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and alter the photosynthetic characteristics of different alpine
meadow plants
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Abstract

Alpine meadow plants, which are adapted to humid and cold environments, are more sensitive to environmental factors such
as drought and high temperatures. However, excluding species competition, the physiological responses of individual alpine
meadow species to drought and heat stress remain unclear. In this study, four representative species of typical functional groups
in an alpine meadow of the Qinghai-Tibet Plateau were selected as experimental materials. Heat (H1, H2), drought (D1, D2),
and combined heat and drought stress (D1H1, D2H2) treatments were implemented to reveal the physiological characteristics’
response to a constant drought and heat environment. Our results showed that the leaf water content (LWC) of Kobresia humilis
and Poa annua increased significantly under heat stress and the compound heat and drought stress (P<0.05). Additionally,
the aboveground biomass (AGB) of Oxytropis ochrocephala and Saussurea pulchra decreased significantly under compound
stress (P<0.05). The response patterns of the net photosynthetic rate (Pn) and transpiration rate (Tr) of K. humilis and P.
annua under various stress treatments were similar; as were those of O. ochrocephala and S. pulchra. The stomatal conductance
(Gs) variation in K. humilis, P. annua, O. ochrocephala, and S. pulchra were the same under three kinds of stress treatments.
The photosynthetic characteristics were more sensitive to the effects of composite than of single factors. The drought × heat
× species treatment had a significant influence on various indexes except on height and the belowground biomass (P<0.01).
Within a certain range, daytime temperature (DT) promoted the height and increased the LWC of the plants, while it inhibited
their AGB and intercellular CO2 concentration. The Pn, Tr, and Gs were more sensitive to soil moisture than to DT. Our
results help improve understanding of the physiological response regularity of representative alpine meadow plant species to
continuous drought and high temperature conditions.
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Abstract: Alpine meadow plants, which are adapted to humid and cold environments, are more sensitive
to environmental factors such as drought and high temperatures. However, excluding species competition,
the physiological responses of individual alpine meadow species to drought and heat stress remain unclear.
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In this study, four representative species of typical functional groups in an alpine meadow of the Qinghai-
Tibet Plateau were selected as experimental materials. Heat (H1, H2), drought (D1, D2), and combined heat
and drought stress (D1H1, D2H2) treatments were implemented to reveal the physiological characteristics’
response to a constant drought and heat environment. Our results showed that the leaf water content (LWC)
of Kobresia humilis and Poa annua increased significantly under heat stress and the compound heat and
drought stress (P <0.05). Additionally, the aboveground biomass (AGB) of Oxytropis ochrocephala and
Saussurea pulchra decreased significantly under compound stress (P <0.05). The response patterns of the
net photosynthetic rate (Pn) and transpiration rate (Tr) of K. humilis and P. annua under various stress
treatments were similar; as were those of O. ochrocephala and S. pulchra . The stomatal conductance (Gs)
variation in K. humilis, P. annua, O. ochrocephala , and S. pulchra were the same under three kinds of
stress treatments. The photosynthetic characteristics were more sensitive to the effects of composite than of
single factors. The drought × heat × species treatment had a significant influence on various indexes except
on height and the belowground biomass (P <0.01). Within a certain range, daytime temperature (DT)
promoted the height and increased the LWC of the plants, while it inhibited their AGB and intercellular
CO2 concentration. The Pn, Tr, and Gs were more sensitive to soil moisture than to DT. Our results help
improve understanding of the physiological response regularity of representative alpine meadow plant species
to continuous drought and high temperature conditions.

