simultaneous increases of 50%, 100%, and
200% in both carrying capacity of spawning
ground and offspring numbers were simulated.

Results

The best and worst cases for Chinese sturgeon predicted
a decline of the sturgeon (Fig. 2), with a growth rate of
between 1.1% and −17.2% per year and a population
size comprised between 24 598 (±3 343) and 0
individuals after 100 years simulation. The best status
predicted a sustainable population whereas the worst
status predicted extinction in 35.1 years (Table 2).

Considering the 6 sets of scenarios used to simulate
the effects of human management or disturbances
on Chinese sturgeon sustainability, population size
significantly differed (P<0.001) between the basic
assumption and all the scenarios, showing that the
human activities influence population size. However,
this result is balanced by the analysis of population
growth rate, indicating that increasing supplementation
(scenario 2) did not affected significantly (P<0.05)
population growth rate (Table 3). In that way, for this
scenario, the population showed a similar decreasing
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dynamic as the simulation of the basic scenario
(Fig. 3d and e).

The four scenarios, namely: impact of the dams
(scenario 1), increasing spawning ground size (scenario
4), increasing fecundity by protecting eggs against
predation (scenario 5) and the impact of increasing
fecundity and spawning ground (scenario 6) had a
significant influence on both population size and growth
rate (Table 3). Removal of the dams was the only
scenario which predicted a stabilization of the popula-
tion size (Fig. 3a) and a positive population growth rate
(Table 3). In scenario 3, the increase of adults harvest
could have a dramatic effect on the sustainability of the
species. A fishing strength of 100 adults per year could
induce a steep decline of the population. This
simulation was the only case where the extinction
probability (PE) was not zero (PE=1) and the mean
extinction time (Mean TE) predicted was 65.5 years
(Fig. 3c and Table 3), showing that the population can
decline rapidly in the case of intensive harvests. Even
if decreasing the fishing pressure by 50%, there was
still a significant impact resulting from harvest of
adults (Fig. 3c and Table 3). In the same way, the

increase in fecundity and spawning ground could
provide efficient means of conservation, as population
survivals were clearly higher than for the basic
assumption (Fig. 3d and e). Comparing with the basic
scenario, even a small (e.g. 50%) increase in fecundity
and spawning ground induced a significant increase of
both population size (P<0.001) and growth rate (P<
0.05). In Scenario 4, reducing the size of spawning
ground to 50% of its actual surface caused a significant
decrease in both population growth rate and population
size (P<0.001) (Fig. 3d and Table 3). In scenario 6,
combination of two conservation strategies described
above had a significant positive effect on both
population size (P<0.001) and growth rate (P<
0.001). Particularly, an increase of both spawning
ground surface and early survival rate would permit
stop the decline of the species and acquire a population
growth rate up to 5% (Fig. 3f; Table 3). Moreover, the
effect of simultaneous improvements in carrying
capacity of spawning grounds and early survival rate
significantly (P<0.001) exceeded that of a single
conservation measure.

Discussion

The long lifespan and the late maturity of the Chinese
sturgeon makes field experimentations almost impossi-
ble and experimental and hazardous management
strategies could endanger the entire species. In that
context, the simulation of “virtual populations” offered
the only feasible approach to estimate the impact of
different conservation or management strategies.
However, the results of PVA models should be
considered with caution, as according to Taylor (1995)
and McCarthy et al. (2003), simulations can only
provide trends on the likely responses of a population
to changes in its environment, but not exact values on
the future of the considered species. To reduce those
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Fig. 2 Population size evolution on a 100 years time scale
simulated using actual characteristics of the Chinese sturgeon
population. The number of individuals is given as a range
corresponding to minimal and maximal values of life histories
traits introduced in the model (i.e. best and worst status)

Table 2 The simulations to estimate the status of Chinese sturgeon

Status Deterministic
growth rate
(year−1)

Population growth rate
(r, year−1) [mean and
(S.D.)]

Population size
(N) [mean and
(S.D.)]

Probability of
extinction (PE,
%)

Mean of
extinction time
(Mean TE, year)

Proportion of output
population size to initial
population size

Best 0.213 0.011 (0.092) 24 598 (3343) 0 0 0.91

Worst −0.055 −0.172 (0.078) 0 (0) 100 35.1 0

Environ Biol Fish (2009) 86:325–336 331



potential biases in the calculation, we therefore ran the
model on a 100 years time span, although this duration
was quite short compared to the longevity of the
species (100 years represents less than 5 generations).
However, there was still some heterogeneity in the
predictions, due to the high natural variability of some
biological characteristics of Chinese sturgeon. We
therefore preferred to provide a range of predictions
between upper and lower limits (see Fig. 2), than
providing a-priori selection of the model parameters.

