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Bo Song • Jürg Stöcklin • Yong-Qian Gao
Zhi-Qiang Zhang • Yang Yang • Zhi-Ming Li
Hang Sun

Habitat-specific responses of seed germination and seedling
establishment to soil water condition in two Rheum species
in the high Sino-Himalayas
Received: 6 November 2012 / Accepted: 13 May 2013 / Published online: 8 June 2013
 The Ecological Society of Japan 2013

Abstract Knowledge of how germination and seedling
establishment respond to soil water condition is crucial
for plant conservation under global warming and landuse changes. We tested the ﬂooding and drought tolerance of two plant species with diﬀerent occurrences along
a soil water gradient by assessing seed germination,
seedling survival, seedling growth, and root characteristics. In the high Sino-Himalayas, Rheum alexandrae
typically occurs in wetlands, R. nobile in scree or open
slope with well-drained soils. Seeds and seedlings of the
two species were subjected to diﬀerent soil water conditions in controlled greenhouse experiments. Seed germination in both species was inhibited by high soil water
content; however, seeds of R. alexandrae were more tolerant to ﬂooding, especially to submergence. Seedling
survival, biomass accumulation, root diameter, and root
porosity of R. alexandrae increased signiﬁcantly with
increased soil water content, but submergence was lethal
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for seedlings. Seedling survival, biomass accumulation,
and root length of R. nobile increased signiﬁcantly in response to reduced soil water content. These results indicate that in the two species, seed germination and seedling
establishment in response to diﬀerent soil water condition
are habitat-speciﬁc. Because both species are susceptible
to moderate changes in soil water condition, their speciesspeciﬁc requirements with respect to this factor should be
a consideration when planning their conservation.
Keywords Drought Æ Flooding Æ Stress tolerance Æ Seed
germination Æ Seedling establishment

Introduction
Plant distribution and abundance may be determined
largely by the seed germination and seedling establishment of a species (Harper 1977; Reader 1993; Kellogg
et al. 2003). It is therefore critical to determine how seed
germination and seedling establishment are controlled
by environmental factors (Reader 1993). Soil water
condition is one of the most important environmental
factors determining seed germination and seedling
establishment, and thus determining plant distribution
(Otsus and Zobel 2004; Li et al. 2011; Wang et al. 2012).
On one hand, ﬂooding reduces oxygen availability and
redox potential in the soil (Armstrong and Drew 2002;
Van Eck et al. 2006; Iwanaga and Yamamoto 2008),
limiting seed germination and seedling growth, and may
even cause seedling death (Visser et al. 2000). Furthermore, nutrient uptake in ﬂooding habitat is usually
limited, resulting in restricted seedling growth (Luo et al.
2008). On the other hand, drought can aﬀect the
metabolism of many plants as a result of an increase in
the production of superoxides or hydrogen peroxide
(Hsiao and Xu 2000; Chaves et al. 2003; Taylor et al.
2004; Pagter et al. 2005), thus limiting the germination
and establishment of plant species (Otsus and Zobel
2004; Wang et al. 2012).
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Generally, plants can resist ﬂuctuation in soil water
condition through a number of ways, including anatomical, morphological, or physiological responses.
Through higher amylase activity and anaerobic respiration, seeds of ﬂood-tolerant species are capable of germination under ﬂooded conditions (Ismail et al. 2009),
while seeds of drought-tolerant species can accumulate
proline and soluble sugars to cope with drought stress (Li
et al. 2013). Adjustment of root characteristics, such as
diameter, length, and porosity, is one of the most
important acclimations of seedling to ﬂuctuating soil
water condition (Sorrell et al. 2000; Colmer 2003). For
example, plants growing in regular or permanently
ﬂooded soil develop unbranched roots with well-developed aerenchyma, while plants growing in droughtprone soil develop a deep root system with much branched adventitious roots (Visser et al. 2000). However, in
plants, a trade-oﬀ usually exists between tolerance to
ﬂooding and tolerance to drought. Luo et al. (2008)
found that plants with the highest tolerance to ﬂooding
had the lowest tolerance to drought and vice versa. Thus,
changes in soil water condition inevitably inﬂuence the
distribution and abundance of species dependent on their
particular water requirements (Wang et al. 2012).
Because global warming and land-use changes aﬀect soil
water condition, knowledge of how seed germination and
seedling establishment relate to changes in soil water
condition is vital in predicting local plant population
dynamics and formulating species-speciﬁc conservation
and management strategies (Froend and Mccomb 1994),
especially for rare and endemic plants. Recently, many
studies explored the eﬀect of soil water condition on seed
germination and seedling establishment, respectively
(Casanova and Brock 2000; Visser et al. 2000; Luo et al.
2008; Leyer and Pross 2009; Richards and Cao 2012).
However, there is little research quantifying the eﬀect of
soil water condition on seed germination and seedling
establishment in a species simultaneously, even though
the requirements for germination may diﬀer from the
requirements for seedling establishment in many plants
(Deegan et al. 2007). Furthermore, the responses of seed
germination and seedling establishment to soil water
condition are inconsistent between diﬀerent plant taxa
(Webb et al. 2012).
Both Rheum alexandrae and R. nobile are rare
perennial monocarpic herbs endemic to the high eastern
Himalayas and are used in traditional Tibetan medicine
(Byg et al. 2010; Song et al. 2013a). Even though they
are related (Sun et al. 2012) and similar in many respects
(e.g., morphology, life history; Song et al. unpublished),
they have clearly diﬀerent distributions, associated with
the soil water condition. R. alexandrae is mainly found
in alpine wetlands, including marsh, swampy meadows,
and lake shores (Fig. S1a; Chen 1993), while R. nobile,
the sympatric species, usually occurs on alpine scree and
occasionally in the open patches of alpine meadow, i.e.,
in well-drained habitats (Fig. S1b; Song et al. 2013b). In
this study, we aimed to examine how R. alexandrae and
R. nobile respond to soil water conditions. Since the

