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Abstract

Germination traits and high-temperature tolerance are critical seed traits for species to
respond to habitat changes through seed germination and population dynamics in tropi-
cal areas. This study investigated germination under temperature, water and NaCl stress
and the seed high-temperature tolerance of three species growing in Xishuangbanna, i.e.,
one native vine species, Clematis subumbellata, and two introduced tree species, Handroan-
thus chrysanthus and Melaleuca viminalis. The results were compared with our previous
studies in this region to assess the threatened status of C. subumbellata and invasion risk
of H. chrysanthus and M. viminalis, in combination with their other traits. These three spe-
cies are all characterized by the production of numerous small seeds with high viability
every year, having the ability to increase their population rapidly under favorable condi-
tions, though they all suffered viability loss and germination inhibition under high tem-
perature and water stresses. The two introduced species, both H. chrysanthus and M. vim-
inalis, produced seeds with wider germination temperature ranges and better high-tem-
perature tolerance than the native C. subumbellata, but their seed heat tolerance was mark-
edly lower than that of typical invasive weeds in this region. On the contrary, C. subum-
bellata seeds exhibited rather poor high-temperature tolerance, comparable to some rare
and endangered species reported previously in the region; however, this species primarily
grows on forest margins, slopes, and scrub and produces plumose achenes with good
wind dispersal capacity. Thus, it was concluded that H. chrysanthus and M. viminalis may
possess only low-to-moderate invasion risks, and their most probable invasive habitats
are mainly forest edges. C. subumbellata can be regarded as not threatened currently, with-
out urgent conservation demand. This information is useful for biodiversity conservation
in Xishuangbanna.

Keywords: biodiversity conservation; habitat fragmentation; high-temperature tolerance;
plant endangerment; plant invasion; stress germination; temperature increase;
tropical rainforest

1. Introduction

The seed is the propagation organ of seed plants and usually also the dispersal unit
or its main component. For the vast majority of seed plants, the seed is the only mobile
stage in their life cycle [1]. A mature seed generally consists of three parts, the embryo (a
miniature plant), nutrient reserves (present as endosperm and/or stored in cotyledons),
and protective tissues, with appendages in some species, which are usually dispersal
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devices, such as wings, plumes, hooks, arils, and buoyant structures [2]. The development
of the seed habit makes water unnecessary for fertilization and enables seed plants to col-
onize dry terrestrial habitats where spore plants are unable to establish themselves. Com-
pared with spores, most seeds not only possess a rudimentary plant structure but also
contain abundant nutrient reserves obtained from the mother plant, providing energy and
materials for germination and early seedling growth. Additionally, the seed coat offers
more comprehensive protection and dispersal ability; in some species, the fruit coat, and
even the endosperm, supports or provides a substitute for this role. These characteristics
greatly preserve seed viability, facilitate dispersal, and promote seedling establishment.
Thus, the emergence of seeds is one of the most significant advances in plant evolution,
conferring unparalleled advantages upon seed plants. This led to their unprecedented
prosperity, allowing them to replace spore plants as the most dominant taxa of plants on
Earth [2,3].

A seed is produced to germinate and regenerate into a new plant. Successful germi-
nation results from the interaction between the seed and its habitat [4—6]. On the one hand,
it depends on intrinsic properties, namely the seed’s own nature, such as seed quality
(including viability and vigor) and traits (including tolerance, longevity, dormancy, and
germination requirements). On the other hand, it relies on extrinsic factors or environ-
mental conditions, such as temperature, water, light, and pH [2,3]. After maturation, seeds
generally do not germinate immediately. They usually undergo primary dispersal and
sometimes secondary dispersal; even after reaching their destination, they do not germi-
nate until environmental conditions become suitable for seedling growth [4,6,7]. During
the period between detachment from the mother plants and germination, seeds may be
exposed to various stresses, such as extreme temperatures and desiccation.

Seed traits and germination requirements result from the long-term adaptation of
species to their native habitats and represent an important aspect of plant survival strate-
gies [3]. Terrestrial habitats exhibit high environmental variability, and plants inhabit di-
verse environments according to their habituation; in turn, plants modify their surround-
ings, further increasing habitat diversity. Seeds of different plant species have distinct ger-
mination requirements and vary widely in stress tolerance, often to a considerable degree
[3]. Therefore, studies on seed tolerance and germination traits have emerged as an im-
portant tool for the conservation of plant diversity [8], which help us to understand plant
adaptation to their natural habitat, accumulate basic data, and provide guidance for plant
propagation and seedling production. At the same time, since seed germination is the ba-
sis of plant population dynamics, it can help us to predict trends in plant population dy-
namics under global change, which is of particularly important ecological significance [9].

