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1. Introduction

Worldwide, more than 58.000 large dams (ICOLD, 2017) and several
millions of smaller ones (Couto and Olden, 2018; Lehner et al., 2011)
severely impact river habitats by disrupting sediment and nutrient trans-
port, altering flow regimes and river bottoms, with potential effects on
demography, migrations, reproductive patterns, and habitat use of local
fish species (Thieme et al., 2021). Drawing an exhaustive picture of impacts
of these structures on resident species is often not possible by direct obser-
vations, especially in the case of very rare and elusive species for which the
size of the residual population and the habitat use patterns are difficult to
unravel. Therefore, assessing the impact of damming on local species can
benefit from indirect and multidisciplinary approaches. Among these, the
evaluation of microchemical composition in fish hard tissues proved to be
an informative technique to elucidate habitat uses at different animals
ages (Feitosa et al., 2020). In this context, we try to couple genetic and
microchemical approaches to evaluate the impact of damming on an imper-
iled sturgeon species as a case study.

Sturgeons and paddlefish are species among the most heavily impacted
by overfishing and anthropogenic habitat destruction, all drivers that push
them to the brink of extinction (International Union for Conservation of
Nature - IUCN, www.iucnredlist.org; He et al., 2017). Despite worldwide
legal protection and their listing under the Convention on International
Trade in Endangered Species (CITES) agreement since 1998, the lucrative
and illegal business trade of sturgeon meat and caviar has continued to
deplete wild stocks (Pikitch et al., 2005). Meanwhile, hydroelectric dams
and other development projects in the proximity of rivers have led to the
destruction of spawning areas and to the blockade of migration routes
(He et al., 2017).

Extremely critical is the situation in the Yangtze River (China), the
world's third longest river, which is spanned by the largest hydroelectric
dams (the Gezhouba Dam [GD], completed in 1981, and the Three-
Georges Dam [TGD], in 2003; (Huang, 2019)). Prior to the dams'
construction, the Yangtze was inhabited by the three most important
endemic exponents of the Chinese fish fauna: two sturgeon species, the
Yangtze or Dabry sturgeon (Acipenser dabryanus) and the Chinese sturgeon
(A. sinensis), and the Chinese Paddlefish (Psephurus gladius), and their distri-
bution range extended over 3000 km (Wei et al., 1997) in river length. After
damming, the habitat stability was heavily perturbated; the dams cut off
almost all known spawning sites for sturgeon species (Fig. 1A; Wu et al.,
2017a, 2017b) and influenced the seasonal fluctuations in downstream
water temperatures (Huang, 2019). Also, morphological features of
the river bottom such as hardness, roughness and embeddedness which
are important in shaping suitable spawning grounds and in providing the
larvae with adequate hiding place after hatching (Huang, 2019), were
significantly modified by the hydrological alteration, possibly causing the
loss or the positional changes of breeding sites (Du et al., 2015). The
dramatic loss of suitable hydro-ecological conditions for spawning strongly
reduced the reproductive activity negatively affecting the recruitment and
leading to a worsening of the general conservation status of these species
to ‘Critically Endangered’ (Zhang et al., 2013, 2016; Zhou et al., 2014).
Based on the consequent decrease of animal sightings, Huang and Wang
(2018) predict, based on in silico simulations, a possible species extinction
in less than 20 years. Recently, after the declaration of the extinction of the
Chinese Paddlefish (Zhang et al., 2020), global attention has turned to the
other two remaining species whose recovery needs urgent interventions.

Data about reproduction events of the Chinese sturgeon after 1981 offi-
cially recorded a ‘new’ spawning ground located just below the Gezhouba
Dam, along a river stretch of 5 km (Fig. 1A; Wei, 2020). However, despite
this, the number of mature animals that reach this ‘new’ spawning site
dropped off from about 2000 in the early 1980s to less than 100/year in
2013-2017 (Wu et al., 2015). No spawning was recorded between 2013
and 2015, although a few dozen adults were sighted in that period (Wu
et al., 2017a, 2017b; Zhang et al., 2016). In this context, providing data
on the residual effective number of breeders and on their genetic make-
up is crucial.
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From April and August 2015, unexpectedly, more than 3000 juveniles
were recorded in the Yangtze estuary potentially representing the most
relevant signal of spawning in 10 years, which is also the last one recorded
so far. Their smaller size (approximately 10 cm measured in May) com-
pared with what has usually been observed in the past in the same area
(12-15 cm) of obligate passage during the downstream migration to the
sea, led previous authors to hypothesize the presence of a different
spawning location, likely closest to the estuary (Wu et al., 2015; Zhang
et al., 2016).

