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Abstract: In conservation biology, understanding the causes of endangerment is a key step to devising
effective conservation strategies. We used molecular evidence (coalescent simulations of population changes
Jfrom microsatellite data) and bistorical information (habitat and bhuman population changes) to investigate
bow the most-isolated populations of giant pandas (Ailuropoda melanoleuca) in the Xiaoxiangling Mountains
became bighly endangered. These populations experienced a strong, recent demographic reduction (60-fold),
starting approximately 250 years BP. Explosion of the buman population and use of non-native crop species
at the peak of the Qing Empire resulted in land-use changes, deforestation, and babitat fragmentation,
which are likely to bave led to the drastic reduction of the most-isolated populations of giant pandas. We
predict that demographic, genetic, and environmental factors will lead to extinction of giant pandas in the
Xiaoxiangling Mountains in the future if the population remains isolated. Therefore, a targeted conservation
action—translocation—bhas been proposed and is being implemented by the Chinese goverment.

Keywords: Ailuropoda melanoleuca, conservation implication, giant panda, habitat fragmentation, population
reduction, Xiaoxiangling Mountains

Implicaciones de las Reducciones en las Poblaciones de Pandas Gigantes mas Pequeas y Aisladas

Resumen: En biologia de la conservacion, el entendimiento de las causas de riesgo es un paso clave para el
diserio de estrategias de conservacion. Utilizamos evidencia molecular (simulaciones coalescentes de cambios
poblacionales de datos de microsatélite) e informacion bistorica (cambios de bdbitat y de la poblacion bu-
mana) para investigar como las poblaciones mds aisladas de pandas gigantes (Ailuropoda melanoleuca) en las
Montaiias Xiaoxiangling llegaron a estar sumamente en peligro. Estas poblaciones experimentaron una fuerte
y reciente reduccion demogrdfica (60 veces) en los tltimos 250 aiios. La explosion de la poblacion bumana
y el uso de especies agricolas no nativas en el esplendor del Imperio Qing resultaron en cambios de uso de
suelo, deforestacion y fragmentacion de bdbitat, que muy probablemente condujeron a la reduccion drdstica
de las poblaciones mds aisladas de pandas gigantes. Pronosticamos que factores demogrdficos, genéticos y
ambientales llevaran a la extincion de pandas gigantes en las Montarias Xiaoxiangling si las poblacion per-
manece aislada. Por lo tanto, una accion de translocacion se ba propuesto y estd siendo implementada por
el gobierno chino.

Palabras Clave: Ailuropoda melanoleuca, fragmentacion de habitat, implicacion para la conservacion,
Montafias Xiaoxiangling panda gigante, reduccion de la poblacion
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Introduction

The processes that lead to extinction are different now
than they were in the geological past because an-
thropogenic factors increasingly influence their suvival
(Tilman et al. 1994; Hughes et al. 1997). Small and iso-
lated endangered populations have received considerable
attention from conservationists (Schonewald-Cox et al.
1983; Soulé 1987; Loeschcke et al. 1994) because they
may experience genetic erosion and be more suscep-
tible to demographic and environmental variation than
large populations (Lande 1988; Packer et al. 1991; Pimm
& Raven 2000). Nevertheless, data on the trajectory of
endangerment and extinction are comparatively rare and
controversial (Lande 1988; Caro & Laurenson 1994; Spiel-
man et al. 2004), especially for large mammals (Yang et al.
2000).

The giant panda (Ailuropoda melanoleuca) is often
cited as one of the most endangered mammals in the
world. Historically, this species ranged from southern
China into northern Myanmar, northern Vietnam, Laos,
and Thailand (Schaller et al. 1985; Hu 2001). Currently, it
is confined to six mountain ranges on the edge of the Ti-
betan Plateau in China: Qinling, Minshan, Qionglai, Liang-
shan, Daxiangling, and Xiaoxiangling Mountains (Fig. 1,
Hu 2001). The Xiaoxiangling population is the most iso-
lated and smallest (State Forestry Administration 2000).
The major cause for population declines in this species
is still debated. Lack of evolutionary potential, low repro-
ductive rate, anthropogenic effects, and climate change
have all been cited (Zhu & Long 1983; Gittleman 1994;
Fang et al. 1997; Lu et al. 2001), but evidence to sup-
port these hypotheses is lacking (Zhang et al. 2007). We
used genetic, demographic, and historical data to identify
the main processes that have lead to collapses of panda
bear populations in the most isolated mountain region.
On the basis of our findings, we devised conservation
actions that may help prevent the extinction of panda
bears.