Native plant endangerment and alien plant invasions are two major challenges to the
conservation of plant diversity, both of which are particularly pronounced in tropical re-
gions [10]. Xishuangbanna, located on the edge of the tropics, is included in the Indo-
Burma biodiversity hotspots [11]. It has a typical tropical monsoon climate with distinct
rainy and dry seasons, as well as abundant plant species, diverse vegetation types, and
significant botanical diversity, where high temperatures, low temperatures, and droughts
can all impose stress or even damage on plants. It is estimated that over the past 60 years,
the rainforest area in Xishuangbanna has decreased by nearly half, and forest coverage
has declined from 55% in the early 1950s to less than 30% nowadays because of changes
in land use, with more than 15% of the regional flora being threatened species [12,13].
Meanwhile, Xishuangbanna is also a region severely suffering from biological invasions
[14]. Identifying which plant species are under threat and which plant species are poten-
tial invaders is crucial for the conservation of plant diversity in Xishuangbanna. Taking
seeds of three tropical plant species growing in Xishuangbanna, i.e., Clematis subumbellata
(native), Handroanthus chrysanthus, and Melaleuca viminalis (both introduced), as
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experimental materials, this study investigated their seed germination traits and high-
temperature tolerance and compared the results with our previous reports. On the one
hand, this can provide guidance for the propagation and seedling production of these
three species. On the other hand, this can help us to predict the responses of these species
to global change and offer a reference for biodiversity conservation in Xishuangbanna.

2. Materials and Methods
2.1. Plant Species and Seed Sources

Clematis subumbellata Kurz (Ranunculaceae) is a medicinal plant native to Xishuang-
banna growing on forest margins, slopes, and scrub and also planted as ornamental gar-
den plants in Xishuangbanna. Handroanthus chrysanthus (Jacq.) S.O. Grose (Bignoniaceae)
is native to America, and Melaleuca viminalis (Sol. ex Gaertn.) Byrnes (Myrtaceae) is native
to Australia; these two species have been introduced into Xishuangbanna and cultivated
as ornamental plants there.

The seeds of these three species used in this study were collected from plants grow-
ing in Xishuangbana Tropical Botanical Garden, in Menglun, Mengla, South Yunnan, SW
China. These plants produce numerous small seeds with high viability every year accord-
ing to our observation. After natural shedding began, fruits were harvested from as many
plants as possible. The seeds were removed manually from fruits and air-dried under am-
bient conditions. For convenience, C. subumbellata achenes are referred to as seeds in this
paper. The thousand-seed weight (10 replicates of 100 seeds), initial moisture content
(eight replicates used, dried at 103 °C for 217 h, expressed on a fresh basis), and viability
(germination test used) were determined. The remaining seeds were stored in a dry room
set at 15 °C and 50% relative humidity for no more than half a year before use.

2.2. Germination Test and Seed Viability Assessment

Unless otherwise specified, seed viability was assessed using the following germina-
tion method: seeds were sown on 1% agar medium (agar:water, w/v) (ChembaseBio, Bei-
jing, China), with 50 seeds (for C. subumbellata and M. viminalis) or 20 seeds (for H. chry-
santhus only) per Petri dish x six replicates per treatment used. The dishes with seeds were
placed in an incubator set at 30 °C with light provided by white fluorescent lamps. Ger-
mination was scored once a week. A seed was considered germinated (in germination
experiments) or survived (in stress experiments) when the radicle emerged to approxi-
mately 0.2 cm long, and the formation of morphologically normal seedlings was observed.
The germination experiments lasted about six weeks. At the end of the experiment, non-
germinated seeds were checked for decay.

2.3. Effects of Incubation Temperature on Seed Germination

To investigate the effects of incubation temperatures on seed germination, seeds were
first sown in Petri dishes containing 1% agar. These dishes were then randomly assigned
to incubators set at 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 35 °C, and 40 °C, plus an alternating
temperature regime of 30 °C/20 °C (12 h/12 h) for incubation, with germination scored
regularly.

