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Abstract
Background  Climate warming can strongly influence alpine plant physiology, but the leaf-level responses of 
dominant alpine meadow species to warming may vary across elevation and growing-season stages. These spatial 
and seasonal patterns remain insufficiently known.

Results  We examined the physiological responses of Kobresia pygmaea on the northeastern Qinghai-Tibet Plateau 
to long-term passive open-top chamber (OTC) warming across four elevations (3691, 3786, 3981, and 4131 m a.s.l.) 
from July to September. Across all sites and months, OTC warming increased mean near-surface air temperature by 
1.34 °C and surface soil temperature by 1.32 °C, while reducing relative humidity by 5.16% and surface soil moisture 
by 5.17%. Warming reduced leaf malondialdehyde by 20.2% and proline by 45.3%, suggesting lower membrane lipid 
peroxidation and reduced osmotic adjustment. Superoxide dismutase activity increased slightly by 2.4%, whereas 
peroxidase activity increased by 26.3%, indicating enzyme-specific antioxidant regulation. Chlorophyll a, chlorophyll b, 
and total chlorophyll increased by 72.0%, 66.2%, and 70.2%, respectively. Three-way ANOVA showed significant effects 
of warming, month, elevation, and their interactions on most physiological indicators.

Conclusion  Moderate OTC warming improved the leaf-level physiological status and photosynthetic pigment 
capacity of K. pygmaea during the growing season. These benefits were season- and elevation-dependent and 
occurred under a concurrent drying microclimate. The results provided evidence of a leaf-level physiological response 
to warming by the dominant species in alpine meadows.
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​​Introduction
High-elevation ecosystems are highly sensitive to cli-
mate warming because low temperature constrains plant 
metabolism, nutrient cycling, growing-season length, 
and soil thermal regimes [1–3]. Alpine ecosystems above 
the treeline also support high biodiversity and store 
substantial soil carbon and nitrogen pools [4–6]. The 
Qinghai-Tibet Plateau is the largest alpine ecosystem in 
the world, and its warming rate has exceeded the global 
average over recent decades [7, 8]. Understanding plant 
responses to this warming is therefore important for pre-
dicting the stability and functioning of alpine grasslands.

Evidence from remote sensing and field observations 
indicates that warming can promote alpine vegetation 
greening, as reflected by increases in NDVI, leaf area 
index, and biomass in many cold-limited regions [9–13]. 
However, contrasting trends have also been reported, 
especially where warming enhances evapotranspiration 
and reduces soil water availability [14–16]. In permafrost-
affected meadows, changes in active-layer hydrology and 
soil moisture can further modify vegetation responses 
[17]. These findings indicate that plant responses to 
warming depend on the balance between thermal release 
from cold limitation and moisture-mediated stress.

Experimental warming, especially through open-top 
chambers (OTCs), provides a widely used approach for 
evaluating plant responses to warming under field con-
ditions [18]. Previous warming experiments have shown 
changes in plant growth, photosynthetic activity, chlo-
rophyll content, and oxidative stress indicators [19–25]. 
At the physiological level, malondialdehyde (MDA) indi-
cates membrane lipid peroxidation [26], proline reflects 
osmotic adjustment under cold and drought stress [27], 
superoxide dismutase (SOD) and peroxidase (POD) are 
important antioxidant enzymes [28], and chlorophyll pig-
ments are closely linked to photosynthetic capacity [29]. 
However, many studies have focused on single sites, end-
of-season measurements, or community-level responses, 
leaving uncertainty about how physiological responses 
vary across both elevation and time within the growing 
season [19, 30].

 Kobresia pygmaea is a dominant mat-forming sedge 
in alpine meadows of the Qinghai-Tibet Plateau and con-
tributes to plant productivity, soil organic matter accu-
mulation, and topsoil stability [31–34]. Its shallow root 
system and low stature make it sensitive to both tempera-
ture and soil moisture fluctuations, making it a useful 
species for examining physiological responses to warm-
ing. Nevertheless, the combined influence of warming, 
elevation, and seasonal progression on K. pygmaea leaf 
physiology remains poorly understood.

In this study, we used a long-term passive OTC warm-
ing experiment established along an elevational gradient 
in the northeastern Qinghai-Tibet Plateau (Fig.  1). We 

collected leave samples in July, August, and September to 
capture within-season physiological dynamics. We quan-
tified MDA, proline, SOD activity, POD activity, chlo-
rophyll a, chlorophyll b, and total chlorophyll, alongside 
concurrent measurements of air temperature, relative 
humidity, soil temperature, and soil moisture inside and 
outside the OTCs. We aimed to (1) quantify how OTC 
warming modifies near-surface microclimate; (2) test 
whether warming reduces oxidative and osmotic stress 
while altering antioxidant enzyme activities and chloro-
phyll pools in K. pygmaea; and (3) evaluate whether these 
responses vary among elevations and months. By focus-
ing on leaf-level physiological traits, this study provides 
mechanistic insight into the response of a dominant 
alpine meadow sedge to coupled warming and drying.