The VORTEXmodel used here predicted a decline of
the population (Fig. 2 and Table 2). Such population
trends were consistent with the results of the field
survey showing a steep decline of fish recruitment

(Chang 1999; Yi et al. 1999). This means that the
conservation strategies, such as prohibiting commercial
fisheries and restocking, are probably not sufficient to
sustain the population. The main cause of the decline is
primarily the loss of the natural spawning grounds due
to the dam construction (Chang 1999; Wei 2003),
which totally blocks the fish migration route (Xie
2003). These field observations were consistent with
the model prediction showing a stabilization of the
population in the case of the removal of the dams
(Table 2). However, the consideration of dams removal
for conservation purpose, although proposed by some
authors (Kareiva et al. 2000; Dambacher 2001) is not a
realistic issue in this case. On the contrary, the Chinese

Table 3 Changes on empirical assumptions and comparing the
results between basic assumption and empirical assumptions.
Significance of difference of outputs, such as population

growth rate and population size, between the basic assumption
and empirical assumptions are tested using a Students two-
tailed t-test. ns, not significant, * P<0.05, *** P<0.001

Scenario Change Population
growth rate
(r, year−1)
[mean and (S.D.)]

Population size
(N) [mean and
(S.D.)]

Output
population
size : initial
population size

Probability
of extinction
(PE, %)

Mean of extinction
time (Mean TE,
year)

Basic −0.018 (0.040) 4531 (245) 0.17 0 0

Scenario 1 Impact of the dams

No dam 0.029 (0.040)*** 27303 (2271)
***

1.01 0 0

Scenario 2 Increasing supplementation

Supplementation +20 −0.017 (0.04) 4695 (237)*** 0.17 0 0

Supplementation +30 −0.017 (0.039) 4768 (242)*** 0.18 0 0

Supplementation +40 −0.017 (0.039) 4853 (254)*** 0.18 0 0

Scenario 3 Increasing harvest

Harvest +20 −0.019 (0.041) 4197 (283)*** 0.16 0 0

Harvest +50 −0.02 (0.041) 3687 (647)*** 0.14 0 0

Harvest +100 −0.076 (0.072)*** 0*** 0 1 65.5

Scenario 4 Spawning ground

Spawning ground −50% −0.025 (0.051)*** 2264 (146)*** 0.08 0 0

Spawning ground +50% −0.014 (0.035)* 6787 (321)*** 0.25 0 0

Spawning ground +100% −0.011 (0.031)*** 9073 (408)*** 0.34 0 0

Spawning ground +200% −0.007 (0.025)*** 13611 (595)*** 0.51 0 0

Scenario 5 Increaseing fecundity

Fecundity +50% −0.014 (0.039)* 6787 (394)*** 0.25 0 0

Fecundity +100% −0.011 (0.039)*** 9063 (565)*** 0.34 0 0

Fecundity +200% −0.007 (0.044)*** 13589 (1012)*** 0.51 0 0

Scenario 6 Combination

Spawning ground and fecundity +50% −0.010 (0.033)*** 10206 (556)*** 0.38 0 0

Spawning ground and fecundity +100% −0.004 (0.031)*** 18143 (1038)*** 0.67 0 0

Spawning ground and fecundity +200% 0.050 (0.029)*** 28633 (2180)*** 1.06 0 0
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government policy favors construction of dams, such
as the newly built TGD, located 38 km upstream from
the Gerzhouba dam.

The actual main conservation strategy is represented
by restocking using artificial reproduction techniques.
Since 1999, more than 20000 young-of-the-year juve-
niles have been released each year to the Yangtze. The
number of the released juveniles reached 60000 in 1999
(Zhu et al. 2002). Despite the important effort of the
Chinese government, this conservation strategy hardly
affects the decline of the population, as shown by
Fig. 3b. This is in accordance with field works
showing a low survival rate of juvenile sturgeons and
therefore suggesting increasing supplementation