2.4. Effects of Daily Periodic High Temperature on Seed Germination

This experiment was conducted following the method reported previously [15].
Briefly, seeds were sown in Petri dishes containing 1% agar first, and then seeds in these
dishes were alternately incubated between two incubators set at 40 °C and 30 °C with light
daily. Different treatments were established based on the daily duration of exposure to 40
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°C, e.g., 3 h heating means 3 h at 40 °C followed by 21 h at 30 °C. Nine high-temperature
durations were set in this study, i.e., 0, 3, 6, 9, 12, 15, 18, 21, and 24 h.

2.5. Effects of Continuous High Temperature on Seed Viability

A constant temperature of 40 °C was used as the treatment temperature. Seeds were
sown in Petri dishes containing 1% agar first and then placed in an incubator at 40 °C with
light for a set continuous period. After heating for the target period of time, the seeds were
transferred to an incubator at 30 °C with light to assess changes in seed viability. Twelve
treatment durations were used, i.e.,0,1,2,3,4,5,6,7,8,10,12, and 15 d.

2.6. Tolerance of Quiescent Seeds to Extreme High Temperature

Seeds in two hydration statuses were employed in this experiment, i.e., air-dry and
imbibed. A water bath was used to provide high-temperature regimes ranging from 30 to
95 °C. Specifically, two large triangular flasks were used, each containing 300 seeds (for C.
subumbellata and M. viminalis) or 120 seeds (for H. chrysanthus only) spread in a monolayer
on the bottom to ensure uniform heating. Prior to heating, a small amount of pure water
was added to one flask to make the seeds imbibed, while seeds in the other flask were
kept dry. These flasks were capped during heating and removed after being treated at the
set temperature for 30 min, with seeds sown immediately to test viability.

2.7. Effects of Water Stress on Seed Germination

To investigate the effects of water stress on seed germination, test solutions with wa-
ter potentials ranging from -0.1 to —1.5 MPa were prepared using PEG 8000 (BioFroxx,
Ainhausen, Germany) according to the method of Michel [16], with deionized water (0
MPa) as the control. Seeds were placed in dishes lined with two layers of filter paper,
which were moistened with the test solution, and incubated at 25 °C. To minimize changes
in water potential during the experiment, Petri dishes for the same treatment were sealed
in a resealable double-clear plastic bag. Filter paper and test solutions were refreshed
twice a week, with germination scored simultaneously. After incubation for four weeks at
least, the ungerminated seeds were removed from stress and subjected to another two
weeks’ incubation on filter paper moistened with deionized water.

2.8. Effects of NaCl Stress on Seed Germination

According to the method of Lang [17], test solutions with water potentials ranging
from -0.1 to -1.5 MPa were prepared using NaCl, with other details following those de-
scribed above for the water stress experiment.

2.9. Data Statistics and Analysis

Germination percentage (for germination experiments), survival percentage (for
stress experiments), and seedling percentage were calculated, which were subjected to an
analysis of variance (ANOVA) using a generalized linear model (GLM) as dependent var-
iables separately after arcsine-square-root transformation, with all environmental factors
treated as fixed effects, and interactions between factors were also evaluated. A post hoc
comparison was performed when necessary. Untransformed data were presented as
means * SE based on six replicates of 50 seeds (for C. subumbellata and M. viminalis) or 20
(for H. chrysanthus) seeds. All analyses were carried out using SPSS 17.0 for Windows
(SPSS Inc, Chicago, IL, USA).
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3. Results
3.1. Initial Seed Traits

Generally speaking, the three species studied produce small seeds, with a 100-seed
weight ranging from 0.017 to 1.692 g. The air-dried seeds had moisture contents of ca. 15%
and high initial viability >75% for H. chrysanthus and >90% for both C. subumbellata and M.
viminalis (Table 1).

Table 1. The initial seed traits of the three species used in this study.