responses of plants to environmental conditions may
vary depending on their habitats (Kudo and Hirao 2006;
Necajeva and Levinsh 2008; Kudo et al. 2010; Engels
et al. 2011), we hypothesized that the responses of seed
germination and seedling establishment of the two species to soil water condition are habitat-speciﬁc, i.e.,
R. alexandrae is more tolerant to ﬂooding than R. nobile,
while R. nobile is more tolerant to drought than
R. alexandrae. To test this hypothesis, we determined (1)
the eﬀect of soil water condition on seed germination
and seedling establishment in the two species, and (2)
seed germination and seedling survival of the two species
after short-term submergence. Furthermore, in order to
understand the speciﬁc mechanisms of seedling establishment, we determined the eﬀect of soil water condition on root characteristics (length, diameter, and
porosity) in the two species.

Materials and methods
Species description and seed collection
Both Rheum nobile and R. alexandrae are giant perennial
herbs that are endemic to the eastern high Himalayas,
growing at altitudes of 4,000 to 6,000 m a.s.l. (Li and
Gao 1998; Chowdhery and Agrawala 2009). They
reproduce exclusively from seed and ﬂower between early
June and early July after growing for 5–7 years and
produce a stout conical compound raceme concealed by
translucent bracts (Fig. S1), which persist until the seeds
have ripened (Song et al. 2013a). Each plant produces up
to 7,000 samara fruits and 800 samara fruits for R. nobile
and R. alexandrae, respectively (Song et al. 2013a). Each
fruit of these two species contains only one seed. The
fruits mature between late August and late September,
and seeds germinate between late May and early June.
Seeds of both species were collected in 2011, from
Huluhai Lake (2831¢N–9957¢E, 4,450 m a.s.l.) and
Yongjiongyi (2824¢N, 9955¢E, 4,490 m a.s.l.), in Shangri-la County, Yunnan Province, SW China. In each
population, seeds were collected from at least ten individuals. The annual precipitation recorded from 1982 to
1984 at the nearest meteorological station (2823¢N,
9901¢E, 4,290 m a.s.l.) was 680–790 mm. The annual
average air temperature was 1.0 C (Wang 2006). In the
laboratory, after being air-dried, collected seeds were
kept under 20 C for 1 month to break dormancy
(Wang et al. 2010). Experiments were conducted in a
greenhouse at the Kunming Institute of Botany, The
Chinese Academy of Sciences (258¢N and 10244¢E,
1,788 m a.s.l.). During the experiment, the temperature
was kept at 25 ± 2 C in the day and 15 ± 2 C at night.
Seed germination
In order to test the eﬀect of soil water condition on seed
germination, 15 seeds of each species were sown in pots
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(15 cm in diameter and 15 cm in height) containing a 1:1
mixture of sand and clay; there were 25 pots for each
species. The pots of each species were randomly distributed in ﬁve groups and each group of both species
was placed into a large container (80 cm in length,
60 cm in width, and 50 cm in height). Therefore, each
container contained ten pots (ﬁve per species). Five soil
water treatments were applied: 5, 0, 5, 10 cm, and
drought. The former four treatments consisted of different water levels relative to the soil surface and were
created by ﬁlling the containers with water at diﬀerent
depths; while the ‘‘drought’’ treatment meant that there
was no water in the container. For the former four
treatments, tap water was supplied daily to maintain the
water level; for the drought treatment, pots were watered
every fourth day. These treatments were intended to
simulate diﬀerent soil water conditions in the ﬁeld.
Emerged seedlings were counted every day until there
was no increase in seedling number for 15 consecutive