Keywords: alpine meadow, drought stress, heat stress, productivity, photosynthetic characteristics

1. INTRODUCTION

In the process of growth and development, plants often suffer from the stress imposed by biotic and abiotic
factors (Salvucci et al., 2004). Among the latter, high temperature and drought are the main environmental
factors that limit the growth and productivity of various plants (Sita et al., 2017). The fifth assessment
report of the Intergovernmental Panel on Climate Change (IPCC) points out that global warming is an
indisputable fact and the global temperature is predicted to rise by 1.8–4 by the end of the 21st century
(Pachauri et al., 2014). Recent climate change models predict that the frequency and duration of periods
of high temperatures and moisture deficits are on the rise, especially for extreme climatic events (Chen et
al., 2010); for instance, high temperatures are accompanied by exceptional drought in some regions (Field
et al., 2012). These harsh climates cause changes in the physiological and ecological processes of plants in
the region, hinder plant growth and development (Allen et al., 2010), and seriously affect plant distribution
and productivity. It follows that such climates have become important environmental factors affecting plant
growth and development (Song et al., 2018). Recent studies have revealed that the response of plants to
a combination of different abiotic stresses is unique and cannot be directly extrapolated from the response
of plants to each of the different stresses applied individually (Ahmed et al., 2013). This emphasizes the
necessity to study the vegetation response of terrestrial ecosystems to drought, high temperature, and their
combined stress, which have become the focus of research in recent years (Mahalingam, 2015; Zandalinas
et al., 2017; Lawas et al., 2018).

The co-occurrence of drought and high temperature is more harmful to plant growth than the single influence
of one of these factors (Nankishore & Farrell, 2016; Sehgal et al., 2019). The response of the photosynthetic
parameters of plant leaves and plant productivity to high temperatures and drought reflect the light energy
utilization efficiency and growth rate of the plant photosynthetic system. Research has shown that when
heat and drought stress co-occur, they initiate various processes, such as the accumulation of large amounts
of harmful substances in plants, a decreased photosynthetic rate by changing the activity of various enzymes
involved in plant photosynthesis and metabolism coupled with abnormal respiration, closed stomata, high leaf
temperature, and reduced water use efficiency in plants (Hao et al., 2019; Qaseem et al., 2019). Furthermore,
various studies have demonstrated that the impact of heat and drought stress on plant growth, yield, and
physiology varies among different crops (Bakhshandeh et al., 2019), which is also related to the different
characteristics of each species. The effects on yield or any other trait may be synergistic, antagonistic, or
hypo-additive (Pradhan et al., 2012; Prasad et al., 2011).

The effects of the global climate change are most visible on the physiological and ecological processes of
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plants in high latitudes and altitudes, owing to the faster temperature rise in these regions (Penuelas et al.,
2013; Li et al., 2018). Kobresia humilis, Poa annua, Oxytropis ochrocephala, and Saussurea pulchra are
typical representative functional group Sedge, Graminoid, Legume, and Forb species, respectively, in a K.
humilis meadow, and are also key plant species related to the stability of alpine grassland ecosystems (Ren
et al., 2013; Zhao et al., 2015). These plants, which adapted to living in cold, humid plateau climates long
ago, are more sensitive to the combined effects of drought and heat caused by global climate change. The
existing research on the combined effects of high temperature and drought mainly focuses on herbaceous
ground covers (Song et al., 2018), arbor forest species (Huang et al., 2011; Read et al., 2014), and crops
such as rice (Lawas et al., 2019), wheat (Pradhan et al., 2012), and lentils and their seeds (Sita et al., 2017;
Sehgal et al., 2019). However, there are relatively few studies on alpine grassland plant species distributed
in the Qinghai-Tibet Plateau. Moreover, in some studies, it proved difficult to control the environmental
factors accurately in field experiments, while their applicability was poor (Zhang et al., 2010; Yu et al., 2015),
owing to a lack of research data on the physiological ecology of individual alpine meadow species under the
influence of drought and high temperature or their combined effects.

