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a b s t r a c t

Plant environmental envelops and seed regenerative traits of high altitude plants may
contribute to competitiveness or endangerment under abiotic conditions that enforce a
short growing season. Here, we investigate the factors threatening the existence of four,
typical snow lotus species (Saussurea laniceps, S. medusa, S. quercifolia, S. gnaphalodes)
endemic to the subnival belt of Southwest China at c. 4300 m a.s.l. Through species dis-
tribution modelling, we found that the potential areas of these four species would be
reduced under future global climate change scenarios. However, their seed germination
traits, in the laboratory and field, indicate that fresh seeds have valuable considerable
plasticity, lacking deep physiology dormancy and having a wide thermal range for
germination. Seeds of all species had low Tb (below 3 �C), and germinated relatively well
between 5 and 20 �C (S. medusa) or 5e30 �C (S. laniceps, S. quercifolia, S. gnaphalodes). Dry
after-ripening increased germination under alternating temperatures conditions for two
species (S. quercifolia, S. gnaphalodes), but there was no light preference. Seed burial ex-
periments suggested the species fail to form a persistent soil seed bank. Seeds could
tolerate drying and storage at �20 �C and should be amenable to long-term seed banking.
In conclusion, plasticity in the seed regeneration trait may counteract the projected nar-
rowing of the species distribution range based on macro-environmental modelling.
However, over-collection threatens opportunities for population adaptation and self-
sustainability, indicating an urgent need to integrate in situ and ex situ conservation of
snow lotus populations in the subnival belt of Southwest China.
© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The subnival belt is the highest vertical zone of vegetation characterized by extreme environmental conditions (e.g., very
low temperatures), but it hosts a range of specialist and endemic plants (K€orner, 2003; Xu et al., 2014). Consequently, the
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survival and adaptation of high altitude alpine plants have received considerable scientific attention (review in Peng et al.,
2012; Sun et al., 2014). As alpine plants often are characterized by the ability of adapting to low temperatures, the poten-
tial areas of occurrence for alpine plants will undoubtedly reduce as climate change (e.g., global warming) progresses
(Dullinger et al., 2012; Elsen and Tingley, 2015; Rumpf et al., 2018). In addition, human activities (e.g., land use and harvesting)
and endogenous factors (e.g., the ability of plant populations to be self-sustaining) are also affecting the population dynamics
directly or indirectly (K€orner, 2003; Law and Salick, 2005; Law et al., 2010). Thus, some alpine plants are in danger of local or
global extinction (Dullinger et al., 2012), especially for species growing at extremely high elevations or with extremely
restricted distributions (Liang et al., 2018), and effective conservation and management measures are required.

The genus Saussurea (Asteraceae) is composed of about 415 species, with the greatest diversity, > 200 species, in the
Qinghai-Tibet Plateau, P.R. China and adjacent region (Shi et al., 2011). Amongst them, Saussurea subg. Eriocoryne has about 34
species. These are mainly distributed at extremely high elevations (>4300m, subnival belt), and most of them are highly
habitat-restricted, for example in alpine rocky cliffs or screes (Shi et al., 2011). Species in Sausurea subg. Eriocoryne usually
have specialized morphology (see Fig. 1), and are known as “snowball plants”. They have a white, extremely pubescent
inflorescence, typical of plants in frigid environments (Tsukaya et al., 2002). The function and evolution of pubescence has
attracted the attention of evolutionary biologists over the years (review in Sun et al., 2014). An additional interest in these
plants relates to their medicinal value; for example, S. laniceps plants are collected and marketed as “snow lotus” to treat a
category of problems known as “women's diseases” (Yang et al., 2003). This species is known to be the most potent and
efficacious. Moreover, specimens of this species have become popular souvenir items with travelers because they are rare and
strange-looking (Law and Salick, 2005). Consequently, the species is at threat of overharvesting and has now attracted the
attention of conservation biologists (Law and Salick, 2005; Law et al., 2010) with the species considered to be endangered
(Chen, 2018). As S. laniceps populations reduce, collectors and the markets are switching to other snow lotus species (e.g., S.
medusa, S. quercifolia, S. leucoma, S. gnaphalodes, S. gossipiphora), bringing increased harvesting pressure in the subnival belt.
Traditionally, snow lotus plants have been collected on a small scale for local use. However, since the legend of Shangri-Lawas
attributed in 1997 to the Diqing Prefecture, located in present-day Yunnan Province, booming tourism and the growing in-
terest in alternative medicines has increased the harvesting intensity over the past 20 years (Yang et al., 2003). Thus, in
addition to S. laniceps, other snow lotus species (e.g., S. medusa, S. leucoma, S. gossipiphora, S. quercifolia, S. gnaphalodes) are
now also threatened (Chen, 2018).