Results
Effects of warming on microclimate
OTC warming produced a warmer and drier near-surface 
microclimate (Table 1). Across all sites and months, mean 
near-surface air temperature increased from 23.09  °C in 
control plots to 24.43 °C in warmed plots, an increase of 
1.34  °C. Mean surface soil temperature increased from 
22.56 °C to 23.88 °C, an increase of 1.32 °C. In contrast, 
relative humidity declined from 49.14% to 43.98%, equiv-
alent to a 5.16%-point decrease, and surface soil moisture 
declined from 18.52% to 13.35%. There was also a sea-
sonal pattern of microclimate conditions, i.e., the air and 
soil temperatures generally decreased from July to Sep-
tember. The humidity and soil moisture showed stronger 
site-dependent variation (Figs. 2 and 3).

Effects of warming on stress indicators and antioxidant 
enzymes
Leaf MDA content was lower in warmed plots than in 
controls at most site-month combinations (Fig. 4). Mean 
MDA concentration declined from 8.18 to 6.53 µmol 
g− 1, equivalent to a 20.2% reduction. Proline declined 
more strongly, from 51.18 to 28.02 µg g− 1, a 45.3% reduc-
tion. These simultaneous declines indicate that moder-
ate warming reduced membrane lipid peroxidation and 
lowered the need for osmotic adjustment in K. pygmaea 
leaves. Antioxidant enzyme responses were enzyme-
specific. Mean SOD activity increased only slightly, from 
136.52 to 139.78 U g− 1 (+ 2.4%), whereas POD activity 
increased from 171.40 to 216.48 U g− 1 (+ 26.3%). The pat-
tern of SOD and POD responses varied among months 
and elevations, indicating that warming modified anti-
oxidant regulation rather than uniformly stimulating all 
enzymes.

Effects of warming on chlorophyll pigments
Experimental warming substantially increased chloro-
phyll pools in K. pygmaea leaves (Fig.  5). Chlorophyll 
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a increased from 1.35 to 2.33 mg g− 1 (+ 72.0%), chlo-
rophyll b increased from 0.59 to 0.98 mg g− 1 (+ 66.2%), 
and total chlorophyll increased from 1.94 to 3.30 mg g− 1 
(+ 70.2%). The Chl a/b ratio increased slightly from 2.44 
to 2.58 (+ 5.7%). Thus, warming increased the overall 
photosynthetic pigment pool, whereas the relative allo-
cation between chlorophyll a and chlorophyll b changed 
only weakly. Several control plots showed lower pig-
ment contents in September, while warmed plots gener-
ally maintained higher pigment concentrations, although 

phenological observations were not available to directly 
test delayed senescence.

Monthly treatment means and factorial ANOVA
Averaged across the four elevations, treatment differ-
ences varied among months (Table  2). The three-way 
factorial ANOVA confirmed significant effects of month, 
elevation, experiment, and several interaction terms on 
most physiological indicators (Table  3). Warming sig-
nificantly reduced MDA and proline and significantly 
increased POD, chlorophyll a, chlorophyll b, and total 

Table 1  Overall treatment means and warming-induced changes across all elevations and months
Variable Control mean Warming mean Difference Relative change (%)
Air temperature (°C) 23.09 24.43 1.34 5.8

Surface soil temperature (°C) 22.56 23.88 1.32 5.8

Relative humidity (%) 49.14 43.98 -5.16 -10.5

Surface soil moisture (%) 18.52 13.35 -5.17 -27.9

MDA (µmol g− 1) 8.18 6.53 -1.66 -20.2

Proline (µg g− 1) 51.18 28.02 -23.16 -45.3

SOD (U g− 1) 136.52 139.78 3.26 2.4

POD (U g− 1) 171.40 216.48 45.08 26.3

Chl a (mg g− 1) 1.35 2.33 0.97 72.0

Chl b (mg g− 1) 0.59 0.98 0.39 66.2

Total Chl (mg g− 1) 1.94 3.30 1.36 70.2

Chl a/b 2.44 2.58 0.14 5.7

Fig. 1  Experimental warming sites on the northeastern Qinghai-Tibet Plateau. Panel (a) shows the location of the Qilian Mountains region on the 
Qinghai-Tibet Plateau; panel (b) shows the enlarged study area and sampling sites
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Discussion
The microclimatic effects observed in this study were 
generally consistent with international OTC warming 
experiments. The 1.34 °C increase in near-surface air 
temperature falls within the range commonly reported 
for ITEX-style passive warming experiments, where 
OTCs typically increase plant-level air temperature by 
approximately 1–3 °C depending on chamber design, 
irradiance, wind exposure, and vegetation structure [18, 