As there are relatively few indoor studies on the physiological and ecological response and adaptation strate-
gies of alpine meadow plants, our research objects in this study were typical alpine meadow plants (K.
humilis, P. annua, O. ochrocephala, and S. pulchra ). These were subjected to drought, heat, and the com-
bined stress of the two in an artificial climate chamber, with the aim of revealing the physiological response
of alpine meadow species to continuous environmental stress. More specifically, the present study aimed:

(1) To evaluate the effects of drought, heat, and their combined stress on the productivity and photosynthetic
characteristics of four different alpine meadow species under a controlled environment.

(2) To detect differences in the performance of different alpine meadow species under heat, drought, and
their interaction.

(3) To explore the dominant environmental factors that affect the response of different alpine meadow plants
under drought, heat, and their interaction.

Our results can provide a theoretical basis for the rational utilization of grassland resources in alpine regions
under the threat of climate change.

2. MATERIALS AND METHODS

2.1 Plant materials

All species (K. humilis, P. annua, O. ochrocephala, and S. pulchra ) were obtained from a natural K. humilis
meadow of Haibei National Field Research Station of Alpine Grassland Ecosystem (37deg29’ N–37’45 ’N,
101deg12’ E–101deg23’ E; altitude 3,280 m). The average annual precipitation, air temperature, and sunshine
duration of the area were 560 mm, -1.7 degC, and 2,462.7 h, respectively. The soil in the alpine meadow is
classified as Mat-Gryic Cambisol, and it is rich in organic matter. The main vegetation types in this region
and on the Tibetan Plateau consist of K. humilis and K. pymaeameadows (Du et al., 2020).

Approximately one month after the plants turned green, on June 4, 2019, we collected samples for the
experiments. We selected plants with good and consistent growth. The soil volume with an area of plant
largest projected on the ground and a height of 10 cm underground as the sampling standard. The samples
were then packed in envelope bags and brought back to the laboratory. Thirty plants of each species (a total
of 120 plants from all four species) were sampled. In order to avoid irreversible man-made damage to the
grassland, the distance between each collected plant sample was not less than 5 m.

2.2 Experimental and treatment conditions

The preculture as well as the drought, heat, and combined drought and heat treatments, were carried out
in three artificial climate chambers (AI000, Canada).

1. Preculture (June 5–12, 2019): The plants were acclimated to the growth chamber for seven days
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before being subjected to the treatments. Plant samples collected in the field were transplanted into
an experimental pot with an inner diameter of 8 cm and a height of 10 cm. Then, the samples were
placed into an artificial intelligence climate box, where the daytime and night temperatures were 18.5
and 4 , respectively, and the air humidity was 60%; they were watered once every 2 d, with the water
quantity being 100% of the moisture evaporation (ET) (the necessary water quantity was weighed).
The preculture lasted 7 d; then, in order to ensure a survival rate, dead plants were removed, and 27
basins with plants of the same size and similar growth rate were selected for each of the four species,
totaling 108 basins, to be used in the treatment experiment.

2. Stress treatment (June 13–July 13, 2019): Two drought gradients (D1, D2), two heat gradients
(H1, H2), two drought and heat compound treatment gradients (D1H1, D2H2), and a control (CK)
treatment were established in the experiment(Table 1). Each treatment was performed in triplicate.

CK, D1, D2: The day and night temperature were set at 18.5 degC and 4 degC, respectively. The plants
were watered every two days for 100% ET. D1 and D2 were treated at the same temperature as CK and
watered once every two days (at 8:00 a.m. every day). The watering amount was reduced to 50% ET for D1
and 20% ET for D2. A total of 36 samples (3 treatments x 4 species x 3 replicates) were placed in the same
incubator.H1, D1H1: The day and night temperatures were set at 21.5 degC and 7 degC, respectively, in
H1. The plants were watered every two days for 100% ET. A total of 24 samples (2 treatments x 4 species
x 3 replicates) were placed in the same incubator at the same time D1 was processed.H2, D2H2: The day
and night temperatures were set at 24.5 degC and 10 degC, respectively, in H2. The plants were watered
every two days for 100% ET. A total of 24 samples (2 treatments x 4 species x 3 replicates) were placed in
the same incubator at the same time D2 was processed.