days.
In order to test the germination ability after shortterm submergence, 200 seeds of each species were put in
glass vials and submerged at a depth of 5 cm. Two weeks
later, 75 ungerminated seeds of each species were
selected randomly and transferred to pots exposed to
similar drought treatment as above. There were 15 seeds
in each pot and ﬁve replicates for each species. Emerged
seedlings were counted every day until there was no increase in seedling number for 15 consecutive days.
At the end of each germination experiment, ungerminated seeds were evaluated for viability followed by
Braga et al. (2003). Viable ungerminated seeds were
regarded as dormant.
Seedling establishment and root characteristics
Twenty seeds of each species were germinated in each of
100 pots (15 cm in diameter and 15 cm in height) containing a 1:1 mixture of sand and clay; the emerging
seedlings served for the experiments described below.
Tap water was supplied daily according to the plants’
growth. After 30 days, only six seedlings (of similar
sizes, ca. 4 cm in height) were retained in each pot.
In order to test the eﬀect of soil water condition on
seedling establishment, we used again ﬁve soil water
treatments: 5, 0, 5, 10 cm, and drought (as described
for the seed germination experiment). Each treatment
was replicated ﬁve times, and in total there were 25 pots
(with six seedlings in each pot) for each species. Seedling
survival was checked at 8 weeks after the start of the
experiment. The surviving seedlings were harvested at
the end of the experiment. Roots were cleaned with tap
water, and the length and diameter of the main root
were measured using a Vernier caliper and microscope
with an ocular micrometer (Xie et al. 2005). The plants
were then dried at 75 C for 48 h and weighed.
In order to test seedling survival ability after shortterm submergence, 32 pots (with six seedlings in each

pot) of each species were submerged at a depth of 5 cm.
Subsequently, four pots of each species were transferred
to containers without water (i.e., drought condition)
every day for evaluating survival.
In order to test the capacity of the lacunar system to
deliver oxygen to below-ground tissues, the porosity of
the main root was determined using the pycnometer
method (Jensen et al. 1969; Van Noordwijk and Brouwer 1988). Fifteen pots (with six seedlings in each pot) of
each species were distributed evenly amongst the ﬁve soil
water treatments: 5, 0, 5, 10 cm, and drought (as
described for the seed germination experiment). Eight
weeks later, the main roots of plants from diﬀerent
treatments were cut into 2–3-mm segments and their
porosity was determined using a 5-ml pycnometer. Each
measurement was replicated three times.
Data analysis
In this study, individual pots are considered as the
experimental units and, accordingly, the measured
variables are averaged for each pot. For example, when
considering biomass of seedlings with diﬀerent soil water
treatments, the measure for all plants in a given pot were
averaged prior to analysis. For comparing diﬀerences in
seed germination, seedling survival, biomass accumulation, and length, diameter and porosity of the main root,
two-way ANOVA was used in which species and treatment were considered as ﬁxed factors. When a signiﬁcant interaction eﬀect was detected between species and
treatment, multiple-comparisons test was performed in
each species. Tukey test (p < 0.05) was used for multiple comparisons among means. Data were log10-transformed or square root-arcsine-transformed if necessary
to achieve variance homogeneity, and homogeneity
was tested by using Levene’s test. All statistical analyses
were carried out with SPSS (18.0). Measurements are
reported as means±1SE.