Methods

Study Area and Sampling

The Xiaoxiangling Mountain Range includes Mianning,
Shimian, Jiulong, Hanyuan, part of Luding, Yuexi, Ganluo,
and Xide counties in China. The Xiaoxiangling Mountains
are currently the most southwestern range of the giant
panda and the area is bisected by the 108 National Road
into two patches (A and B) (Fig. 1). We used the sam-
pling strategy of Zhan et al. (2006) to collect 142 fecal
samples and one blood sample. Most samples were <2
weeks as determined from the status of the outer mucosa
layer on the feces. Locations where samples were taken
were recorded with a geographic positioning system and
mapped in Arcview (version 3.2a; ESRI, Redlands, Cali-
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fornia). Up to 5 g of feces were peeled from the outer
layer and stored in 95% ethanol.

DNA Extraction and Amplification and Individual
Identification

We adopted a widely used protocol for DNA isolation
from feces (Zhang et al. 2006) under standard blank
controls. We screened feces DNA with 18 giant panda
microsatellite loci from Lu et al. (2001) and three re-
designed loci from Shen et al. (2005) and selected nine
of these (Ame-n05, Ame-u10, Ame-ul13, Ame-pl15, Ame-
nl6, Ame-pu26, Ame-u22, AFAY161179, AY161195) for
this study on the basis of their efficiency with fecal DNA,
polymorphism, and yield. To obtain reliable genotypes,
we used a multitube approach (Zhan et al. 2006). Poly-
merase chain reaction (PCR) amplification of 50 cycles
was carried out for up to four loci simultaneously with
combinations selected based on the range of fragment
sizes, T,,, and fluorescent dye (FAM, TET, or HEX). We
used the QIAGEN Multiplex PCR kit according to the
manufacturer’s protocol to optimize annealing temper-
atures. Products were resolved with an ABI 377 prism
automated sequencer and analyzed with GeneScan (ver-
sion 3.1.2) and Genotyper (version 2.5) (Applied Biosys-
tems, Foster City, California). We used Zhan et al.’s (2006)
methods to determine sex. Genotyping errors have been
reported in the use of fecal DNA samples in amplification
(Taberlet et al. 1996; Pompanon et al. 2005); thus, pre-
selection of samples and rigorous laboratory procedures
need to be undertaken to produce accurate genotypes. As
part of this process, we conducted mitochondrial DNA
(mtDNA) analysis for species verification, and our mi-
crosatellite genotyping protocol followed strict criteria
(Taberlet et al. 1996). Moreover, we took a mathematical
approach to estimate genotype error rates (Zhan et al.
2009). Additionally we used GIMLET (Valiere 2002) to
calculate probabilities of identity (Pp; and Ppp—_sibs)) SO
that we could examine the discriminatory power of the
nine loci in combination.

Estimation of Population Size

We used the DNA-based mark-recapture software (CAP-
WIRE; Miller et al. 2005) to estimate population
size. Unlike traditional mark-recapture approaches, this
method deals efficiently with data inferred from multi-
observations of individuals within a sampling session.
Pandas are mostly solitary and defecate on average 40
times/day (Hu 2001). Therefore, we used the ECM (even
capture probability model, which assumes similar depo-
sition rates and even sampling effort among individuals)
in CAPWIRE to estimate population size, but compared
these results with an alternative model, TIRM (two innate
rates model, which assumes the population includes in-
dividuals with two kinds of capture probabilities). We
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Figure 1. Study areas and major
distribution region of giant
panda in the Xiaoxiangling
Mountains. Inset shows the
position of the Xiaoxiangling
population (XXL) within the
extant distribution of giant
pandas (populations in six
mountain ranges) in China.

used 1000 bootstrap replicates to produce 95% Cls of the
census population size (N.) under two models.