2.3 Determination index and method

1) Photosynthetic traits: After the experiment, at 10:00 pm on July 12, 2019, we selected 2–3 mature
leaves from the same node of each plant to measure their physiological traits with a Li-Cor 6400 Portable
Photosynthesis system (LI-6800, USA). The main observed photosynthetic characteristic indexes were net
photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), and intercellular CO2 con-
centration (Ci). The following conditions were maintained during the measurements: CO2 concentration:
360–400 μmol·mol-1; flow rate: 500 μmol·s-1; leaf temperature: 23 ± 0.4 °C; relative humidity: 60 ± 5%; light
illumination: 750 μmol.m-2·s-1.

2) Water use efficiency (WUE): The WUE was recorded using the following formula (Pn and Tr were
defined in the previous section):

WUE = Pn/Tr

3) Leaf water content (LWC): This was obtained by a conventional weighing method.

At the end of the experiment, the leaves of the four species were removed and they were kept in an oven at
80 °C for 24 h to record their dry weight. The LWC was recorded using the following formula:

LWC =

(
Wfresh −Wdry

Wfresh

)
× 100%

4) Aboveground and belowground biomass (AGB and BGB): After the determination of photo-
synthetic traits, the aboveground branches and leaves of the plants were separated from the underground
roots, and the roots and soil were separated and washed clean with a 60 target quasi-soil screen (0.28 mm
aperture). Finally, the aboveground and underground parts were placed in an oven at 65 °C and dried to
constant weight. The ABG and BGB of the plants was obtained by weighing them with an electronic balance
with an accuracy of 0.001 g.

2.4 Data Analysis
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The significant differences among the treatments were analyzed using analysis of variance (ANOVA) in a
factorial design. A three-factor ANOVA on the influence of species, drought, and high temperature was
conducted in IBM SPSS Statistics for Windows, version 24.0 (IBM Corp., Armonk, NY, USA). The trend
chart of different indicators under different treatments was created in Origin 8.0. Canoco 4.5 was used for
detrended correspondence analysis (DCA) and redundancy analysis (RDA). The data in the figures are
represented as the mean ± standard error.

3. RESULTS

3.1 Height and LWC

The height of O. ochrocephala decreased significantly under drought stress compared with that of the CK
(40.93% and 60.76% under the D1 and D2 treatments, respectively) (P <0.05). The heights of K. humilis,
P. annua, and S. pulchra increased by 51.72%, 132.92%, and 137.35% respectively, under the H2 treatment
(P <0.05), while that of O. ochrocephaladecreased significantly (45.15%) (P <0.05). The heights of K.
humilis and S. pulchra increased significantly under the D2H2 treatment (75.42% and 81.93%, respectively)
(P <0.05) (Figure 1).

The LWC of K. humilis, P. annua, and S. pulchra decreased significantly (39.75%, 28.12%, and 37.48%,
respectively) under the D2 treatment. The LWC of K. humilis and P. annua increased significantly (P
<0.05) under the high temperature and the combined stress owing to the interaction of drought and heat.
The LWC of S. pulchra increased significantly only under the H2 and D2H2 treatments (P <0.05). The LWC
change of O. ochrocephala was non-significant in all treatments (P >0.05). Drought inhibited the LWC of
K. humilis, P. annua , and S. pulchra , while high temperature and the compound stress of drought and
heat promoted an increase in the moisture content of the leaves (Table 2).

3.2 Aboveground and belowground biomass

The AGB of K. humilis decreased significantly under the H2 treatment (72.66%) (P <0.05). Its BGB incre-
ased significantly under the D2H2 treatment (98.13%) and decreased significantly under the H2 treatment
(35.68%) (P <0.05). The AGB of P. annua decreased significantly under the D1H1 treatment (79.84%) (P
<0.05) and increased slightly, but not significantly (P >0.05), under the D2 treatment (14.48%). The BGB
change of P. annua was not significant for all treatments.