Moisture Content

Species 100-Seed Weight (g) %) Initial Viability (%)
C. subumbellata 0.1460 + 0.0014 14.91+0.24 91.67 +0.96
Handroanthus chrysanthus ~ 1.6916 + 0.0079 15.51 +1.36 75.83 +2.39
Melaleuca viminalis 0.0171 + 0.0004 13.56 +0.72 92.67 +2.11

3.2. Effect of Incubation Temperature on Seed Germination

Both species and incubation temperature had significant effects on seed germination
(p < 0.001 for all, Table S1). In the range of 15-30 °C, these three species all had a high
degree of germination, but none of them germinated at 10 °C. Among them, H. chrysanthus
had the widest germination temperature range, which germinated at 40 °C, with a seed-
ling percentage of around 70%. About 40% M. viminalis seeds germinated, but no seed-
lings formed at 40 °C. At 35 °C, M. viminalis had more than 80% seedling percentage, while
no C. subumbellata seeds germinated (Figure 1).
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Figure 1. Germination of seeds incubated in light at 1040 °C constant temperatures and alternating
day/night temperatures of 30/20 °C. Germination values are means * SEs of 6 replicates of 50 seeds
(for C. subumbellata and M. viminalis) or 20 seeds (for H. chrysanthus). (a): C. subumbellata; (b): H.
chrysanthus; (c): M. viminalis.

Meanwhile, seeds incubated under the alternative temperature regime had good ger-
mination also, comparable to that at 25 °C and 30 °C, with only a little more or less ob-
served. At 25 °C, these seeds germinated quickly without any pre-treatment required,
with a mean germination time of 27.3, 7, and 10.8 d for C. subumbellata, H. chrysanthus, and
M. viminalis, respectively.

3.3. Effects of Periodic High Temperature on Seed Germination

The three species studied exhibited significant differences in tolerance to daily peri-
odic heating (p < 0.001 for all, Table S1). In this experiment, H. chrysanthus seeds had the
strongest high-temperature tolerance, for about 55% of them germinated and grew into
seedlings in the daily 24 h regime at 40 °C. The second was M. viminalis. With an increase
in heating duration at 40 °C per day, M. viminalis seeds showed decreased germination
and seedling percentage gradually, until 21 h per day; only a small part (20%) of the seeds
germinated; and nearly no seedlings formed. C. subumbellata seeds had the worst high-
temperature tolerance, for there was no germination when daily heating duration ex-
ceeded 6 h (Figure 2).
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Figure 2. Germination of seeds under daily periodic high-temperature stress at 40 °C. Heating of
given thermoperiod at 40 °C was imposed on seeds every day. Germination values are means + SEs
of 6 replicates of 50 seeds (for C. subumbellata and M. viminalis) or 20 seeds (for H. chrysanthus). (a):
C. subumbellata; (b): H. chrysanthus; (c): M. viminalis.

3.4. Effects of Continuous High-Temperature Treatment on Seed Viability

Assessed on the changes in seed viability after continuous heating, the three species
studied had significant differences in seed high-temperature tolerance (p < 0.001 for all,
Table S1). After 5 days of heating, C. subumbellata seeds showed evidently decreased seed-
ling percentage. After 12 days, only about 20% of them survived, and nearly no seedlings
formed. With an increase in heating time, M. viminalis seeds lost viability linearly, with
only ca. 30% survival percentage and 20% seedling percentage on the 15th day. H. chry-
santhus seeds had the strongest high-temperature tolerance, without viability loss de-
tected during this experiment (Figure 3).
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Figure 3. Effects of continuous heating at 40 °C on seed viability. Seeds were heat-shocked for given

period of time at 40 °C and then incubated at 30 °C after release from stress. Seed viability values
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are means + SEs of 6 replicates of 50 seeds (for C. subumbellata and M. viminalis) or 20 seeds (for H.
chrysanthus). (a): C. subumbellata; (b): H. chrysanthus; (c): M. viminalis. Note: Seedling percentages did

not differ from survival percentage for H. chrysanthus seeds in this experiment.

3.5. Tolerance of Quiescent Seeds to Extreme High Temperature

Species, treatment temperature and hydration status of seeds had significant effects
on seed viability (p < 0.001 for all, Table S1). In this experiment, no seeds survived 80 °C
and above; for the same species, dry seeds were more tolerant to high-temperature treat-
ment than their imbibed counterparts, for the maximum temperature that the air-dried
seeds tolerated was 65 °C (for C. subumbellata and H. chrysanthus) and 75 °C (for M. vimi-
nalis), while imbibed seeds only tolerated 55 °C at most. Among these three species, C.
subumbellata seeds exhibited the lowest high-temperature tolerance, and its imbibed seeds
suffered a significant viability loss from heating at 40 °C, while the other two species sur-
vived heating at 55 °C. M. viminalis seeds had the strongest high-temperature tolerance,
for its air-dried seeds had a seedling percentage of 50%, while the other two species had
no germination after heating at 70 °C for 30 min (Figure 4).
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Figure 4. Effects of 30 min heat shocks at temperatures from 30 °C to 95 °C on seed viability. Seeds,
air-dried or imbibed, were heated at given temperature for 30 min and then incubated at 30 °C.
Viability values are means + SEs of 6 replicates of 50 seeds (for C. subumbellata and M. viminalis) or
20 seeds (for H. chrysanthus). (a): C. subumbellata; (b): H. chrysanthus; (c): M. viminalis.