Also considering the high degradation of the only remnant ‘new’
spawning site, to shed light on this hypothesis and to estimate the number
of remaining breeders of the ‘Critically Endangered’ Chinese sturgeon, we
analysed a population sample of the above stock of juveniles. Using an
integrated approach of genetic and elemental analyses, we hypothesized a
possible ongoing process of adaptation in response to habitat destruction
and provided a quantitative estimation of the status of the species. The ele-
mental signature of pectoral fins, known to effectively provide life-history
information on individual fish (Clarke et al., 2007), provided information
useful for the location of a new reproductive site never used previously,
while genetic analyses allowed for an accurate estimate of the number of
breeders that participated in the last known spawning.

2. Material and methods
2.1. Study site, organism and sampling

The study was conducted from April to August 2015 on the Yangtze
River Estuary, where more than 3000 juveniles of Chinese sturgeon have
been caught after years of unobserved spawning activity. We focused on
the estuary region mainly because it is the only way forward to reach the
sea for this anadromous species. Moreover, the estuary represents an impor-
tant feeding ground for juveniles that, based on data from past spawns, stay
there for a few months between April and August before dispersing into the
sea. Thus, the annual monitoring of the estuary, performed by using tidal
nets, represents the best chance to sight animals generated by spawning
the previous winter.Most juveniles were released back to the river immedi-
ately after capture. Only for 400 randomly selected specimens we collected
a fin clip and performed genetic analyses to infer relatedness and estimate
the possible number of adult spawners. Meanwhile, we also performed an
elemental analysis on pectoral fin ray samples from a subgroup of 179 indi-
viduals randomly selected. The processing of fin ray samples followed Jiang
et al. (2016). A laboratory experiment was performed to characterize the
relationship between water and sturgeon fin ray (Phelps et al., 2012).
Firstly, the elemental compositions of the fish were compared with data ob-
tained from five cultured individuals (16APAS) collected from the Yangtze
River Fisheries Research Institute in Jinzhou and with a few juveniles
(Zhuang et al., 2016) collected in the Yangtze (15CMAS) to confirm the
wild origin of the sighted juveniles (15CMAS June-July-August). Secondly,
the elemental data from cultural ponds were also compared with water
characteristics obtained from 27 sampling sites from different sections of
the Yangtze (Fig. 1A) to investigate the hypothesis that this species alters
its reproductive strategy in response to habitat degradation.

2.2. Elemental analysis

We performed elemental and isotopic analysis directly on fin rays
by using an LA-ICPMS i.e. an NW213 laser ablation system (New Wave
Research, Fremont, USA) coupled with an Agilent 7500ce ICPMS
(Agilent Technologies, USA), as fin ray microchemistry is usually pre-
ferred to otolith analysis in cartilaginous fishes (Allen et al., 2018;
Phelps et al., 2012, 2017; Selheim et al., 2017). The analytical process
was based on replicated measurements to determine for each sample
the actual limits of detection (LODs) and the relative standard devia-
tions (%RSD) (Jiang et al., 2016).