The AGB of O. ochrocephala and S. pulchra decreased with the high temperature and drought stress increase,
as well as under the compound heat and drought stress. The AGB of O. ochrocephaladecreased significantly
under the H2, D1H1, and D2H2 treatments (86.95%, 73.65%, and 87.95%, respectively) (P <0.05). The AGB
of S. pulchra decreased the most under the D2H2 treatment (95.50%). The BGB of O. ochrocephala and
S. pulchraincreased gradually with the increase of high temperature stress, and decreased with the increase
of the compound heat and drought stress; the BGB of both species decreased significantly under the D2H2
treatment (55.47% and 34.42%, respectively) (P <0.05) (Figure 2).

3.3 Photosynthetic traits

The Pn of K. humilis and P. annua decreased significantly with the drought stress (84.16% and 87.36%,
respectively, under the D2 treatment) and combined drought and heat stress increase (51.71% and 60.95%,
respectively, under the D2H2 treatment) (P <0.05). After the drought and high temperature stress, the Pn
was maintained at a low level of 0.52–0.81 μmol·m-2·s-1 and a relatively high level of 4.70–4.84 μmol·m-2·s-1,
respectively. The Pn of O. ochrocephala and S. pulchra decreased significantly under both the drought and
the combined drought and heat stress (P <0.05). The Pn of S. pulchra first increased significantly (12.16%
under the H1 treatment) and then decreased significantly (71.19% under the H2 treatment) (P <0.05) with
the increase of the high temperature stress; the Pn of O. ochrocephala changed in a similar manner(Figure
3A).

The Tr of K. humilis and P. annua decreased significantly under drought stress (63.10% and 69.20%,
respectively, under the D2 treatment). The Tr of the same species decreased significantly under the H1
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treatment (46.53% and 24.37%, respectively) and increased under the H2 treatment (20.80% and 25.55%,
respectively). The Tr characteristics of O. ochrocephala under different stress conditions were consistent with
those of S. pulchra; the drought and high temperature stress increase resulted in a significant Tr decrease
(69.87% and 69.10%, respectively, under the D2 treatment; 63.95% and 64.40%, respectively, under the H2
treatment) (P <0.05), as this remained at a relatively low level of 4.70–4.84 μmol·m-2·s-1. An increase in the
compound drought and heat stress, initially resulted in a decrease and then in an increase in the Tr, which
reached a significant level in S. pulchra (P <0.05) (Figure 3B).

The Gs variation of K. humilis and P. annua was the same under the three treatments, as it initially increased
and then decreased with the stress increase. The Gs decrease of K. humiliswas higher than its Gs increase
(P <0.05), while the opposite was true for the Gs of P. annua . The Gs variation ofO. ochrocephala was
the same under the three treatments, as it initially increased and then decreased with the stress increase;
Gs was more sensitive under the D1, H1, and D1H1 treatments (it increased by 95.88%, 288.00%, and
112.93%, respectively) (P <0.05). The Gs of S. pulchra showed a significantly decreasing trend under different
treatments (68.79%, 78.44%, and 78.63% under the D2, H2, and D2H2 treatments, respectively) (P <0.05)
(Figure 3C).

The Ci of K. humilis showed a decreasing trend under the stress treatments and it decreased significantly
(by 49.30%) under the D2H2 treatment (P <0.05). The Ci of P. annuafirst decreased and then increased
with the stress increase. The Ci in this species decreased more under the D1 and H1 treatments (26.36%
and 24.57%, respectively) than under the D1H1 treatment (8.58%) (P <0.05). The Ci of O. ochrocephala
decreased significantly under high temperature stress (20.11% and 46.29% under the H1 and H22 treatment,
respectively) (P <0.05), and maintained a higher level of 330.72 μmol/mol under drought stress. The Ci of
S. pulchra did not change in a consistent manner as a response to the stress treatments. Under compound
stress, the Ci ofS. pulchra decreased significantly (21.45% under the D1H1 treatment) (P <0.05) (Figure
3D).