Results
Seed germination
At the end of each germination experiment, all ungerminated seeds of both species had rotted. Species
type had no signiﬁcant eﬀect on seed germination
(F1, 48 = 0.06, p = 0.80), but treatment did (F5, 48 =
141.7, p < 0.001), and there was signiﬁcant interaction
between these factors (F5, 48 = 10.79, p < 0.001). The
highest seed germination of both species occurred in the
drought and the 10-cm-soil-water treatments (Fig. 1):
80.0 ± 4.7 and 76.0 ± 4.5 %, respectively, for R. alexandrae and 94.7 ± 2.5 and 90.7 ± 4.0 % for R. nobile.
Unlike R. nobile, for which no seeds germinated,
5.3 ± 3.9 % of the seeds of R. alexandrae germinated
when submerged in 5 cm of water depth. When ungerminated seeds of R. alexandrae were transferred from
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a

b

Fig. 1 Percentage seed germination (mean ± SE, n = 5) of
Rheum alexandrae (a) and R. nobile (b) in the drought treatment
(watered every fourth day), 10-, 5-, 0- and 5-cm water level
relative to the soil surface, and when transferred to drought

treatment after being submerged in water to a depth of 5 cm for
2 weeks. Diﬀerent letters indicate signiﬁcant diﬀerences between
treatments at p < 0.05

the 5-cm water depth to the drought treatment, the
percentage of germination (40 ± 3.65 %) was signiﬁcantly higher than that in the 0 or 5 cm water treatments, but lower than in the other three treatments.
However, no seeds germinated when ungerminated seeds
of R. nobile were transferred from 5 cm water depth to
the drought treatment (Fig. 1).

treatment (33.3 ± 7.5 %). In contrast, seedling survival
in R. nobile signiﬁcantly increased with the reduction in
soil water content (Fig. 2): the percentage survival in the
drought treatment (100 %) was 2.7 times higher than in
the 0-cm-water treatment (36.5 ± 9.6 %).
The ability of R. alexandrae seedlings to tolerate
short-term submergence was greater than that of R.
nobile (Fig. 3): 3 days after being submerged in water,
91.7 ± 4.8 % of the seedlings of R. alexandrae had
survived, whereas the equivalent rate was close to zero
(4.2 ± 4.2 %) for R. nobile. Furthermore, all seedlings
of R. alexandrae died at 7 days after being submerged in
water, while 4 days for R. nobile.
Species type had no signiﬁcant eﬀect on seedling
growth (F1, 32 = 0.17, p = 0.69), but treatment did
(F3, 32 = 5.14, p < 0.01), and there was signiﬁcant
interaction between these factors (F3, 32 = 90.35, p <
0.001). Growth of seedlings in R. alexandrae decreased
signiﬁcantly with the reduction in soil water content
(Fig. 4): biomass of seedlings at 0-cm water treatment
(38.1 ± 1.9 mg) was 2.0 times higher than in the
drought treatment (19.0 ± 1.2 mg). The opposite result
was found in R. nobile, for which biomass of seedlings

Seedling establishment
No seedlings of either species survived in the 5-cm soil
water treatment at 8 weeks after the start of the experiment, so this treatment was excluded from subsequent
analyses. Both species type (F1, 32 = 1.24, p = 0.27)
and treatment (F3, 32 = 0.09, p = 0.96) had no signiﬁcant eﬀects on seedling survival, but there was signiﬁcant
interaction between these two factors (F3, 32 = 30.27,
p < 0.001). Seedling survival for R. alexandrae was reduced signiﬁcantly with the reduction in soil water
content (Fig. 2): the percentage survival at water treatments of 0 cm (96.7 ± 3.3 %) and 5 cm (90.0 ±
6.7 %) were 2.9–2.7 times higher than in the drought