Five water samples (50 mL each) were collected from each sampling site.
Samples were filtered (first through 0.45- then through 0.02-pm pore-size
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Fig. 1. Study area, sampling sites, and microchemistry results. A, Map of the Yangtze River and tributaries upstream and downstream the TGD and GD (red bars). The region
where historical spawning grounds for the Chinese sturgeon were known is highlighted in green. The numbers within red circles are referred to the sampling sites interested
by the water collection for elemental analysis. 1: Zhengjiang, 2: Wuwei, 3: Anging section, 4: Poyang Lake Downstream (D), 5: Poyang Lake Mouth (M), 6: Poyang Lake
Upstream (U), 7: Wuxue, 8: Huangshi, 9: Ezhou, 10: Tianxingzhou, 11: Hanjiang River D, 12: Hanjiang River Estuary (E), 13: Hanjiang River U, 14: Paizhouwan, 15:
Laowan, 16: Dongting Lake D, 17: Dongting Lake M, 18: Dongting Lake U, 19: Shishou, 20: Mayangzhou, 21: Songzi River D, 22: Songzi River E, 23: Songzi River U, 24:
Qingjiang River D, 25: Qingjiang River E, 26: Qingjiang River U, 27: Gezhou Dam. Very close sampling sites are displayed by pop-up windows. The only known site
below the dam where spawning occurred in the past corresponds to the number 27. Potential current spawning area is highlighted in pink. B, Scatterplot of fin ray
elemental ratios of Chinese sturgeon samples for wild versus cultured origin discrimination. 16APAS = cultured samples taken from the Yangtze River Fisheries Research
Institute in Jinzhou; 15CSAS = juvenile animals taken from the Changshu Section in the Yangtze; 15CMAS in June, 15CMAS in July, 15CMAS in August = juveniles
object of the study collected from the Yangtze Estuary, grouped by harvest month. Analytical standard errors were 5.4 x 10~ ! for Mg/Ca, 4.3 x 10~ * for Mn/Ca, 8.4 x
10~° for Co/Ca, 2.4 x 10~ * for Cu/Ca, 1.1 x 10~ ° for Zn/Ca, 1.7 x 10~ 2 for Sr/Ca, and 3.3 x 10~ * for Ba/Ca. C, Graphical representation of elemental
concentrations to visualize the more likely origin of wild juveniles. The presence of the different elements in each site (1-27) is codified as the ratio between natural
water and pond water. The same approach was used to represent the elemental concentrations in the fin rays, expressed as the ratio between values measured in wild
juveniles and those measured in cultured animals. Red dot = natural water elemental or juvenile fin ray ratios are lower than the cultured. Green dot = natural water
elemental or juvenile fin ray ratios are higher than the cultured. Yellow dot = not detected. Elemental ratios shadowed in grey are discordant with the fin ray values. The
black frame identifies the more probable site of origin.

filters) and analysed for elemental concentrations using inductively coupled elements, Ca ratios (mmol/mol). Linear Discriminant Analysis (LDA) per-
plasma mass spectrometry. A total of eight elemental concentrations were formed by SPSS 23.0 (IBM SPSS Statistics Inc., Chicago, IL, USA) was used
estimated (Mg, Mn, Co, Cu, Zn, Sr, Ba and Ca) and converted to molar to analyse and visualize relationships among groups of collected animals.
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2.3. Genetic analysis and definition of the number of spawners

We purified total genomic DNA following a salt-extraction method
(Salah and Iciar, 1997) and analysed all samples through mitochondrial
and nuclear markers to infer relatedness among samples.

The mitochondrial control region was amplified using the primer pair
DL-H740 and conditions reported in the original reference (Liu et al.,
2018). All successful amplifications were purified (Liu et al., 2018) and
sequenced in both directions with the ABI BigDye Terminator mix followed
by electrophoresis in an ABI3730 automated sequencer (Sangon Biotech Co.,
Ltd., Shangai). Sequences were checked and aligned by MegaX (Kumar et al.,
2018), and different mtDNA haplotypes were identified by TCS v 1.13
(Clement et al., 2000) and graphically represented by PopArt 1.7 (Leigh
and Bryant, 2015).