3.4 Correlation analysis among characteristic indexes

The correlation analysis of eight height indicators, LWC, AGB, BGB, and four photosynthetic characteristic
indexes showed that there was a significant positive correlation between height and AGB, with a correlation
coefficient of 0.383 (P <0.01), and a negative but not significant correlation with BGB. LWC was negatively
correlated with AGB and Ci, with correlation coefficients of -0.472 and -0.280, respectively (P <0.01), and
had a significantly positive correlation with Pn (P <0.05). Pn had a significantly positive correlation with
Tr and Gs, with correlation coefficients of 0.384 and 0.373, respectively (P <0.01). Tr had a significantly
positive correlation with Gs and Ci (P <0.01), with correlation coefficients of 0.426 and 0.349, respectively.
Finally, Gs and Ci had a significantly positive correlation, with a correlation coefficient of 0.380 (P <0.01)
(Table 3).

3.5 Three-way ANOVA analysis

The output of the three-way ANOVA indicated significant effects of the heat, drought, and the combined
heat and drought treatments on eight characteristic indexes in the four alpine meadow species. Height
was significantly affected by species (P <0.05) and heat (P <0.01). The LWC and AGB were significantly
affected by the height, species, drought and heat interaction, and drought, heat, and species interaction
(P <0.01). The LWC was relatively weakly affected by drought (P <0.05). The effect of six of the seven
treatments on BGB was non-significant.. Except for species, Pn was significantly affected by the other single
and compound factors (P <0.01). The effect of compound factors was more significant than that of single
factors on Tr (P <0.01). Except for height and the drought and height interaction, Gs was significantly
affected by the other single and compound factors (P <0.01). Ci was significantly affected by seven factors,
with the species, drought and species interaction, height and species interaction, and drought, height, and
species interaction having extremely significant effects (P <0.01) (Table 4).

3.6 Redundancy analysis
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We used DCA and RDA to analyze the relationship between species characteristics and environmental factors.
The plant data were sorted by DCA, and the gradient lengths of the four sorting axes were obtained, of which
the maximum value was 0.63 < 3; therefore, we selected the RDA method. The eigenvalues of the sorting axis
and the cumulative interpretation showed that daytime temperature (DT), nighttime temperature (NT), and
soil moisture condition (SM) explained 35.70% of the plant change variation. The first two axes explained
35.70% of the plant change variation and 100% of the species-environment relationship variation. The results
could explain all the variation in the species-environment relationship (Table 5).

Within a certain range, the SM had the greatest influence on the characteristic indexes of species, followed
by DT, and NT, which exerted the least influence on the change of the characteristic plant indexes (Figure
4). All vegetation characteristic indexes were positively correlated with SM, which had the greatest impact
on Pn and WUE (P <0.01) and the least impact on BGB, followed by Tr, Gs, and LWC, which had a
significantly positive correlation with SM (P <0.05). Daytime temperature exerted the greatest positive
influence on LWC and H, as it had an extremely significant positive correlation with both (P <0.01), and
the least influence on Pn. Daytime temperature exerted the greatest negative influence on AGB and Gs, as
it had a very significant negative correlation with these parameters (P <0.01), and the least influence on Ci
(Table 6).