Simulation of Population Change

Recent population bottlenecks can produce distinctive
genetic signatures in the distributions of allele size,
expected heterozygosity, and in the genealogy of mi-
crosatellite loci (Cornuet & Luikart 1996; Beaumont 1999;
Goossens et al. 2006). We used the heterozygosity test in
BOTTLENECK (Piry et al. 1999) to detect the signature
of a recent demographic bottleneck in the two models,
the infinite allele JAM) and two-phase mutation models
(TPM) with various (75-95%) single-step mutations (Di
Rienzo et al. 1994).

Using the allelic spectra of present day samples and
coalescent simulations (Beaumont 1999), we estimated
the likelihood of population increase or decrease. We as-
sumed that the population of effective size (V) started
to decrease (or increase) f, generations ago to the cur-
rent effective population size (Vo). The change in pop-
ulation size can be assumed to be either linear or ex-
ponential, and mutations are assumed to occur under a
stepwise model, with a rate © = 2Ny, where p is the
per-locus mutation rate. Thus, 0 indicates the rate of pro-
duction of new neutral alleles. Bayesian coalescent-based
approaches were used to estimate the posterior proba-
bility distributions of the rate of population size change
(r = No/Ny), the time since the population started chang-
ing size (¢ = t,/No) and 6 = 2Nyu. The method uses a
Markov Chain Monte Carlo (MCMC) approach to sam-
ple the posterior distribution of the parameters. To avoid
favoring regions of the parameter space, at least three

independent runs were performed for each analysis with
different starting values (Supporting Information) so that
some of the runs were carried out with positive start-
ing values of log(»). In this method, rectangular prior
distributions are assumed for log(r), log(0), and log(#).
Wide bounds for these prior distributions were chosen
(between 1072 and 10% on a natural log scale) so that
posterior distributions would not be affected much.

We used the Storz and Beaumont extension of Beau-
mont’s original method to re-estimate No, N1, and T (time
since the population change) (Storz & Beaumont 2002).
The prior distributions for Ny, N1, T, and p were assumed
to be log normal. The means and SDs of these log-normal
distributions were themselves drawn from prior (or hy-
perprior) distributions. Variances for these prior distri-
butions were large so they would affect them as little as
possible. Different runs were carried out by allowing N;
to be either greater than or equal to N (Table S2), which
did not affect the posterior distribution. Runs assuming
that N, and N were of the same size were repeated three
times as a test and provided exactly the same results.
The number of iterations was 2 x 10°, and burn-in was
2 x 104,

Human Population Size and Habitat Loss

The human population sizes of Mianning, Shimian, and
Hanyuan counties were derived from county annals pub-
lished in the Qing Dynasty (from National Science Li-
brary, Chinese Academy of Sciences; Cao 2001) before
1953 and from the National Human Survey or provin-
cial yearbooks after 1953. Recent habitat loss was esti-
mated through classification of land types seen in three
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satellite images taken in 1975, 1988, and 1994, respec- Table 1. Results of the bottleneck analysis for the panda population
tively, which covered the entire Xiaoxiangling region. in the Xiaoxiangling region.
PM

Locus H, H.
Results P

Ame-p5 0.813 0.678 0.0155
Individual Identification and Population Estimation Ame-p10 0.824 0.730 0.0511

Ame-p26 0.506 0.229 0.0364
A total of 102 genotypes were obtained from 142 fecal Ame-t15 0.602 0.532 0.3717
samples, among which 32 were unique. The consistency Ame-p16 0.598 0.621 0.3372
of genotypes was checked according to standard repli- Ame-ul13 0.747 0237 0.0065

. . . Ame-p22 0.371 0.409 0.3797

cation criteria (Taberlet et al. 1996). Using the formulae AY161179 0.572 0.679 0.1370

designed by Zhan et al. (2009), we estimated the mean AY161195 0.655 0532

genotype error rate per locus was 0.16% and the whole
Abbreviations: H,, observed beterozygosity; He, expected beterozygos-

genotype identification error across 'nme loci was 1.4%. ity; TPM, two-pbhase mutation models. We used Wilcoxon tests: TPM,
Therefore, we expected at most two incorrect genotypes p = 0.005; IAM (the infinite allele), p = 0.001.

identified among the 102 produced, which has the po-
tential to upwardly bias our population estimates slightly.