3.6. Effects of Water Stress on Seed Germination

With a decrease in water potential, the seed germination of these three species was
gradually inhibited but showed significant interspecific differences (p < 0.001 for all, Table
S1). Among them, C. subumbellata seeds were the most sensitive, with only about a 15%
germination percentage and 7% seedling percentage under —0.5 MPa. The second was H.
chrysanthus seeds, which had a 60% seedling percentage at —0.6 MPa but hardly any ger-
mination at —0.8 MPa; M. viminalis seeds were the most tolerant, having a nearly 30% ger-
mination and seedling percentage at 1.2 MPa (Figure 5). After being released from stress,
additional germination was observed for all three species, especially for seeds incubated
under -0.8 to —1.5 MPa previously.
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Figure 5. Effects of water stress on seed germination. Seed germination was scored for at least 4
weeks under water stress. Germination values are means + SEs of 6 replicates of 50 seeds (for C.
subumbellata and M. viminalis) or 20 seeds (for H. chrysanthus). (a): C. subumbellata; (b): H. chrysanthus;
(c): M. viminalis. Note: Seedling percentages did not differ from survival percentage for M. viminalis

seeds in this experiment.

3.7. Effects of NaCl Stress on Seed Germination

Similarly, the seed germination of these three species showed significant interspecific
differences in tolerance to NaCl stress (p < 0.001 for all, Table S1). C. subumbellata seeds
were also the most sensitive among them, with only about a 10% germination percentage
at -0.5 MPa; M. viminalis seeds were intermediate; and H. chrysanthus seeds were the least
sensitive. At —1.2 MPa, H. chrysanthus seeds had about a 20% germination percentage and
7.5% seedling percentage; under the same stress, M. viminalis seeds had little germination
(Figure 6). Additional germination was also found after stress was removed.
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Figure 6. Effects of NaCl stress on seed germination. Seed germination was scored for at least 4
weeks under NaCl stress. Germination values are means + SEs of 6 replicates of 50 seeds (for C.

subumbellata and M. viminalis) or 20 seeds (for H. chrysanthus). (a): C. subumbellata; (b): H. chrysanthus;
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(c): M. viminalis. Note: Seedling percentages did not differ from survival percentage for M. viminalis

seeds in this experiment.

4. Discussion

This study investigated germination traits and seed high-temperature tolerance in
three species growing in Xishuangbanna and found that the two introduced species, both
H. chrysanthus and M. viminalis, produced seeds with wider germination temperature
ranges and better tolerance to high-temperature, water and NaCl stresses than the native
species C. subumbellata, though they all suffered viability loss and germination inhibition
under high temperature, water and NaCl stresses. Impressively, C. subumbellata seeds ex-
hibited rather poor tolerance to these stresses, for those incubated at a constant tempera-
ture = 35 °C (Figure 1) or 29 h daily high-temperature period at 40 °C (Figure 2), under
water potentials < 0.6 MPa (Figure 5) or NaCl stress < 0.8 MPa (Figure 6), had no germi-
nation; meanwhile, heating at 60 °C for 30 min killed all imbibed seeds while significantly
reducing the seedling percentage of air-dried seeds (Figure 4), and continuous heating at
40 °C for 15 days led to complete viability loss (Figure 3).

According to our observation on plants growing in our garden, these three species
all produce a large number of small seeds every year, a trait in accordance with r-strategies
[18], which confers them the ability to increase plant populations rapidly when environ-
mental conditions are favorable. Previous studies found that both plant invasiveness and
endangerment were closely related to seed traits; for example, invasive species were usu-
ally characterized by the mass production of small seeds, as well as rapid and good ger-
mination under a wide set of environmental conditions [5], while rare and endangered
species often had difficulties in seed production and/or germination [19-21].