S. laniceps and other snow lotus are habitat-restricted and ecologically unique in the subnival belt of Southwest China (Shi
et al., 2011). Whether climate change will threaten their distribution areas has not been explored. Pollen limitation is
Fig. 1. Native habit, gross morphology and distribution of four typical snow lotus species in Southwest China. (a) Saussurea laniceps; (b) S. medusa; (c) S.
quercifolia; (d) S. gnaphalodes (photo credit: a, b, c by D. L. Peng; d by Y. Z. Zhang); (e) Each location was also used in ecological niche modelling (Figs. 2 and 3).
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predicted to negatively influence seed production and thus threaten the growth and persistence of two snow lotus species: S.
laniceps and S. medusa (Law et al., 2010). The ability of seeds to germinate or remain in the soil seed bank will also affect plant
recruitment yet these functional traits have not been explored. Investigations of the seed germination trait in alpine species
tends to have been restricted to plants growing up to c. 2000 m a.s.l. (Fern�andez-Pascual et al., 2018; Gimenez-Benavides
et al., 2005; Tudela-Isanta et al., 2018) with few studies at 4000m a.s.l. (Chauhan and Nautiyal, 2007; Seal et al., 2017).

With a better understand the threats to snow lotus species, specific conservation strategies can be developed and
implemented. In situ conservation of populations in their natural habitats may not guarantee the safety of an alpine plant in a
protected alpine area, because plantsmay go extinct locally as result of climate change and/or human activities (Heywood and
Iriondo, 2003). Ex situ conservation of species through storage of seeds in banks has also long been recognized as a good
conservation option (Heywood and Iriondo, 2003). Such conservation allows orthodox, desiccation tolerant seeds to be stored
at low temperatures for extended periods, providing an effective and economically viable option tomaintain genetic diversity
of plant populations (Li and Pritchard, 2009).

In this study, we investigated factors threatening four snow lotus species (S. laniceps, S. medusa, S. quercifolia, S. gna-
phalodes) by integrating theoretical prediction (i.e., the forecasting of the potential range shift over time) and experimental
methods (i.e., exploring the conditions of the soil seed bank, seed dormancy and germination). Specifically, we focus on the
following questions: (1) How the potential distribution areas of the species might alter in the future? (2) How do temperature
affect seed germination? (3) What are the soil seed bank types of the four species? Based on these results, we recommend
particular conservation actions for these species.

2. Materials and methods

2.1. Seed collection

Mature achenes (seeds) of each species were collected during September from single natural populations at 4550e4650m
a.s.l. (Table 1). S. laniceps and S. gnaphalodes seeds were collected in 2014; S. medusa and S. quercifolia seeds were collected
twice in 2013 and 2014, and used in separate experiments. Due to the small number of flowering individuals present, as well
as the low seed productivity, to avoid major damage to the populations themselves, seeds were collected from only five
individuals and nomore than 20% of the available seeds harvested. Non-seed structures and empty seeds were removed by an
aspirator and by sieving in the laboratory. Except when fresh seeds were used directly in the experiments, seeds were air-
dried and stored in a paper bag at room temperature for six months (i.e., dry after-ripening, DAR) until the start of the ex-
periments. After three months air-dry storage, the weight of 100 seeds was measured to confirm dryness.