chlorophyll. The warming effect on SOD was statistically 
weak relative to the other traits, and the Chl a/b ratio was 
not significantly affected by warming. Significant Month 
× Experiment and Elevation × Experiment interactions 
for several variables indicate that warming responses 
were season- and elevation-dependent.

Fig. 3  Effects of OTC warming on relative humidity and surface soil moisture across months and elevations. Bars indicate mean ± SD (n = 3 plot-level 
replicates). Pairwise comparisons between control and warming treatments were conducted at the same elevation and month using Welch’s two-sample 
t-test, and P values were adjusted using the false discovery rate method. Asterisks indicate significant differences: *, **, and *** ; no asterisk indicates

 

Fig. 2  Effects of OTC warming on near-surface air temperature and surface soil temperature across months and elevations. Bars indicate mean ± SD 
(n = 3 plot-level replicates). Values are shown as mean ± SD. Pairwise comparisons between control and warming treatments were conducted at the same 
elevation and month using Welch’s two-sample t-test, and P values were adjusted using the false discovery rate method. Asterisks indicate significant 
differences: *, **, and *** ; no asterisk indicates
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35, 36]. The 1.32 °C increase in surface soil temperature 
was also within a reasonable range for passive warming 
experiments on the Qinghai-Tibet Plateau [37–40]. The 
decreases in relative humidity and surface soil moisture 
were expected side effects of OTC warming, because 
reduced air exchange and higher temperature can 
increase vapor pressure deficit and evapotranspiration 
[18, 41–44]. The relatively strong reduction in surface soil 
moisture may reflect the semi-arid alpine climate of the 
northeastern Qinghai-Tibet Plateau, strong daytime radi-
ation, shallow active-layer hydrology, and the low canopy 
height of K. pygmaea meadows.

The decline in MDA and proline suggests that mod-
erate warming relieved part of the cold-induced physi-
ological stress experienced by K. pygmaea. MDA is 
widely used as an index of membrane lipid peroxidation, 
whereas proline accumulation reflects osmotic adjust-
ment under cold, drought, salinity, and other stresses 
[26, 27, 45]. Similar reductions in stress indicators under 
warming have been reported in cold-limited alpine plants 
where moderate temperature increases improve meta-
bolic conditions [30, 46]. However, the direction of MDA 
and proline responses is not universal. In warmer or 
drier systems, warming can intensify drought stress and 
increase oxidative damage [24, 25, 47, 48]. In our study, 
the concurrent drying was substantial but did not reverse 

the overall reduction in MDA and proline, indicating that 
thermal release from cold limitation was still the domi-
nant leaf-level response during most of the sampling 
period.

The antioxidant enzyme results further show that 
warming did not uniformly stimulate the entire defense 
system. SOD changed only slightly, whereas POD 
increased strongly. This enzyme-specific pattern is bio-
logically plausible because SOD acts early in reactive 
oxygen species detoxification, while POD is involved in 
hydrogen peroxide scavenging and can also be associated 
with cell-wall modification and seasonal stress responses 
[28, 49–52]. The stronger POD response at some eleva-
tions and months may indicate that warming enhanced 
metabolic activity while simultaneously creating mild 
secondary stress through drying or seasonal transition. 
Therefore, the antioxidant response should be inter-
preted as a reorganization of defense regulation rather 
than a simple improvement or deterioration of plant 
stress status.

The large increases in chlorophyll a, chlorophyll b, and 
total chlorophyll indicate that OTC warming enhanced 
photosynthetic pigment capacity. This finding agrees 
with warming studies showing that moderate tempera-
ture increases can stimulate photosynthetic traits and 
leaf physiological activity in cold-limited alpine plants 

Fig. 4  Effects of OTC warming on Malondialdehyde (MDA), proline, Superoxide Dismutase (SOD), and Peroxidase (POD) in K. pygmaea leaves across 
months and elevations. Bars indicate mean ± SD (n = 3 plot-level replicates). Values are shown as mean ± SD. Pairwise comparisons between control and 
warming treatments were conducted at the same elevation and month using Welch’s two-sample t-test, and P values were adjusted using the false dis-
covery rate method. Asterisks indicate significant differences: *, **, and *** ; no asterisk indicates 
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[19, 30, 46, 53]. The non-significant response of the Chl 
a/b ratio indicates that warming mainly expanded the 
total pigment pool rather than strongly altering pigment 
composition. At the same time, the seasonal and eleva-
tional interactions caution against a simple generaliza-
tion. The apparent maintenance of higher pigments in 
warmed plots later in the growing season may be consis-
tent with delayed chlorophyll degradation, but phenol-
ogy was not directly measured; therefore, this should be 
treated as an interpretation rather than a confirmed phe-
nological effect [54].