(Chang 1999; Zhu et al. 2008; Wei 2003), as efficiently
done for other sturgeon species. For example, millions
of juveniles of Russian sturgeon (A. gueldenstaedti),
stellate sturgeon (A. stellatus) and beluga sturgeon
(Huso huso) were released each year in the Caspian
Sea to sustain these species and compensate for
population loss due to reduced spawning grounds,
pollution, and commercial fishing (Secor et al. 2000;
Ludwig 2008). However, such intensive supplemen-
tation requires capturing mature fish and the loss
of adult fish used for artificial reproduction could
not be compensated by juveniles restocking. Such
artificial propagation using wild mature individuals
should therefore be stopped immediately, as this
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conservation measure accelerates population declines.
The best way to avoid this negative impact would be to
stock juveniles and rear them in cages or ponds up to
sexual maturity, and then use them for artificial
reproduction, as proposed by Secor et al. (2000) and
Wei et al. (2004) to conserve Caspian Sea sturgeons.
This measure would have a lower impact than
capturing adults, but previous experiments failed to
induce gonads maturation of reared individuals.
Another solution may be to improve artificial
reproduction techniques to obtain more juveniles per
female, as each female produce 645 000 eggs. This
could permit to reduce the amount of mature fish
capture and increase restocking. However, even if the
artificial reproduction could be optimized, in that case,
there will be a risk of genetic diversity loss due to
outbreeding depressions (Ludwig 2006).

As actual conservation measures are not efficient,
we tested two alternative scenarios. First, we tested
the influence of the increase of spawning ground size,
leading to increase the carrying capacity of spawning
grounds, as it was efficiently used for other species in
Russia and Canada (Vlasenko 1974; Provost et al.
1984). This measure, recommended for Chinese
sturgeon by Chang and Cao (1999), did improve
population size and population growth rate signifi-
cantly in our simulations (Fig. 3d and Table 3).
However, the actual spawning grounds are now
endangered by the construction of the TGD. This
dam will regulate Yangtze discharge, which will be
reduced up to 41.6% during sturgeon spawning period
(Chang and Cao 1999). Given the importance of flow
fluctuations in sturgeon spawning, the TGD will
strongly impact Chinese sturgeon reproduction. It is
also likely to reduce the size of the spawning grounds
due to decreasing water surface area and pebbles size,
as experienced downstream of many dams (Baxter
1977; Allan 1996). The effect from TGD was
modeled here by decreasing spawning ground area
by 50%, which resulted in a significant decline of
population growth rate and population size (Table 3).
The second alternative scenario tested the effect of
increasing sturgeon fecundity by reducing eggs
predation by benthic fish. From a theoretical point
of view, this could constitute a valuable conservation
way, as more than 90% of the eggs are eaten by
benthic fish predators directly in the spawning ground
(Hu et al. 1992; Chang 1999). The model provided a
highly significant positive response to reasonable

decrease of predation pressure on eggs. An increase
of 200% of the remaining eggs would stabilize the
population to 13 000 individuals. From a practical
point of view, it might consist of laying a fine meshed
metallic grid on the spawning ground just after the
end of spawning to reduce predation on eggs.
Although hypothetical, such conservation measures
should be tested.

Although PVA is just a predictive tool, with its
inherent shortcomings, it clearly indicated a decline of
the Chinese sturgeon population due to the loss of the
spawning grounds. The results also suggested that the
actual restocking strategy probably has a negative
impact on the population. In addition, the model
demonstrated that the efficient conservation strategies
would be to build the spawning ground and protect
sturgeon eggs against predation. However, the real
impact of the newly built TGD has probably been
underestimated in this model, as it may strongly
modify the Yangtze ecosystem by regulating flow and
reducing small particulate organic matter transport
which will sink in the newly built reservoir. This may
modify the aquatic ecosystem processes and therefore
also affect fish diversity (Dudgeon 2000). In that way,
the precise impact of the TGD on Chinese sturgeon is
still difficult to predict. According to both field
studies (Wei et al. 1997; Chang 1999; Yi et al.
1999) and to the model predictions, we can believe
that the Chinese sturgeon urgently needs efficient
conservation measures to avoid its extinction.

Although this work focuses on only one emblem-
atic species, for which extended data is available, it
should be noticed that Gerzhouba dam and the
recently built TGD will also threaten many endemic
species such as Yangtze sturgeon, Chinese paddlefish
(Xie 2003), as well as more endemic fish species
(Park et al. 2003). Although Wu et al. (2003)
considered that the Gerzhouba and TGD dams could
be viewed as an invaluable opportunity to study river
fragmentation, it should be noticed that this “exper-
iment” will cause a huge biodiversity decline in the
Yangtze basin, as well as the extinction of several
endemic fish species, among which, the Chinese
sturgeon is only an example.
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Appendix

Comparison between two PVA models considering
only fish older than 6 years and only fish older
than 7 years. Models were run with 1 000
iterations and predicted population parameters in
10 years, 50 years, and 100 years, respectively.
Population growth rate between simulations were

compared using Student t-test. Differences in
population growth rates between start age 6 and
start age 7 were not significant (P>0.05). Propor-
tions of output population size to initial population
size were similar between simulations. These results
show that considering fish older than 6 years or fish
older than 7 years did not significantly affect the
results.
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