2.2. Ecological niche modellings

Point locations of these four species were collected from several sources, including Chinese Virtual Herbarium (http://
www.cvh.ac.cn), The Biodiversity of the Hengduan Mountains project (http://hengduan.huh.harvard.edu/fieldnotes), field
investigations, and personal communications with taxonomists. Finally, we complied 79 coordinate records for the four
recognized species (range from 9 to 38, average is about 20, see Fig. 1 and Table S1 in Appendix). All coordinates were
georeferenced and then used as import data for the following analysis.

Environmental factors related to climate variable, elevation, vegetation cover and edaphic property, were selected as
candidate variables, because they are hypothesized to influence species’ distribution (e.g., Bradie and Leung, 2017; Sala et al.,
2000), especially for mountain species (Baudraz et al., 2018). Initially, we chose 41 environmental variables, including 19
climate variables, 20 edaphic properties, herbaceous vegetation and elevation (Table S2 in Appendix). To eliminate the effects
of multi-collinearity, spearman correlation analysis was employed to calculate the correlation coefficient among candidate
variables. Predictors with correlation coefficient less than 0.85 were selected as the input environmental layers for species
distribution modelling. Ultimately, 22 environmental variables were selected for modelling habitat shift of those four species,
including seven climate variables, thirteen edaphic properties, herbaceous vegetation and elevation (Table S2 in Appendix).
The recent climatic variables (representative of 1960e1990) at resolutions of 30 seconds were downloaded from the
WorldClim website (Hijmans et al., 2005) (http://www.worldclim.org/). The digital elevation data were derived from NASA
Shuttle Radar Topographic Mission (SRTM, version 4.1) (http://gisweb.ciat.cgiar.org/TRMM/SRTM_Resampled_250m/), and
resampled to a resolution of 30 seconds. Edaphic properties were obtained from the SoilGrids website at 250m resolutions
with a standard depth of 30 cm (Hengl et al., 2017) (https://www.soilgrids.org/) and resampled to a resolution of 30 seconds,
Table 1
Population data and seed lot details for Saussurea spp.

Species Region Locality Location Altitude (m a.s.l.) Substrate Year

S. laniceps Yunan Province HuLuHai Lake 99�570E, 28�310N 4600 Alpine rocky cliff 2014
S. medusa Yunan Province HuLuHai Lake 99�570E, 28�310N 4650 Alpine scree 2013, 2014
S. quercifolia Yunan Province PuYong Pass 99�550E, 28�240N 4630 Alpine scree 2013, 2014
S. gnaphalodes Yunan Province Baima Snow Mountain 99�010E, 28�230N 4550 Alpine scree 2014

http://www.cvh.ac.cn
http://www.cvh.ac.cn
http://hengduan.huh.harvard.edu/fieldnotes
http://www.worldclim.org/
http://gisweb.ciat.cgiar.org/TRMM/SRTM_Resampled_250m/
https://www.soilgrids.org/
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vegetation data was downloaded from the EarthEnv website at a resolution of 30 seconds (Tuanmu and Jetz, 2014) (http://
www.earthenv.org/). For the future climate data, we obtained the corresponding climate variables based on the IPCC Fifth
Assessment Report (IPCC, 2013) fromwhichwe selected a global climatemodels (CCSM4) and two contrasting Representative
Concentrations Pathways (RCP2.6 and RCP8.5, representing two extreme scenarios with the lowest and the highest green-
house gas emissions) for the years 2050 (average for 2041e2060) and 2070 (average for 2061e2080). Furthermore, we
assumed that the edaphic properties remain stable in the next several decades, because soil properties should not change
synchronously with sudden climate change (Adams, 2010).