As mentioned above, native plant endangerment and alien plant invasion are two
major challenges to the conservation of plant diversity. Thus, plant diversity conserva-
tionists need to take measures to prevent the disappearance of native species from the
community while stopping the entry of potential invaders. To accomplish this, the eco-
logical processes underlying these species shifts must be elucidated, which, in turn, would
allow for the design of simple and efficient approaches able to find threatened species and
identify potential invaders [12]. While these two issues appear to be contrary, they often
occur simultaneously in the same area, e.g., plant species shift in rainforest fragments [22—
26]. Meanwhile, they are both closely related to human activities, such as habitat loss and
fragmentation caused by deforestation and land-use change, as well as inappropriate spe-
cies introduction. Every year, large areas of forests are cut down, and numerous species
are intentionally or unintentionally transported outside their natural distribution ranges
[27,28]. Taking Xishuangbanna as an example, there are 3856 native seed plant species [29]
and 4347 common seed plant species [30] in this region. This means that there are approx-
imately 500 alien plant species widely growing in this area, among which 75 have become
invasive species [14]. In addition, there are more than 14,000 species collected as living
plants in Xishuangbanna Tropical Botanical Garden currently, of which over 10,000 are
introduced species. Among these more than 3800 native plant species, which are under
threat and may become rare or endangered in the future? Among the more than 10,000
introduced species, especially among the around 500 widely occurring introduced spe-
cies, which will become invasive? A feasible prediction method is needed to identify and
monitor them.

Plant invasion [31-33] and species endangerment [20,34,35] are both complex pro-
cesses of interaction between plants and their habitats, typically involving several stages
influenced by multiple factors. They require consideration from both plant and habitat
aspects, involving the physiological and ecological traits of the plant species, as well as
biotic and abiotic traits and changes in surroundings. Currently, there is no widely
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accepted approach to predicting invasive species or to identifying endangered species
[36,37]. However, in any case, the essence of both plant invasion and species endanger-
ment lies in changes in plant populations, often achieved through seed germination. They
both may involve the responses of plant species to changed habitats, which were mainly
initiated by seed germination but under different population dynamics. Therefore, stud-
ying plant seed traits —including seed yield, quality, tolerance, and dormancy and germi-
nation traits—combined with habitat traits and changes, may help us analyze population
dynamic trends in specific species and provide insights for predicting potential threatened
or invasive plants.

High temperature is a critical environmental factor that can impose stress and dam-
age on plants. In tropical deserts, high temperatures are universal, and desert species
mostly have evolved seed tolerance to extreme temperatures as a mechanism allowing the
seed bank to persist on hot soil surfaces [38,39], while in tropical rainforest regions, the
surroundings have been modified to form diverse microhabitats, so plants exhibit great
interspecific differences in tolerance to high temperatures [5]. Previous studies have re-
vealed that high-temperature tolerance is a vital seed trait with profound ecological sig-
nificance. It is not only closely associated with the invasiveness of alien plant species but
also strongly correlated with their threatened status and endangerment risk of native
plant species. Tropical plants exhibit substantial interspecific differences in seed high-tem-
perature tolerance. Alien invasive plants and pioneer species typically colonize open hab-
itats, and their seeds are characterized by high heat tolerance and the capacity to germi-
nate under high-temperature conditions, such as Tithonia diversifolia [40] and Amaranthus
spinosus [41]. Plant species producing recalcitrant seeds are mostly woody species native
to tropical rainforests [42]. Having long adapted to the cool and moist microenvironments
inside rainforests, they generally lack high-temperature tolerance, such as Baccaurea rami-
flora [13,43] and Alexandra palm [44]. Rare and endangered plants are also predominantly
native tropical rainforest species and tend to exhibit poor seed tolerance to high tempera-
tures, such as Camptotheca acuminata [21].

The plant species shift in fragmented rainforests, i.e., the disappearance of native spe-
cies and invasion of alien species, may be driven by changes in germination profile there.
This is based on two realities: plant species differing in seed high-temperature tolerance
is the intrinsic factor, on the one hand; on the other hand, as the extrinsic factor, human
disturbance and damage to natural habitats, such as deforestation and habitat fragmenta-
tion, cause changes in germination conditions. Deforestation and fragmentation not only
decrease habitat areas suitable for native plants but also create those suitable for alien
plants. In fragmented rainforests, microclimates have become drier and hotter; in partic-
ular, temperatures have risen within forest understories [12,45]. Previous research in
Xishuangbanna demonstrated that some native species suffered from germination inhibi-
tion and regeneration difficulties in fragmented rainforests because their seeds are sensi-
tive to increased temperature. This not only led to the endangerment of these native plants
but also provided an opportunity for the invasion of alien species producing seeds with
high tolerance to high temperature [13,21,43].