All specimens were also genotyped at 10 microsatellite loci (Asi-66,034,
Asi-65,194, Asi-75,067, Asi-77,057, Asi-72,040, Asi-67,648, Asi-73,834,
Asi-70,421, Asi56700 and Asi-67,123) following recommendations
reported in the original reference (Xin et al., 2016). The locus Asi-67,123
was discarded and the final dataset composed by 382 animals, genotyped
at nine loci, was analysed through the Discriminant Analysis of Principal
Components (DAPC; Jombart et al., 2010) implemented in the R package
‘adegenet’ (Jombart, 2008) to estimate the best number of genetically
differentiated clusters (K) within each haplogroup (A-L). We named each
identified K with a capital letter identifying the haplogroup (A-I) and a
number that refers to a differentiated sub-group within such a haplogroup
(e.8. Ka1, Kao, Kas, Kp1, .., Kun). To run DAPC, microsatellite data obtained
from this polyploid species were turned into dominant data, as the exact
number of copies of each allele at each locus cannot be accurately resolved
(Boscari et al., 2014a, 2014b).

The effective degree of kinship was estimated by comparing the genetic
distances between the identified groups (Ky,) with simulated distributions
of expected genetic distances between groups with known degree of related-
ness (full-sibs — FS, half-sibs — HS and unrelated — UN). In this regard, we
used only the five loci (Asi-75,067, Asi-65,194, Asi-70,421, Asi-66,034 and
Asi-56,700) that did not show any sign of possible duplication (more than
four alleles per individual genotype) and for which the mode of inheritance
(Boscari et al., 2011) had previously been verified by genotyping of real
familiar groups (data not shown).

We implemented the generation of multi-locus genotypes of virtual
individuals with a known degree of relatedness in ‘BreedingSturgeon’, a
dedicated software program developed for pedigree reconstruction and
generation of virtual offspring in tetraploid sturgeon species (Boscari
et al., 2014a, 2014b). The software, starting from real multi-locus profiles,
generates virtual progenies as follows. Firstly, it infers all possible tet-
raploid genotypes for each ‘parental’ individual at each locus and then
generates random mating pairs by simulating gametes and randomly draw-
ing alleles according to the tetrasomic mode of inheritance (Boscari et al.,
2011). The whole procedure finally results in the generation of offspring
multi-locus profiles that are converted into allele profiles to be used in
diversity analyses. We generated 198 groups of FS with 112 virtual individ-
uals each, starting from a panel of 66 parental female and 66 parental male
multi-locus profiles. These virtual offspring profiles were pairwise
compared, resulting in 6216 comparisons between FS per each mate
(198), 396 comparisons between groups of HS (virtual individuals that
share one of the two parents) and 396 with groups of UN (virtual individ-
uals that did not share either of the parents). All obtained virtual pairwise
genetic distances were used to draw reference distributions for FS, HS
and UN, based, respectively, on 1.230.778 comparisons for FS, and
4.967.424 for HS and UN.

We compared the above simulated distributions with the average
observed band sharing (BS) within and between Ky, groups to estimate
kinship in the observed data. Statistical significance was obtained by
comparing an equal number of randomly selected comparisons within the
observed Ky, group and the three reference distributions. Thus, we counted
how many times the expected averages for the three simulated distributions
exceeded the observed values out of 200 replicates and expressed it as a
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percentage. For instance, a result of 50 % means the observed average is
exactly in the middle of the distribution of a certain category, implying
that the probability of belonging to that category is 100 %. The probability
decreases in both directions, reaching zero at the two extremities of the
distribution. We applied this reasoning to each comparison in order to
calculate the probability of belonging to the FS, HS and UN categories.
For the FS category, to obtain probability values, we multiplied the original
percentage by 2 if it was below 50 %, and if it was above 50 % the proba-
bility was necessarily fixed at 100 %. For HS, we multiplied the original per-
centage by 2 if it was below 50 %, and if it was above 50 %, we subtracted
the original percentage from 100 and multiplied by 2. Finally, for UN, if the
original percentage was above 50 %, we subtracted it from 100 and multi-
plied by 2, while if it was below 50 % the probability was necessarily fixed
at 100 %. If the difference between the assignment probabilities between
two categories was lower than 10 %, the assignment was considered unre-
solved. Results of kinship assignments were represented by a heatmap
using the R function heatmap.2 (R package version 2.17.0 — http://CRAN.
R-project.org/package = gplots).