Ecological niche models were conducted using a general-purpose machine learning method, Maximum Entropy Model
(Maxent) (Phillips et al., 2006), which calculates the occurrence probability of a species based on its spatial coordinate data
plus an environmental layer. We chose Maxent rather than other available methods for modelling given its high performance
and suitability for presence-only data (Elith et al., 2006; Peterson et al., 2011), and insensitiveness to small sample size (Wisz
et al., 2008). The running settings were 75% of dataset for model training and the remaining 25% of the dataset for testing. A
maximum of 10,000 background points, 10 bootstraps replications and a maximum of 5000 iterations were used with others
are kept as defaults. The performance of models was assessed by a widely used metric, area under receiver operator curve
(AUC). Statistically, if the value of AUC approaches 1, that indicates themodel performedwell; whereas, the value of AUC close
to 0 means a systematically inaccurate prediction. Finally, for each species, the output of logistic layer derived from Maxent
software was reclassified into a binary prediction map (unsuitable and suitable) with threshold of 10 percentile training
presence. We quantified potential range size of each species under several scenarios, both for current and future conditions,
by summing the total number of suitable cell (with probability value above threshold of 10 percentile training presence). All
geographical plotting and suitable range-size estimation were conducting in ArcGIS software (version 10.1).

2.3. Seed burial experiments

In order to determine the type of soil seed bank, after onemonth of dry storage at room temperature (using seeds collected
in 2014), samples of 30 (S. laniceps and S. medusa) or 20 (S. quercifolia and S. gnaphalodes) plump seeds per species were put
into bags (5 cm� 5 cm) made of polyester mesh. Nine seed bags were randomly buried on 4 November 2014 at a depth of
6 cm in three places within a flat area at the collection site (4550e4650m a.s.l.). The seed bags were covered with mulch
without any changes in burial depth. Three bags were exhumed on 25 October 2015 (1-year burial) and 18 October 2016 (2-
years burial), respectively, and taken back to the laboratory. The contents of each bag were checked for seeds that had
germinated (empty seed coat) or died (soft seeds) while buried.

2.4. Seed germination experiments

At one of the seed collection site (the Baima snow mountain, 4700m) the annual average air temperature was 7.73 �C
(0.84e19.04 �C), and soil temperature 2 cm below the surface was about 1e28 �C during the early periods (mid-May) of the
growing season (Chen et al., 2015). Therefore, in order to test the effect of temperatures on germination, experiments were
carried out in incubators at eight constant temperatures (5, 10, 15, 20, 25, 30 and 35 �C) and two alternating temperatures (15/
5, 25/15 �C) in the light starting in April 2014 (S. medusa and S. quercifolia, using seeds collected in 2013) or April 2015 (S.
laniceps and S. gnaphalodes, using seeds collected in 2014).

Due to limited seed availability, three replicates of 10 (S. quercifolia),15 (S. medusa and S. gnaphalodes), 20 (S. laniceps) seeds
eachwere used in all experiments. The Petri dishes were put into transparent plastic bags to prevent desiccation. The criterion
for germination was visible radicle protrusion (>1mm). All experiments were terminated after up to seven consecutive
weeks. The viability of any remaining seeds was checked by a cut-test. Seeds with a plump, firm and white embryo were
considered viable.

2.5. Data analysis

The final germination percentage was calculated as follows: GP¼P
Gi/N, where i is the day of germination, counted from

the day of sowing, Gi is the number of seeds germinated on day i, and N is the total number of filled seeds.
When ANOVA assumptions (normality and homogeneity of variance) were satisfied for original or arcsine transformed

germination percentages, one-way ANOVAs were used to evaluate the effect of temperature on germination. Tukey's HSD test
was performed for multiple comparisons to determine significant (p< 0.05) differences between treatments. When these
assumptions were not satisfied, the non-parametric KruskaleWallis test was carried out.

Base temperature (Tb), optimum temperature (To) and maximum temperature (Tm) were estimated from a thermal-time
model (Hardegree, 2006). Germination time courses for all three replicates at a given constant temperature were combined
and fitted using theWeibull Function (Brown andMayer, 1988) in OriginPro 8.0. Germination rate (GR,1/t50), calculated as the
inverse of the number of days (d�1) to reach 50% germination obtained from the cumulative germination progress curves, was
plotted as a function of temperature and regressed using a linear model, to estimate the base temperature (Tb) below which
germination rate was equal to zero, and the maximum temperature (Tm) above which germination was equal to zero. The
optimum temperature (To) was calculated as the intercept of sub-optimal and supra-optimal temperature-response functions.
The slope of the linear regression line corresponded to the reciprocal of the thermal-time requirement at suboptimal

http://www.earthenv.org/
http://www.earthenv.org/
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temperatures (q50, �Cd). All data were analyzed using the procedures in PASW Statistics 18 (PASW, 2009), and all data were
expressed as mean± SE. All figures were drawn with SigmaPlot 10.0.