a

Fig. 2 Percentage survival (mean ± SE, n = 5) of Rheum alexandrae (a) and R. nobile (b) seedlings in the drought treatment
(watered every fourth day) and 10-, 5-, 0-, and 5-cm water level

b

relative to the soil surface. Diﬀerent letters indicate signiﬁcant
diﬀerences between treatments at p < 0.05
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Fig. 3 Percentage survival (mean ± SE, n = 4) of Rheum alexandrae (ﬁlled circle) and R. nobile (open circle) seedlings submerged
in water for diﬀerent numbers of days

increased signiﬁcantly with the reduction in soil water
content (Fig. 4): biomass of seedlings in the drought
treatment (42.2 ± 1.5 mg) was 2.7 times higher than in
the 0 cm water treatment (15.9 ± 1.4 mg).
Root characteristics
Both, species type (F1, 32 = 162.03, p < 0.001) and
treatment (F3, 32 = 19.55, p < 0.001) had signiﬁcant
eﬀects on root length, and a signiﬁcant interaction
between these two factors was detected (F3, 32 = 18.72,
p < 0.001). On average, the root length of R. alexandrae
was 30.85 ± 0.86 mm, whereas for R. nobile it was
54.36 ± 3.53 mm. In R. alexandrae, no signiﬁcant difference in root length was found between treatments
(Fig. 5); but for R. nobile, root length increased signiﬁcantly with the reduction in soil water content (Fig. 5):
root length in the drought treatment (73.7 ± 3.6 mm)

a

Fig. 4 Biomass (mean ± SE, n = 5) of Rheum alexandrae (a) and
R. nobile (b) seedlings in the drought treatment (watered every
fourth day) and 10-, 5-, and 0-cm water level relative to the soil

was 1.9 times higher than in the 0-cm water treatment
(38.0 ± 3.5 mm).
Both species type (F1, 32 = 55.3, p < 0.001) and
treatment (F3, 32 = 31.07, p < 0.001) had signiﬁcant
eﬀects on root diameter, and a signiﬁcant interaction
between these two factors was detected (F3, 32 = 36.37,
p < 0.001). On average, the root diameter of R. alexandrae was 1.03 ± 0.03 mm whereas for R. nobile it was
0.92 ± 0.01 mm. In R. alexandrae, root diameter
increased signiﬁcantly with increasing soil water content
(Fig. 5): roots formed in the 0-cm water treatment had a
greater diameter (1.26 ± 0.02 mm) than those in the
drought treatment (0.87 ± 0.02 mm). In contrast, the
diameter of the roots of R. nobile did not respond to soil
water condition (Fig. 5).
As before, both, species type (F1, 16 = 486.0,
p < 0.001) and treatment (F3, 16 = 9.16, p = 0.001)
had signiﬁcant eﬀects on root porosity, and a signiﬁcant
interaction between these two factors was detected
(F3, 16 = 5.17, p < 0.05). The porosity of the roots of
R. alexandrae was 11.7 ± 0.5 % whereas for R. nobile it
was 4.5 ± 0.2 %. In R. alexandrae, root porosity
increased signiﬁcantly with increasing soil water content
(Fig. 5): the porosity of the roots increased from
10.1 ± 0.8 % (drought) to 13.9 ± 0.4 % (0 cm).
However, there was no signiﬁcant diﬀerence in the
porosity of roots of R. nobile between the treatments
(Fig. 5).

Discussion
Seed germination
Despite that it mainly grows in wetlands, R. alexandrae,
like R. nobile, exhibited the highest germination rate in
the treatment with low soil water content (corresponding
to well-drained soil; Fig. 1), indicating that plant distribution patterns along speciﬁc environmental gradient

b

surface after 8 weeks. Diﬀerent letters indicate signiﬁcant diﬀerences between treatments at p < 0.05
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a

b

Fig. 5 Root length, root diameter, and root porosity (mean ± SE,
n = 5, n = 5, n = 3) of Rheum alexandrae (a) and R. nobile
(b) seedlings in the drought treatment (watered every fourth day)

and 10-, 5-, and 0-cm water level relative to the soil surface.
Diﬀerent letters indicate signiﬁcant diﬀerences between treatments
at p < 0.05