Therefore, we suggested that seed high-temperature tolerance can be used as a key
trait, combined with other seed traits such as seed size, seed yield, seed viability, dispersal
ability, dormancy, and germination traits, in order to predict population dynamic trends
in certain species under land-use change in tropical areas. The three plant species investi-
gated in this study have a common trait, i.e., the mass production of small nondormant
seeds with high initial viability, which endows them with the potential for rapid popula-
tion expansion through seed germination under favorable external conditions. Among
them, C. subumbellata exhibited poor high-temperature tolerance; no seeds germinated un-
der a constant temperature of 35 °C or under daily >9 h high-temperature exposure at 40
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°C. Its thermal sensitivity is comparable to that of rare and endangered native species
previously studied in this region, such as Camptotheca acuminate [21], Pellacalyx yunnanen-
sis and Tacca chantrieri (authors’ unpublished data), implying that this species may face
endangerment risks. However, C. subumbellata is a vine species, with a short life cycle,
which primarily grows on forest margins, slopes, and scrub and produces plumose
achenes, i.e., its seeds possess good wind dispersal capacity. Habitats suitable for its re-
generation did not decrease in the past and will not, at least in the near future. Taking all
of this into consideration, we do not think that this species is threatened currently, with
no urgent conservation demand. In reality, this species is classified as “Less Concern (LC)”
according to the standards of International Union for Conservation of Nature (IUCN).

On the contrary, the other two species, H. chrysanthus and M. viminalis, are both tree
species with long life cycles. They have been artificially introduced into Xishuangbanna
and successfully established cultivated populations with human assistance. It remains un-
clear whether these two species can escape cultivation and form self-sustaining wild pop-
ulations, and nowadays the key management measure involves preventing their seeds
from reaching microhabitats suitable for seed persistence and germination. The results
from this study indicated that both species possess relatively high heat tolerance and can
germinate under high temperatures. However, their seed heat tolerance is markedly lower
than that of typical invasive weeds previously reported in this region, such as Tithonia
diversifolia [40], Amaranthus spinosus [41], and Ageratum conyzoides [46], and is merely com-
parable to that of Piper aduncum [15] and Crassocephalum crepidioides [46]. To date, no ani-
mal seed dispersers have been observed for either species in Xishuangbanna based on our
field observations. H. chrysanthus is wind-dispersed, indicated by seed wings, and has a
high seedling percentage under high temperatures and strong tolerance to continuous
heat, which may increase its invasion risk. In contrast, M. viminalis lacks specialized dis-
persal structures, but its seeds exhibit greater tolerance to extreme high temperatures and
can persist longer in soil, which also raises its invasive potential. Overall, we think that
these two species may possess low-to-moderate invasion risks. Their most probable inva-
sive habitats resemble those of Piper aduncum, mainly forest edges. For management pur-
poses, soil containing seeds of M. viminalis should not be transported toward forest edges;
H. chrysanthus should not be planted near forest edges; and artificial seed transportation
to edge habitats should be strictly prohibited.

Accordingly, for a given native plant species, we can analyze its potential endanger-
ment drivers by integrating species traits with local environmental conditions in specific
regions. Similarly, for a given alien plant species, we can identify favorable and restrictive
factors underlying its invasiveness, predict its potential invasive habitats, and propose
targeted precautionary measures. Such detailed and targeted guidance holds great signif-
icance for biodiversity conservation in Xishuangbanna.

At the same time, we must acknowledge the limitations of this study, for the envi-
ronmental factors, i.e., temperature, water stress, and salinity stress, were evaluated and
analyzed separately in the laboratory, while these factors often act simultaneously and
interdependently under natural conditions. It should be kept in mind that the responses
observed under controlled laboratory conditions do not always fully reflect the behavior
of the species in the field, though they provided a reference for plant conservation.

In conclusion, studies on germination traits and seed high-temperature tolerance are
a critical approach, which can be used to predict population dynamic trends in certain
species under land-use change in tropical areas, in combination with other seed traits,
such as seed size, seed yield, dispersal ability, seed viability and longevity. This can ben-
efit the conservation of plant diversity through assessing the invasiveness of alien plant
species and threatened status of native plant species.
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