3. Results

3.1. Weight of the 100 seeds

The 100 seed weights were: 94.9± 4.2mg (S. laniceps, n¼ 10), 1066.1± 21.7mg (S. medusa, n¼ 10), 435.8± 14.8mg (S.
quercifolia, n¼ 3), 545.8± 6.8mg (S. gnaphalodes, n¼ 6).

3.2. Species distribution change

For the four species studied, the values of AUC were all above 0.95 (range from 0.983 to 0.998), indicating the confident
performance of models. Compared to the extent of suitability in current environmental conditions, the distribution range of
studied species showed a tendency to shrink in the future scenarios, both in 2050 and 2070 (Figs. 2 and 3, Table 2). Spe-
cifically, for S. laniceps, its potential suitable habitat under RCP2.6 and RCP8.5 in 2050 loss 50.4% and 72.8% in comparisonwith
its current geographical range conditions, respectively (Fig. 2). However, range size of suitable habitat of S. laniceps under
RCP2.6 in 2070 increases 64.9% and then loss 52.3% in comparison with its current geographical range conditions (Fig. 2). For
S. medusa, its suitable habitat loss 69.4% and 79.4% under RCP2.6 and RCP8.5 in 2050 comparing with its current potential
suitable range size, respectively (Fig. 2). Under future climatic scenario in 2070, range size of suitable habitat of S. medusa loss
41.2% under RCP2.6 and severely loss 96.7% under RCP8.5 (Fig. 2). For S. quercifolia, there is 48.7% and 61.3% reduction of range
Fig. 2. Predicted potential distribution of S. laniceps (1a-e) and S. medusa (2a-e) modelled by Maxent under the assumption of the three climate scenarios:
current, future (2050) and future (2070), based on the output of CCSM4 (RCP2.6 and RCP8.5).



Fig. 3. Predicted potential distribution of S. quercifolia (3a-e) and S. gnaphalodes (4a-e) modelled by Maxent under the assumption of the three climate scenarios:
current, future (2050) and future (2070), based on the output of CCSM4 (RCP2.6 and RCP8.5).

Table 2
Information on spatial distribution range shift from current to future and performance ofmodels for four snow lotus species. Range size of each species under
several scenarios (current and future) was measured by summing the total number of suitable cell (with probability value above threshold of 10 percentile
training presence). Value of AUC represents average training AUC (area under receiver operator curve) from ten replicates.

Species Range size AUC Number of coordinates

current 2050 2070

RCP 2.6 RCP8.5 RCP 2.6 RCP8.5

S. laniceps 17024 8358 4496 28189 8032 0.998 15
S. medusa 127313 38970 26170 74878 4192 0.995 38
S. quercifolia 92331 47295 35695 54235 47629 0.997 9
S. gnaphalodes 412645 68193 11566 60429 2062 0.983 17
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size under RCP2.5 and RCP8.5 in 2050 comparing with its current potential distribution range size, respectively (Fig. 3). Under
RCP2.6 and RCP8.5 in 2070, S. quercifolia tends to loss 41.3% and 48.4% of suitable habitat in comparison with its current
projected range size, respectively (Fig. 3). For S. gnaphalodes, its range contraction ranges from 83.5% to 99.5% depending on
climate scenario, comparingwith its current suitable range size (RCP2.6 in 2050, 83.5%; RCP8.5 in 2050, 97.2%; RCP2.6 in 2070,
85.3%; RCP8.5 in 2070, 99.5%, Fig. 3).



Table 3
Percentage of different seed states of four Saussurea species after 1-year and 2-years burial, respectively.