cannot solely be explained by germination pattern.
Similar results have been reported from other studies:
germination of many wetland plants is inhibited by
ﬂooding (Ungar 1978; Galinato and Van der Valk 1986;
McKee and Mendelssohn 1989; Crain et al. 2004; Engels
et al. 2011), probably because the metabolism of seeds is
inhibited by oxygen deﬁcit in ﬂooded soils during germination (Corbineau and Côme 1995; Bradford et al.
2007). The germination characteristic of R. alexandrae
may be an adaptation to the soil water condition in its
natural habitats during the time in the year when germination is occurring. Germination of R. alexandrae
commences in late May, when the snow at higher elevations has not yet melted and the rainy season has not

begun, so the natural water level at this time of the year
is very low, especially in seasonal wetlands (Wang 2006;
Wang et al. 2007). For example, in late May, the water
level of Huluhai Lake, where many R. alexandrae plants
grow, is almost 40 cm lower than in mid-June. Seeds of
most wetland plants can regulate the timing of germination through controlling dormancy to avoid germination in unfavorable conditions (Britton and Brock
1994; Webb et al. 2012), and speciﬁc environmental
conditions, such as ﬂuctuating temperature or chilling,
may function to trigger germination at the most propitious time (Meyer and Kitchen 1994). However, in our
study, all ungerminated seeds for both species had no
viability, indicating they are non-dormant. It therefore
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seems unlikely that low germination in ﬂooding treatment was induced by dormancy.
Even though seed germination of both species was
inhibited by ﬂooding, R. alexandrae exhibited better
germination in submerged condition and germination
recovery was also better after short-term submergence
than for R. nobile (Fig. 1), indicating that seed germination of R. alexandrae is more tolerant to ﬂooding
stress than R. nobile. This is consistent with results
presented by Necajeva and Levinsh (2008) and Engels
et al. (2011): the seeds of plants periodically exposed to a
certain stress are more tolerant of the stress than those
of plants less exposed to that stress. Consequently, the
diﬀerent abilities to tolerate ﬂooding may explain, in
part, why R. alexandrae is able to occur in wetland
habitats, while R. nobile is not, since successful germination is the ﬁrst requirement for plants to occupy a new
site and develop a persistent population, especially species that rely entirely on seeds for regeneration (Ceccon
et al. 2006; Song et al. 2013b). Unfortunately, we could
not compare tolerance of seed germination to drought
stress between R. alexandrae and R. nobile, since seed
germination of R. alexandrae, like in R. nobile, was not
inhibited by the applied drought stress (Fig. 1), probably
because drought stress was not strong enough with
watering every fourth day.

logging condition ( 5 cm and 0 cm), but no seedling
survived was found in submerged condition (5 cm). This
is consistent with many studies on wetland plants (Webb
et al. 2012). Our results indicate that young seedlings of
R. alexandrae are very sensitive to ﬂooding resulting
from snow melt and heavy rain, a common occurrence in
the summer in alpine wetlands (Deegan et al. 2007;
Wang et al. 2007). Nevertheless, even though like in
R. nobile, no seedlings survived in submerged condition
by the end of the experiment, R. alexandrae was more
tolerant to ﬂooding than R. nobile, especially for the
ability to tolerate short-term submergence. In ﬂooding
environment, oxygen deﬁcit is the key factor limiting
plant establishment. Plants growing in wetlands can
alleviate anoxic stresses through morphological and
physiological adjustments, such as shallow root systems
(Blom 1999; Xie et al. 2008), increased root diameter
(Visser et al. 2000), and well-developed aerenchyma
(Laan and Blom 1990); our results indicate that the roots
of R. alexandrae are characterized by such features.
However, such characteristics, in combination with the
non-responsive root length to reduced soil water content
(Fig. 5), is not helpful for plants to absorb water in
drought conditions (Fraser and Karnezis 2005; Luo
et al. 2008), and thus make R. alexandrae sensitive to
drought (lower seedling survival and growth in drought
conditions), as is the case for other wetland plants
(Lentz and Dunson 1998; Luo et al. 2008).