0.1939

o . . ) ! that giant panda populations decreased by a factor of ap-
The probablhty. of identity based on these loci and thfil; proximately 56 (25%, 50%, 75%, and 95% of the posterior
allele frequenc;es (Pupy and Pup-ips) was 1.0 x 10 distribution are below 154, 56, 23, and 8, respectively)
agd 7.3 x 1074, respectively. Thu.s, thf: nine loci com- and no support for growing or even stable populations
b1nat1or}s would only p ro.duce. an 1dent1ca.l genotyp ¢ by (Fig. 2a). This result was independent of the demographic
chance in the case (?f full Slle witha prob.ablhty of 0.0097. model we used (exponential versus linear, Supporting In-
Ir.1 the CAPWIRE simulations, the p r.edlcted population formation), and it suggests the giant panda population has
size under the even capture probability model for patch decreased by approximately 60-fold (median value).

A was 22 (95% CI 20-26) or 25 (95% CI 20-35, TIRM) and The Storz and Beaumont approach showed the same

the size in patch B was 12 (95% CI 12-12, ECM; 12-15, pattern of posterior distributions for log(N) and log(N1)
TIRM). and a median value of 40 and 2570 for Ny and N1, respec-
tively (Supporting Information). This approach allowed

Change in Population Size us to date the collapse by providing a posterior distri-

The bottleneck test indicated that, regardless of the mu- bution for 7T, the time at which the population starts
tation model assumed, the Xiaoxiangling population ex- to decrease. The generation time of the giant panda is
hibited a strong and significant signal of a population 5 years (Hu 2001); thus, the posterior distribution for
bottleneck (Table 1). T had a median value of approximately 250 years be-
Results based on Beaumont’s method (1999) and Storz fore present (Fig. 2b; Supporting Information; 10%, 25%,
and Beaumont’s method (2002) revealed a genetic signa- 50%, 75%, and 95% of the distribution masses were be-
ture for a recent decline in the giant panda population in low 30, 80, 250, 1290, 3680 years, respectively), despite
the Xijaoxiangling region. The Beaumont method showed the fact that, in the prior approach, the median, mean,
(a) (b)
I4Dﬂ+; Decrease | Increase 6000 ¥
|_w[,]' 5000
E‘ 10004 No change in é' 4000
E& Hi.lui population size %30“0
i 6001 =
4001 2000
zmé 1000
b 0
3 2 a 0 1 23 -5 0 5 10 15
Log(Ne/Ni) Log(time)

Figure 2. (a) Size of giant panda population in the Xiaoxiangling Mountains relative to the ratio of present (N)
to past (N;) population size (solid curve, posterior distribution under a model of exponential change in
population size; for linear models see Supporting Information). (b) Time since the panda population collapse
relative to population size (posterior distribution for time since population collapse is on a logarithmic scale;
median distribution approximately 250 years; black arrow, start of buman population explosion).
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and mode were 20,000 years ago (Supporting Informa-
tion), that is, 80 times older. Data also show that nearly
50% of the posterior distribution coincides with the last
three centuries and the modal value (in natural rather
than logarithmic scale). Given that human population ex-
plosion and the exploitation of forests began in the 18th
century (Ho 1959), this distribution is informative. More-
over, to quantify the posterior distribution, dates older
than 10,000 years ago have only a posterior distribution
support of 0.41%. These results suggested that prehis-
toric human activity and Pleistocene climatic events do
not reasonably explain the detected genetic signature of
a population decrease.