Species 1-year burial 2-years burial

Germinated whilst buried Died whilst buried Alive after buried Germinated or died whilst buried Alive after buried

S. laniceps 100%± 0 0 0 100%± 0 0
S. medusa 100%± 0 0 0 100%± 0 0
S. quercifolia 100%± 0 0 0 100%± 0 0
S. gnaphalodes 100%± 0 0 0 100%± 0 0
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3.3. Soil seed bank

After 1-year and 2-year burial in the field, all seeds of the four species had germinated (Table 3). No ungerminated seeds
were available after more than one year's burial in the soil.
3.4. Effect of and temperature on seed germination

Seeds germinated to 80% over a 15e25 �C range, depending on species (Fig. 4). Germination in four species was signifi-
cantly affected by temperature (Fig. 4), with the high temperature (35 �C) environment significantly lowering the response, to
0% in the case of S. laniceps. Germination at 25 and 30 �C were also significantly lower than other temperatures (5e20 �C) in S.
medusa. Incubation at two alternating temperatures (25/15 and 15/5 �C) did not significantly affect germination compared to
the equivalent constant temperatures (20 �C and 10 �C, respectively) (Fig. 4). Seed germination of four species in response to
temperature was well described by the thermal-time model at suboptimal temperatures. Based on the germination rate
responses for 50% germination, Tb and thermal time (q50) were 0.3 �C and 66.7�Cd in S. laniceps, 2.3 �C and 47.6�Cd in S.
medusa, 2.4 �C and 52.6�Cd in S. quercifolia, 1.6 �C and 71.4�Cd in S. gnaphalodes (Fig. 5). To and Tm could be estimated to a range
based on the GP and 1/t50. To was between 20 and 25 �C and Tm between 30 and 35 �C in S. laniceps. Corresponding estimates
for the other species were: 20e25 �C (To) and 30e35 �C (Tm) in S. medusa; 25e30 �C (To) and 35e40 �C (Tm) in S. quercifolia;
and 20e25 �C (To) and 30e35 �C (Tm) in S. gnaphalodes (Fig. 5).
Fig. 4. Effect of temperatures on seed germination percentages of four snow lotus species. Error bars indicate SE for three replicates. 0, no germination at this
temperature. Different letters indicate significant differences at P< 0.05.



Fig. 5. Seed germination rates of four snow lotus species calculated on the basis of the reciprocal of the times to reach 50% germination. Points correspond to the
actual data and solid lines indicate the fitted lines from the linear regressions (Saussurea laniceps, S. medusa, and S. gnaphalodes 5e20 �C; S. quercifolia 5e25 �C).
Error bars indicate SE for three replicates.
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4. Discussion

4.1. Factors threatening snow lotus plant populations

Alpine plants are considered to be particularly sensitive to the effects of global warming, because they are adapted to low
temperatures (K€orner, 2003). In agreement, we found that the potential distribution of the four snow lotus species will likely
reduce in future (Figs. 2 and 3). It is possible that they may respond to global warming by adapting their life cycles to the new
conditions (changed phenotype) or by an upward migration to more suitable habitats (Walther, 2004). However, snow lotus
species in the extremely high elevations are ecologically unique and highly habitat-restricted, before they can adapt to new
conditions, or capable of dispersing to new, suitable sites, their existence may be anticipated to be at a great level of threat.

Plant recruitment via seeds has been globally recognized as qualitatively (Walck et al., 2011) and quantitatively
(Fern�andez-Pascual et al., 2018) critical for species persistence and migration under future climate scenarios. In this regard,
seed dormancy characteristics and germination requirements for emergence from the soil seed bank have been recognized as
a key survival strategy for plants moving into new habitats in highly variable climates of alpine environments (Jaganathan
et al., 2015). In this study, we found that freshly matured seeds geminated well at both 25/15 �C and 15/5 �C (Fig. S1 in
Appendix), and germination was not significantly improved by DAR (except for S. quercifolia at 15/5 �C, Fig. S1 in Appendix),
which indicates that fresh seeds of the four snow lotus species appear to have little dormancy, perhaps of the non-deep type
(Baskin and Baskin, 2014). After DAR, seeds of four snow lotus species have low Tb (below 3 �C, Fig. 5), similar to other alpine
plant in the some community (Peng et al., 2017, 2018), and relatively short thermal times for 50% germination of c. 50e70�Cd,
comparable tomany annual crops and forage species (Dürr et al., 2015) and indicative of adaptation to short growing seasons.
The seeds are able to germinate over a wide range of constant and alternating temperatures (5e30 �C, except for S. medusa at
5e20 �C) (Fig. 4). Also, light had no significant effect on germination (Fig. S2 in Appendix), highlighting their capacity to
germinatewhen deeply buried in the gravelly soils of the alpine habitat. As snow lotus seeds do not form a permanent bank in
the soil (Table 3) (Peco et al., 2003), these species may easy fail to be self-sustaining populations over the following years with
poor seed production and little genetic inheritance.
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4.2. Perspectives on conservation of snow lotus