3. Results
3.1. Elemental data reveal a possible downstream shifting of spawning

For the seven elemental ratios considered, the LODs (mmol/mol) were
3.99 x 10~ * (Mg/Ca), 3.45 x 10~3 (Mn/Ca), 7.14 x 10> (Co/Ca),
1.62 x 10~ (Cu/Ca), 1.28 x 10~ 3 (Zn/Ca), 6.84 x 10~ ° (Sr/Ca) and
1.96 x 10~ * (Ba/Ca), and the %RDS, which reflects the analytical accu-
racy of the standard across all samples, ranged from 1.55 (Cu) to 9.05 (Mg).

A clear separation between cultured Chinese sturgeon (16APAS) and
wild Chinese sturgeon was detectable (Fig. 1B). Among the 15 juveniles
(15CSAS) taken from the Changshu Section in the Yangtze, 12 appeared
to be mixed with the juveniles collected in the Estuary (15CMAS), while
the other three appeared more similar to some cultured ones (16APAS),
leading us to hypothesize that they might be released animals.

Our microchemistry results clearly show that there would be little
possibility for the hatch/spawning ground to be located downstream from
the Qingjiang River (Sites n. 24-26 in Fig. 1A and C). In particular, the
Co/Ca ratio shows significant variation among sites and, in combination
with Mn, Cu, Zn and Sr/Ca ratios, has been used to identify site no. 27 as
the most likely hatching site of our specimens. Accordingly, it is reasonable
to hypothesize that the spawning area is located between the Qingjiang
River mouth and the Gezhouba Dam. Raw elemental data for fin rays
and water samples, respectively, are reported in Supplementary Tables S1
and S2.

3.2. Genetic inferences reveal the actual number of breeders

By analysing 382 mitochondrial sequences, we identified 21 variable
sites resulting in only nine haplotypes (A-I) differing from each other by a
few mutations (from 1 to 10). The frequencies of the nine haplotypes ap-
pear unevenly distributed within the population sample (see the haplotype
network in Fig. 2A). Based on microsatellite information, DAPC (Fig. 2A)
allowed to identified a total of 31 genetically differentiated groups of
animals (Ky,) with a sample size ranging from 2 to 34 individuals. The
pairwise comparisons within and between groups have been compared
with the reference distributions of simulated degrees of relatedness
(Fig. 2B) to infer the most likely kinship category. Comparisons involving
groups with at least eight individuals are reported in Fig. 2B (105 compar-
isons), while the complete histogram showing the distribution of all the 496
comparisons (Supplementary Fig. S1). For each comparison the probability
of belonging to each of the three kinship categories was estimated (Fig. 2C).

The mean genetic distance within and between groups and the final
kinship assignment for each of the 496 comparisons between Ky, groups
are represented in Fig. 3.

These results allow estimating only 9 females with different mitochon-
drial haplotypes, and consequently unrelated, participated to the spawning.
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Fig. 3. Matrix showing a synthesis of genetic results. Individuals are grouped by mitochondrial haplotype (mt-DNA) represented by capital letters (A-I). Within each
haplogroup, individuals are further grouped in genetically differentiated cluster (Ky,) identified by analysing 9 microsatellite loci with DAPC. The number of animals
(N) per Ky, is also reported. The upper side of the triangular matrix reports the average value of genetic distances observed within and between Ky, groups. Genetic
distances, here approximated to three decimal places, have been estimated by Band Sharing (BS) (Congiu et al., 2011) based on the five microsatellite loci showing
tetrasomic inheritance (Boscari et al., 2011) and selected to simulate virtual familiar groups. The lower side of the triangular matrix shows the more likely kinship
category obtained by simulations. Colors Black, Dark Grey, and Light Grey represent the category of Full Sibs, Half Sibs, and Unrelated, respectively. While colors red and
yellow identified familiar comparisons for which the kinship category were classified as unresolved (red = Full Sibs/Half Sibs, yellow = Half Sibs/Unrelated). Familiar

comparisons within haplogroup are highlighted by a bold rectangle.