Seedling establishment and root characteristics
It can be argued that seedling survival and growth are
the most important events following seed germination
for the recruitment of new individuals to a population
and in determining plant distribution (Fenner 1987;
Ungar 1995). In this study, seedling survival and growth
in R. nobile were reduced with increasing soil water
content, which suggests that well-drained soils are best
for early seedling survival and growth in this species.
The result also suggests that R. nobile is tolerant to
drought. Drought-tolerant plants possess special features to cope with a lack of water. For example, they
develop longer roots (Luo et al. 2008), what we also
found in the current study. Root length of R. nobile
increased signiﬁcantly when soil water content was low:
long roots help plants to absorb water by enhancing the
root–soil contact and allowing them to reach deeper soil
layers (Luo et al. 2008). However, long roots are
harmful to plants in ﬂooded soil because more oxygen is
consumed by large root systems (Justin and Armstrong
1987; Bell and Sultan 1999). Moreover, oxygen concentration is reduced with increasing soil depth (Norsworthy and Oliveira 2006). Thus, root characteristics of
R. nobile that can be considered as an adaptation to
drought stress necessarily result in its intolerance to
ﬂooding.
Response of R. alexandrae to increased soil water
content exhibited inconsistent trend: the highest seedling
survival and biomass accumulation occurred in water-

Conclusions
It can be concluded that the responses of R. alexandrae
and R. nobile to soil water condition were habitatspeciﬁc: the species inhabiting wetlands is more tolerant
to ﬂooding stress than the species inhabiting welldrained habitats, while the species inhabiting welldrained habitats is more tolerant to drought stress than
the species inhabiting wetland, which might be an
important reason accounting for their diﬀerent distribution in relation to soil water condition in the high
Sino-Himalayas. Our results indicate that germination
and seedling establishment of both species are susceptible to moderate changes in soil water condition. With
increasing global warming and more human activities
(agricultural production, mineral exploitation, and
etc.), soil hydrological conditions have changed dramatically in alpine areas in recent years. For example,
in the region around the source of the Yangtze River
alone, wetland area has decreased by 29 % in the last
40 years (Wang et al. 2007). Consequently, creating
appropriate hydrological conditions will be necessary in
order to conserve both species, R. alexandrae in particular because the extent of wetlands is shrinking. The
species-speciﬁc requirements with respect to soil water
condition should be considered in conservation eﬀorts
of the two species.
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Visser EJW, Bögemann GM, Van de Steeg HM, Pierik R, Blom
CWPM (2000) Flooding tolerance of Carex species in relation
to ﬁeld distribution and aerenchyma formation. New Phytol
148:93–103. doi:10.1046/j.1469-8137.2000.00742.x
Wang Y (2006) Yunnan Mountain Climate. Science and Technology Publisher, Kunming
Wang GX, Li YS, Wang YB, Chen L (2007) Typical alpine wetland
system changes on the Qinghai-Tibet Plateau in recent 40 years.
Acta Geogr Sin 62:481–491
Wang Y, Meng LL, Yang YP, Duan YW (2010) Change in ﬂoral
orientation in Anisodus luridus (Solanaceae) protects pollen
grains and facilitates development of fertilized ovules. Am J Bot
97:1618–1624. doi:10.3732/ajb.1000010
Wang ZR, Yang GJ, Yi SH, Chen SY, Wu Z, Guan JY, Zhao CC,
Zhao QD, Ye BS (2012) Eﬀects of environmental factors on the
distribution of plant communities in a semi-arid region of the
Qinghai-Tibet Plateau. Ecol Res 27:667–675. doi:10.1007/
s11284-012-0951-7
Webb JA, Wallis EM, Stewardson MJ (2012) A systematic review
of published evidence linking wetland plants to water regime
components. Aqua Bot 103:1–14. doi:10.1016/j.aquabot.2012.
06.003
Xie YH, An SQ, Yao X, Xiao KY, Zhang C (2005) Short-time
response in root morphology of Vallisneria natans to sediment
type and water-column nutrient. Aquat Bot 81:85–96. doi:
10.1016/j.aquabot.2004.12.001
Xie YH, Luo WB, Wang KL, Ren B (2008) Root growth dynamics
of Deyeuxia angustifolia seedlings in response to water level.
Aquat Bot 89:292–296. doi:10.1016/j.aquabot.2008.03.003