S. laniceps and S. medusa are not capable of autogamous self-pollination, with no seed production in the absence of
pollinator visitation (Law et al., 2010). Pollinator visitation to snow lotus plants is relatively inefficient due to the restricted
habitat and low plant densities. Also, pollen limitation is known in S. medusa populations (Law et al., 2010). It appears that all
species of snow lotusmay bemonocarpic plants (Law et al., 2010; Deli Peng, pers. obs.), and thus have only one opportunity to
reproduce. If the whole plant is harvested by collectors during the final flowering period, no seed will be dispersed nor pollen
donated to other individuals. Therefore, the final flowering period is the most critical phase in the life cycle for the protection
of the population. To conserve populations of snow lotus, overharvesting urgently needs to be controlled. Local residents have
little knowledge of the ecology, conservation status and uniqueness of local plants including snow lotus. As it is easier to
conserve the existing populations than to restore them once they are lost, it is recommended, particularly for populations of S.
laniceps and S. medusa, that in situ conservation is advanced through an environmental education program via the relevant
local, regional and national authorities.

Nonetheless, the simple presence of snow lotus in a protected area is no guarantee of its conservation. Failure of seeds to
exist in the soil more than one year (Table 3), inadequate seed production caused by pollen limitation or plant harvesting
driving reproduction all diminish populations from being self-sustaining in the field. In addition, climate change may lead to
considerable reductions in the potential distribution area of snow lotus in the future (Figs. 2 and 3). Therefore, snow lotusmay
be lost from their original sites as a result of habitat alteration by climate change.

It is critical therefore to know if ex situ seed conservation is possible as an insurance policy for species loss in the field.
Generally, seed collection strategies seek to ensure a representative sample of the genetic diversity of the threatened plants
are preserved in seed banks and/or converted into plant for living collections in botanic gardens (Heywood and Iriondo,
2003). However, snow lotus is only found at extremely high elevations (>4300m) and preserving them through planting
in botanic gardens in the lowlands is not possible. Thus, storage of seeds in ex situ seed banks (Li and Pritchard, 2009) and the
selection of sites intowhich the seeds (or plants) can be reintroduced require careful planning. We found that the seeds of the
four snow lotus species produce desiccation tolerant seeds that tolerate cold storage, at least over the short term (Fig. S1 in
Appendix), opening up the possibility of long-term seed banking as means of ex situ conservation. But so far, only one
accession of seed material of S. quercifolia is conserved in the second largest wild species seed bank in the world; the
Germplasm Bank of Wild Species in Southwest of China (GBOWS; http://www.genobank.org/default.aspx).

5. Conclusion

In conclusion, the present study demonstrates that four snow lotus species were more vulnerable to extinction by
exogenous threatening factors (e.g., over-collection and climate change) and endogenous factors (e.g., pollen limitation and
transient seed bank). On the basis of our results and the literature (e.g., Law and Salick, 2005; Law et al., 2010), we suggest the
integration of in situ and ex situ conservation strategies to preserve the snow lotus species of the subnival belt of Southwest
China. Particularly, the survival of snow lotus could be improved by the following actions: (a) protection from harvesting by
humans by better in situ conservation in protected areas; (b) implementation of ex situ conservation activities, through seed
collection and storage in seed banks (http://www.genobank.org/); (c) improvements in environmental education for local
residents and tourists; and (d) the promulgation of detailed local government laws to protect locally threated plants,
including the snow lotus.
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