4. DISCUSSION

Several organisms gradually demonstrate adaptive changes in their morphological and physiological charac-
teristics and the greatest plastic response (heat resistance and drought resistance) under continuous drought
and high temperature stress (Seki et al., 2007; An & Liang, 2012). However, the amount of drought and
high temperature stress that species can withstand differ (Li & Li, 2016; Pradhan et al., 2012); more specif-
ically, alpine meadow plants grown in low-temperature restricted environments are extremely sensitive to
temperature and drought

Leaves, the main function of which is photosynthesis, are the most flexible and sensitive plant organs to
environmental stress (Xue et al., 2012). Drought or high temperature stress will generally reduce the LWC
(Zhang et al., 2020). The results of the present study showed that drought stress and high temperature stress
decreased and increased the LWC, respectively. The LWC was more affected by drought stress than by heat;
these results corroborate those of Keyvan (2010). The LWC ofK. humilis and P. annua increased under
high temperature stress, decreased significantly under excessive drought, and increased significantly under
the compound heat and drought stress, thereby indicating that temperature played a key role in the effect
of the compound stress on LWC. The LWC change of S. pulchra demonstrate that it is sensitive to both
excessive heat and the excessive combined stress, which is consistent with the research results of Zhang et al.
(2020). Excessively high temperature and drought destroy the photosynthetic mechanism of mesophyll cells
in plant leaves, cause irreversible damage, reduce the LWC of plants, and result in yellowing (Zandalinas
et al., 2017). The different responses of the four plant species to drought and high temperature stress in
terms of their LWC changes, indicate that different plant characteristics play an important role in a species’
response mode.

High temperatures can increase the consumption of organic matter by plant respiration in order to reduce the
biomass or promote organic matter accumulation by increasing photosynthesis or the absorption of mineral
nutrients (Ma et al., 2017). Drought and high temperature stress lead to a biomass decline through negative
effects on plant growth, physiology, and reproduction (Barnabás et al., 2007). The results of our study showed
that the AGB of the four plant species examined was inhibited by high temperature stress; this could be
related to a variety of factors such as reduced Pn (Flexas et al., 2004) and interfered assimilate distribution
(Farooq et al., 2009), resulting in a decreased biomass trend under high temperature and compound heat
and drought stress, which is consistent with the results of many studies (Fahad et al., 2017; Daryanto et al.,
2016). The combined drought and high temperature stress had an inhibitive effect on O. ochrocephalaand
S. pulchra , while drought had a cushioning effect on the effects of the combined drought and heat stress
on K. humilis andP. annua, with the temperature being dominant in the combined treatment. The BGB of
O. ochrocephala and S.pulchra was the highest under the high temperature stress. The BGB of K. humilis
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and P. annua had a decreasing trend under the high temperature stress. Our results showed that high
temperature stress was beneficial for root growth, which made plant productivity shift to an underground
distribution and inhibited the BGB of plants with shallow roots. The rising temperature would lead to a
decrease in the surface soil water content, making the SM condition a key factor limiting the root growth of
plants with shallow roots (Yu et al., 2015).

Photosynthesis, the most important physiological and biochemical plant activity, affects material conversion
and energy metabolism in plants, and it has a strong response to drought and high temperatures (Chakhchar
et al., 2016; Jumrani et al., 2017). The net Pn of plants decreases under drought and high temperature stress,
with the extent of the decrease varying among plants (Jing et al., 2013; Jumrani et al., 2017). Stomatal
factors are the main reasons for the Pn decrease under mild water stress, while under severe water stress
the chlorophyll structure damage results in a Pn decrease (Bray, 1997). The results of this study showed
that the increasing drought resulted in the gradual water loss by the leaves of the four plant species, while
the net Pn and Tr of the leaves also decreased. These results indicate that photosynthetic restriction factors
consist mainly of stomatal restriction under drought stress and can prevent excessive water loss and ensure
effective water utilization (Zhao et al., 2002). The net Pn of K. humilis andP. annua increased with the
high temperature stress increase, while that of O. ochrocephala and S. pulchrainitially increased and then
decreased significantly with the high temperature stress increase, which was also true for the LWC. Compared
with K. humilis, P. annua , O. ochrocephala, and S.pulchra are less able to withstand high temperatures and
regulate water. Under severe high temperature stress, O. ochrocephala andS. pulchra may have non-stomatal
restriction and inhibit photosynthesis; this reflects the difference in the plant species’ ability and manner
of regulating water (Xu et al., 2013). Lawlor and Cornic (2002) found that stomatal responses are highly
variable under drought conditions across plant species; the results of our study showed that the Gs differed
significantly among the four plant species and did not change based on obvious rules, thereby confirming
that there was not necessarily a linear relationship between Gs and drought stress.