The human population during the past 300 years in-
creased sharply in the Xiaoxiangling region (Fig. 3). For
example, the population in Mianning County, one of the
main distribution regions of the giant panda in the Xiaox-
iangling region, increased 41-fold from 1728 to 2004 and
nearly 10-fold from 1728 to 1820. The population size
in Hanyuan County increased near eight-fold from 1781
to 1909. According to archaeological evidence from the
Paleolithic and Neolithic, human activities were limited
to valleys along the Dadu River, and the human popu-
lation size was very small (Ge 2006). From the Qin Dy-
nasty to the Tang Dynasty (221 BC-AD 907), to ensure
national defense major exploitation of lands was still
along the river. From the Yuan Dynasty to the Ming Dy-
nasty (1271-1644), humans, including Yi and Zang mi-
norities, began to immigrate to these mountainous areas
near the panda habitat (Fang 1984). Even in the early Qing
Dynasty, the human population was still small (e.g., only
1754 families lived in Mianning county). In the middle of

1960 1985 2010

changes for each county in the
Xiaoxiangling region).

the Qing Dynasty, however, a sharp population increase
was recorded in the Xiaoxiangling region (Fig. 3).

Assuming almost complete coverage of the Xiaoxian-
gling area with panda habitat 300 years ago, panda habitat
may have decreased nearly 31-fold (Fig. 3). Panda habitat
decreased about 30% between 1975 and 1994, and land
use increased nearly 2-fold (Fig. 4).

1994

Figure 4. Changes in forest area from 1975 to 1994
in the Xiaoxiangling region derived from the
classification analysis of satellite images. Land mainly
includes farm and bare land; Bosk is shrub and scrub
vegetation.
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Polices and Social Development in Recent Local History

In the 17th and 18th centuries people subsisted mostly
on agriculture, and slash and burn methods were used
to make land arable in the mountainous areas. As the
population grew, forests were converted to farm lands
and panda habitats were lost and fragmented. About 300
years ago, to increase the local economy, four major
polices were enacted in the Qing Dynasty (1661-1911)
that resulted in a human population explosion. First, the
government recruited many people from adjacent
provinces, such as Hunan, Hubei, and Jiangxi provinces,
to exploit the mountain area. Second, in 1712 Emperor
Kangxi enacted a law that stated newly born children
would not be taxed, which alleviated the farmer’s bur-
den and accelerated the population explosion. Third, af-
ter 1723, in order to further stimulate social develop-
ment, Emperor Yongzheng decreased the poll and farm-
ing taxes. In addition, after 1728 he appointed many of-
ficials to help people develop agricultural technology in
rural areas, such as the Xiaoxiangling region.

Discussion

Our results provide evidence for a recent demographic
reduction (around 60-fold) in the Xiaoxiangling popula-
tion of giant pandas. We dated this reduction back to
approximately 250 years ago. This reduction was inde-
pendent of the demographic models used and was sup-
ported by our analysis in BOTTLENECK. The confidence
intervals of the current census population size estimated
by genetic capture-recapture analysis (range 32-50) over-
lapped with the current effective population size (V) (40
estimated by the Storz and Beaumont method). Although
the N.:N. ratio is expected to be substantially less than
1:1 for most animal populations, in certain circumstances
it may be higher in small populations (Palstra & Ruzzante
2008) due to allee effects and nonrandom survival during
demographic bottlenecks (e.g., Keller et al. 2001). Fur-
thermore, variables commonly known to affect this ratio
similarly include fluctuations in population size, unequal
sex ratio, and overlapping generations (e.g., Wright 1969;
Frankham 1995; Pray et al. 1996). In the Xiaoxiangling re-
gion, the giant panda population is small, has overlapping
generations, high mortality of juveniles, and a sex ratio
that does not deviate from 1:1(Wei et al. 1989), which are
the main reasons for the high N.:N. ratio. Moreover, we
found that the large increases in the human population
have led to environmental changes such as deforestation,
which have destroyed and fragmented giant panda habi-
tat. It is likely that these habitat changes have led to the
giant panda population collapse in this isolated region.
Results from the Storz and Beaumont showed that
the most notable feature of the demographic history
of the giant panda in the Xiaoxiangling region is the
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pronounced decline in effective population size start-
ing approximately 250 years ago. This finding was simi-
lar in all the Bayesian analyses we conducted. Although
the population size of giant pandas is small, we were
able to reconstruct their demographic history because
sampling has been extensive and the Xiaoxiangling re-
gion is the most isolated of giant panda habitats. This
region is potentially ideal for an examination of pop-
ulation dynamics and extinction on the basis of co-
alescent theory (Kingman 1982a, 1982b; Edwards &
Beerli 2000; Emerson et al. 2001). Our findings are
similar to those from work on a Bornean orangutan
(Pongo pygmaeus) population, which has also suffered
a recent demographic collapse due to human-induced
deforestation and habitat fragmentation starting about
210 years ago (Goossens et al. 2006). Using the Storz
and Beaumont method, Heller et al. (2008) detected a
strong climate-mediated decline (75-98%) in African buf-
falo (Syncerus caffer) populations starting in the mid-
Holocene (approximately 3000-7000 years ago). There-
fore, on the basis of our results and the results of oth-
ers (see also Storz & Beaumont 2002; Storz et al. 2002;
Lucchini et al. 2004), Bayesian coalescent modeling can
successfully restructure demographic history.