The significant interactions among warming, month, 
and elevation demonstrate that the physiological effects 
of warming were context-dependent. This finding is 
consistent with broader warming experiments showing 
that plant responses vary among sites, seasons, and spe-
cies [24, 25, 36, 55]. In our study, warming benefits were 
not equally expressed across all elevations or sampling 
months. Such variability may arise from differences in 
baseline temperature, soil moisture, microtopography, 
vegetation structure, and long-term acclimation to the 
chambers. Because the OTCs were established in 2014 
and measurements were taken in 2022, the observed 
responses should be interpreted as the outcome of 

long-term warming exposure rather than purely acute 
short-term plasticity. Long-term warming may modify 
soil nutrients, microbial processes, rooting environment, 
and plant acclimation, all of which could affect the physi-
ological responses measured here [22, 23, 37, 43, 44].

This study has several limitations. First, the analysis is 
based on leaf-level physiological traits of a single domi-
nant species during one growing season. Therefore, the 
results cannot directly demonstrate changes in biomass, 
net primary productivity, community composition, eco-
system carbon exchange, or pasture yield. Second, phe-
nological stage was inferred from sampling month rather 
than directly recorded. Third, although each treatment-
elevation-month combination included three plot-level 
replicates, the sample size was small, and the study 
should be interpreted as a field experiment with limited 
replication. Despite these limitations, the study provides 
a valuable physiological dataset for a dominant alpine 
meadow sedge along an elevation gradient.

The main innovation of this study is the integration of 
OTC-induced microclimate change with multiple leaf 
physiological indicators across both elevation and grow-
ing-season time. Compared with many warming stud-
ies that emphasize biomass, phenology, or community 

Fig. 5  Effects of OTC warming on chlorophyll a, chlorophyll b, total chlorophyll, and the chlorophyll a/b ratio across months and elevations. Bars indicate 
mean ± SD (n = 3 plot-level replicates). Values are shown as mean ± SD. Pairwise comparisons between control and warming treatments were conducted 
at the same elevation and month using Welch’s two-sample t-test, and P values were adjusted using the false discovery rate method. Asterisks indicate 
significant differences: *, **, and *** ; no asterisk indicates 
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structure, this study links warming and drying to oxida-
tive damage, osmotic adjustment, antioxidant enzyme 
activity, and photosynthetic pigment pools in K. pyg-
maea. The results provide evidence of the leaf-level phys-
iological response of a dominant alpine meadow species 
to experimental warming and show that warming effects 
depend jointly on thermal release, moisture limitation, 
elevation, and season.

Conclusions
Long-term passive OTC warming produced a moderate 
warming and drying microclimate in alpine meadows 
of the northeastern Qinghai-Tibet Plateau. Under this 
treatment, K. pygmaea leaves showed lower MDA and 
proline concentrations, higher POD activity, and sub-
stantially larger chlorophyll pools, indicating alleviation 
of leaf-level oxidative and osmotic stress and enhance-
ment of photosynthetic pigment capacity. The response 
of SOD was weak, and the Chl a/b ratio was not signifi-
cantly affected, suggesting that warming altered specific 
physiological processes rather than uniformly improv-
ing all traits.The magnitude of warming effects varied 
across months and elevations, highlighting the impor-
tance of seasonal and altitudinal context when evaluat-
ing alpine plant responses to climate warming. These 
findings support the interpretation that moderate warm-
ing can improve the physiological status of K. pygmaea 
during the growing season, but the concurrent decline 
in surface soil moisture and the absence of biomass, car-
bon flux, and phenological measurements limit broader 
ecosystem-level conclusions. Future studies should com-
bine leaf physiology with growth, reproductive output, 
community composition, soil hydrology, and carbon-
exchange measurements to determine how warming 
affects alpine meadow function over longer timescales.