Conversely, the number of males cannot be surely assessed due to the low
sample size of some familiar groups but based on the overall analysis of
progeny relatedness, it is likely similar to the number of females. In conclu-
sion, a total number of about 20 breeders contributed to the spawning in
2014.

4. Discussion

Monitoring spawning grounds and/or detecting new ones are the
first important tasks in boosting protection of species in perturbated or
fragmented habitats. However, traditional survey methods are extremely
challenging in extensive environments and further limited by the complex
life history of anadromous species. We applied the more promising method
of hard tissue microchemistry (Jiang et al., 2016, 2021; Wu et al., 2021) to
gather information on the possible origin of this population of juveniles.

By analysing seven elemental content ratio patterns in a subgroup of
animals, we were clearly able to differentiate between wild and cultured
animals, thus confirming the wild origin of the sampled juveniles. This
evidence confirms that natural propagation of the Chinese sturgeon has
occurred in the Yangtze River even though no spawning activity was
directly observed in the 20 Km section immediately downstream of the
GD in 2014.

As to the possible location of spawning, the area of interest has been
restricted to site 27, corresponding to the area below the GD, based on
the elemental pattern. Given that no spawning activity had been recorded
in 2014 at the usual spawning ground just below the GD and given that
there are no other tributaries flowing into the Yangtze between the GD
and the Qingjiang, the putative ‘new’ hatching/spawning water should be

located in the section from the GD to 5 km upstream the Qingjiang Estuary
(site n. 27 in Fig. 1A and C). Accordingly, adult spawners of the Chinese
sturgeon usually prefer pebble bottoms for spawning grounds (Huang,
2019), and careful surveys allowed us to exclude the presence of such a
riverbed below the Qingjiang Estuary; only sandy or sludge bottoms were
detected instead. This allowed us to posit that the Chinese sturgeon
would hardly succeed in reproducing in downstream sections, thus corrob-
orating our findings. Since 2003, the water discharge caused by the comple-
tion of the Three Gorges Reservoir water storage degraded the quality of the
pebbly riverbed in the original spawning site immediately downstream the
GD and resulted in the accumulation of a potentially suitable cobble-gravel
riverbed 20-50 km further downstream (Du et al., 2015). These consider-
ations, taken together with the absence of observed spawning activity in
the usual spawning ground and with the fin ray microchemistry data,
support the hypothesis that the animals probably moved a little down-
stream to reproduce, perhaps to avoid the highly disturbed dam area
where deep modifications of the hydrological regime with important effects
on sediment flushing might have compromised the habitat suitability. Such
a short shifting of the spawning site does not justify any variation in the
average length of the juveniles observed in the river mouth that is probably
better ascribable to other ecological or behavioural reasons.

From a genetic viewpoint, we carried out a kinship estimation based on
mitochondrial and nuclear analyses. Our statistical approach identified
most genetically differentiated groups as composed by FS, suggesting that
the number of haplotypes approximates well the real number of breeding
females. Distinct groups with the same haplotype were mostly identified
as HS, pointing out the female as the shared parent. A minor fraction of
within-group comparisons was preferentially assigned to HS rather than
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FS, leading us to hypothesize that there could be a further genetic subdivi-
sion within those groups, but this is more likely an effect of the small sample
size available for these Ky, groups.

If the above counting of nine females can be considered as strongly reli-
able, estimating the number of males is less straightforward. In many cases,
comparisons between groups with different haplotypes (different maternal
contribution) were assigned to HS, suggesting that the father might be
shared. Considering that estimating the exact number of males remains a
speculation, owing to the very limited sample size of many Ky, groups
and to the presence of unresolved kinship assignments, the significant frac-
tion of groups that share the male can be taken as a good indication that the
overall number of male breeders might be considerably lower than the
number of Ky, groups. This allows us to hypothesize almost the same
order of magnitude for the number of female and male breeders indicating
a total of approximately 20 animals participating to the last significant
spawning of the Chinese sturgeon.