The posterior distribution of the collapse of the panda
population in China mainly overlaps with human popu-
lation expansions in recent history. Nevertheless, dates
before 10,000 years ago only have a posterior support of
0.41%, and human population size was small before the
Qing Dynasty. Thus, the drastic decline of populations of
giant panda is concomitant with a sharp increase in the
human population in the Xiaoxiangling region during the
past 300 years (Ho 1959; Cao 2001). During this period,
the panda habitat may have decreased nearly 31-fold.
More recently (early 1970s to mid-1980s), panda habitat
decreased about three-fold (from 925 km? to 330 km?)
due to deforestation in the area (Hu 1993). Our example
reinforces the fact that loss and fragmentation of high-
quality habitat have been at least partially responsible
for the dramatic decrease in the number of pandas in
other wild populations, such as Wolong Nature Reserve,
(145 pandas in 1974 to 72 in 1986 (Liu et al. 2001)) and
even resulted in population extinctions in Hunan, Hubei,
Guizhou, Chonggqing, and Yunnan provinces during the
18th and 19th centuries (Wen & He 1981).

Anthropogenic harvest, including poaching and cap-
turing for zoos, is another possible reason for popu-
lation collapse of the giant panda (Hu 1998a, 1998b;
Li et al. 2003). Nevertheless, unlike other distribution
ranges of the giant panda, up to now no poaching
has been recorded and only three injured individuals
have been rescued and removed from in the Xiaoxi-
angling regions since 1980. Poaching has not occurred
(State Forestry Administration 2006) because of social
development, improved conservation awareness, and
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government control (e.g., confiscation of guns). Panda
capturing has been prohibited since 1990.

Therefore, human population explosion from 1662
through 1795 that resulted in increases in land use, defor-
estation, habitat loss, and fragmentation is likely to have
led to the collapse of the panda population in this re-
gion. A potentially important factor in habitat loss was
the introduction into the region of maize, potato, and
sweet potato in the late 17th century, which made it
possible to cultivate crops at middle to high elevations
(Ho 1959). Cultivation of these crops still encroaches on
panda habitat today. Until the 1950s the proportion of the
human population working in agriculture exceeded 90%
in the Xiaoxiangling area. Additionally, the traditional
and primary fuel of local people for building and heat-
ing was wood, and uncontrolled harvesting must have
affected panda habitat and forced populations to higher
elevations.

During the past several hundred years, population de-
clines due to human activities in China have also been ob-
served in many species distributed sympatrically with the
giant panda (Wen et al. 20006), including the red panda
(Ailurus fulgens) (Wei et al. 1999), the Sichuan snub-
nosed monkey (Rbinopithecus roxellanae) (Jin & Xie
2002), the takin (Budorcas taxicolor) (Wei & Hu 1993),
and the Crested Ibis (Nipponia nippon) (Ding 2004). Our
findings may serve to enhance the conservation profile
of other endangered species in the region. To help the
Xiaoxiangling population of the giant pandas recover, tar-
geted action, specifically translocation, was proposed in
light of our data, and in April 2009 the first female giant
panda was translocated into Lizhiping Reserve (patch B,
Fig. 1) by the Chinese government.

Supporting Information

Details of the Markov chain Monte Carlo runs for the
model of linear and exponential change in population
size (Appendix S1-S3) and for the model of time since
population change (Appendix S4-S6) are available as part
of the on-ine article. The authors are responsible for
the content and functionality of these materials. Queries
(other than absence of the material) should be directed
to the corresponding author.
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