Methods
Study area
The study was conducted in alpine meadow habitats on 
the northeastern Qinghai-Tibet Plateau. The region has a 
cold plateau continental climate, a short growing season, 
strong solar radiation, and pronounced vertical gradi-
ents in vegetation and soil thermal conditions. Meteoro-
logical records from 1961 to 2022 indicate that extreme 
high temperature ranges from 28.5 to 32.4  °C, extreme 
low temperature ranges from − 27.8 to − 29.0  °C, annual 
precipitation ranges from 401.9 to 632.3  mm, annual 
evaporation ranges from 1041.2 to 1234.2 mm, and mean 
relative humidity is approximately 58%.

Experimental design and sampling
Four experimental sites were established along an eleva-
tional gradient: S1 at 3691 m a.s.l., S2 at 3786 m a.s.l., 
S3 at 3981 m a.s.l., and S4 at 4131 m a.s.l. These sites 

represent increasing elevation and associated habi-
tat variation from alpine meadow to alpine swamp 
meadow and alpine cold desert meadow. Passive warm-
ing was achieved using OTCs following the general ITEX 
approach [18]. The chambers were constructed from 
3-mm transparent organic glass material, with a height of 
52 cm and an upper side length of 45 cm. The warming 
experiment was established in July 2014.

At each elevation, warmed and adjacent ambient con-
trol plots were established in relatively flat and homoge-
neous vegetation. The dataset used for statistical analysis 
included three plot-level replicates per treatment at each 
elevation and sampling month. Plot-level samples were 
used as the experimental units. In 2022, leaves of K. 
pygmaea were collected during the middle growing sea-
son (12–15 July), late growing season (12–15 August), 
and yellowing period (12–15 September). Healthy fully 
expanded leaves were collected from each plot, pooled at 
the plot level, placed in sealed bags, preserved in liquid 
nitrogen in the field, and transported to the laboratory 
for physiological analyses. No direct phenological scores 
were recorded; therefore, seasonal interpretations are 
based on sampling month and leaf physiological status 
rather than direct phenological observations.

Field sampling was conducted with the permission of 
the Cryosphere Research Station on the Qinghai-Tibet 
Plateau, Northwest Institute of Eco-Environment and 
Resources, Chinese Academy of Sciences, under its long-
term ecological research authorization for the study 
area. No protected or endangered species were involved. 
Voucher specimens of K. pygmaea were deposited at the 
Cold Regions Ecology Laboratory, Lanzhou Jiaotong Uni-
versity, under deposition number 2022-QL-Warming and 
were identified by Xiaodong Wu.

Microclimate and physiological measurements
Near-surface air temperature, relative humidity, sur-
face soil temperature, and surface soil moisture were 
measured in warmed and control plots during the sam-
pling periods. Air temperature and relative humidity 
were recorded with a temperature-humidity sensor con-
nected to the EGM-4 environmental monitoring system 
(PP Systems, USA), and soil temperature and surface 
soil moisture were measured in the surface soil layer 
using matched field sensors. Measurements were paired 
between warmed and control plots to characterize the 
OTC-induced microclimatic differences.

Physiological measurements included MDA content, 
proline content, SOD activity, POD activity, chlorophyll 
a, chlorophyll b, total chlorophyll, and the chlorophyll 
a/b ratio. MDA was determined using a thiobarbituric 
acid method and expressed on a fresh-weight basis as 
µmol g− 1. Proline was measured using the acid-ninhy-
drin colorimetric method and expressed as µg g− 1. SOD 
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activity was assayed based on the inhibition of nitro blue 
tetrazolium photoreduction and expressed as U g− 1. POD 
activity was determined using the guaiacol oxidation 
method and expressed as U g− 1. Chlorophyll pigments 
were extracted with organic solvent and quantified spec-
trophotometrically, and concentrations were expressed 
as mg g− 1. All biochemical variables were calculated on 
the same mass basis as the original dataset.

Statistical analysis
All statistical analyses were conducted using the original 
plot-level dataset. For each variable, treatment means 
were calculated across all elevations and months and 
expressed as mean changes between control and warmed 
plots. Error bars in figures represent standard deviation 
(SD), and n = 3 indicates three plot-level replicates within 
each treatment-elevation-month combination.

The effects of Month, Elevation, Experiment, and 
their interactions on physiological variables were tested 
using three-way factorial ANOVA. Month, elevation, 
and experiment were treated as categorical factors, and 
the full interaction model was fitted for each physiologi-
cal indicator. The ANOVA table reports degrees of free-
dom, F statistics, exact P values, and partial eta squared 
as an effect-size measure. Because the reviewers noted 
concerns about multiple uncorrected pairwise tests, the 
revised manuscript focuses on the factorial ANOVA for 
statistical inference. Pairwise comparisons were not used 
as the primary basis for interpreting treatment effects.
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