The combined effect of drought and heat stress on plants is greater than that of a single stressor (Dreesen
et al., 2012). When drought and heat stress occur simultaneously, the Gs and transpiration decrease, and
heat persecution is caused by the increase of the leaf temperature (Lamaoui, et al., 2018). The results
of the present study demonstrated that the promotion effect of high temperature stress on Pn did not
alleviate the influence of drought stress on the photosynthetic characteristics of the four plant species,
but produced a superimposed effect together with drought stress, thereby leading to a Pn decrease under
combined stress. This indicates that the combined stress had a greater influence on Pn than a single stress,
and the water condition played a dominant role. Rollins (2013) found that photosynthesis is not affected
under drought stress, but decreases significantly under a combined drought and high temperature treatment,
with temperature playing a dominant role in the combined stress; these results are significantly different
from those obtained in the present study. The most plausible explanation for this outcome may be related
to the characteristics of alpine meadow plants, which are more sensitive to water changes than temperature
changes owing to their long-term development and survival in cold and wet environments (Xu & Xue, 2013).

High temperature stress inhibits the Tr of O. ochrocephala andS. pulchra , and higher stomatal resistance
reduces the transpiration rate after a temperature rise, thus preserving the plant moisture status (Liu et
al., 2005). This was also demonstrated by the WUE analysis (Figure 5). The WUE of O. ochrocephala
increased under the H2 treatment and that of S. pulchra increased significantly under the H1 treatment (P
<0.05). The effects of drought were dominant in the compound stress and high temperature stress treatments
as these promoted the WUE of alpine meadow plants. However, this would reduce the cooling effect of
transpiration, leading to an increase in leaf temperature, especially under the combined stress of two factors,
which would affect the photosynthetic capacity of the plants. The WUE of Kobresia humilis and P. annua
increased significantly under the H1 treatment and decreased under the H2 treatment, showing a certain
range of adaptation to high temperature stress, with the influence of high temperature being dominant in
the compound stress (Figure 5). The mitigation of heat stress is achieved by a reduction in Tr, an increase in
WUE, an enhancement of photoenzyme activity, and an increase in the defense molecules of the four plant
species (Blum, 2009).
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Due to the lack of continuous observation of physiological indexes of alpine meadow plants, this study could
not obtain the characteristics and rules of alpine meadow species changes in small-scale time series, which
had certain limitations. Therefore, in the face of the environmental effects of climate warming and frequent
bouts of extreme weather, it is necessary to research the heat and drought tolerance mechanisms of alpine
meadow plants with stress time and identify the genetic differences that determine their stress responses, in
order to improve plant stress performance.

5. CONCLUSION

Drought and heat stress generally inhibited the characteristic indexes of alpine meadow plants. The effect of a
single factor on height and LWC was greater than that of multiple factors combined, and the photosynthetic
indexes were more sensitive to multiple factors combined than a single factor. Additionally, the response of
four alpine meadow plant species to SM was more sensitive than that to DT. Moreover, our results showed
that the Pn and Tr of K. humilis and P. annua had similar response patterns to stress; the same was
true for the response patterns of the same photosynthetic characteristics of O. ochrocephala andS. pulchra
. Overall, K. humilis and P. annuaadapted to and resisted less the stress treatment than O. ochrocephala
and S. pulchra . The findings of this study reveal the regularities and differences in the response patterns of
different functional groups of plants to environmental stress in an alpine meadow. Additionally, our results
provide a theoretical basis for the rational utilization of grassland resources in alpine meadows in the context
of climate change.
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