On the other hand, since on average each female spawns every 2-7
years (Yue et al., 2015), we can reasonably hypothesize that additional
animals exist that did not reproduce in 2014. Very few animals were
sighted in the following years in the proximity of the GD spawning site,
but no spawning activity was recorded (Wei Qiwei, Pers. Comm.), with a
last small exception in 2016 when a few eggs and 22 sturgeon larvae, to
which we have not had access for analyses, were observed (Wu et al.,
2017a, 2017b).

Furthermore, we cannot exclude the presence of additional animals par-
ticipating to the spawning without reproductive success or whose progeny
was not sampled.

The implications of our results go far beyond the simple decline in
recruitment due to the low number of breeders. In fact, a very small popu-
lation may undergo a further acceleration of decline for different reasons
among which the greater exposure to demographic or environmental
stochastic events, the Allee effect (Myers et al., 1995) and the erosion of
genetic diversity, which represents the adaptive potential of a population
especially relevant in instable environments.

To date, even focussing strictly on the spawning stock here estimated,
the presence of nine different haplotypes in such a small population sug-
gests a discrete residual genetic diversity, of the same order of magnitude
of what observed in other sturgeon species such as the Adriatic sturgeon
(Boscari et al., 2014a, 2014b). Given the rapid demographical collapse of
the species, this precious heritage should be the target of conservation mea-
sures that must be urgently implemented, taking the opportunity of the 10
years fishing ban imposed by the Chinese government. Additionally, in all
sturgeon species mortality rate is very high in the first months of life but
dramatically decreases with time (Jager et al., 2010; Wang et al., 2017).
So, even if not reiterated, a remarkable recruitment like the one observed
could, in the long run, significantly contribute to the survival of the species.
Individuals that will survive the first year will have concrete probabilities to
come back to the Yangtze River in about ten-fifteen years for reproduction
and in the meanwhile effective habitat restoration measures should be es-
tablished. The only way for long term protection of the Chinese sturgeon
is the construction of a bypass channel connecting the medium-high stretch
of the river with the ocean (Wei, 2020). In the meanwhile, it is extremely
urgent to implement short-term conservation strategies that include direct
actions both at ecosystem and species level. Firstly, localize and protect
the spawning area predicted to be between 20 km below the original
spawning ground and the mouth of Qingjiang River, as well as restoring
suitable environments for reproduction in line with what already done
for other sturgeon species (Ceskleba et al., 1985). Secondly, establishing
ex situ conservation programs through the informed management of
the over 3000 F1 kept in aquaculture and belonging to 12 year-classes
(Wei, 2020). This includes the purity assessment and the genetic diversity
management according to strategies already developed for other polyploid
sturgeons (Congiu et al., 2011; Boscari et al., 2014a, 2014b, 2017). Thirdly,
refining breeding and restocking strategies to minimize the mortality rate
of released individuals, in harmony with the natural life cycle of the species
including its marine phase, with a “land-sea-land” perspective (Wei, 2020).
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5. Conclusions

To summarize, our estimates provide compelling evidence that the
status of the iconic Chinese sturgeon has deeply worsened compared with
the recent past, raising the need for an urgent and revolutionary recovery
effort to reverse its destiny. The only 20 breeders that participated to the
last significant spawning in 2014 showed a discrete genetic diversity that
can be complemented by ex situ conservation programs using animals al-
ready present in captivity. The 10-year fishing ban imposed on the Yangtze
River is a good scenario on which measures for the ecological restoration of
the river and the species can be implemented. Among these, the possibility
of building suitable artificial spawning grounds should be considered as a
priority, together with a careful management of the existing ex situ animals
that can be used to integrate the residual natural genetic diversityIn this
context, the long generation time of this species, which exceeds 25-30
years, is a great advantage for minimizing the combined effects of genetic
drift and adaptation to captivity on these captive stocks.

If the very low number of counted spawners poses the species on
the verge of extinction, the resumption of successful spawning in a new
site represents an unexpected encouraging signal of resilience. For all the
above reasons, we are confident that there will still be a glimmer of
hope for this species, which is one step away from extinction in the wild,
if appropriate and scientifically informed actions are carried out as soon
as possible.
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