
18

   biologia plantarum    an international journal for experimental botany

BIOLOGIA PLANTARUM (2026) 70: 18-26� DOI: 10.32615/bp.2026.003 

Composition of organic acids secreted by alpine shrub roots 
and its influencing factors

Chen-Kang XI1,2        , Ling ZHU3        , Naveed AHMED4        , and Yong-Heng GAO1,*

1 Chengdu Institute of Biology, Chinese Academy of Science, Chengdu 610213, P.R. China
2 College of Life Sciences, University of Chinese Academy of Sciences, Beijing 100049, P.R. China
3 Institute of Mountain in Hazards and Environment, Chinese Academy of Sciences, Chengdu 610213, P.R. China
4 The National Key Laboratory of Water Disaster Prevention, College of Hydrology and Water Resources, Hohai 
University, Nanjing 210098, P.R. China

*Corresponding author: E-mail: gaoyh@cib.cas.cn

Introduction

Due to climatic warming and human activity, 10-20% of 
the world's grasslands have been converted to shrubland 
(Wang et al., 2018). Shrubification is happening quickly 
in grassland ecosystems at high altitudes and in high 
latitudes as well (Wang et al., 2019). As the third pole 
of the world, about 10% of the alpine meadows in 
the Qinghai-Tibet Plateau have been scrubbed in the 
past 30 years, and it is expected to continue to expand 

in the future (Zhao et al., 2021). In the process of 
alpine meadow shrubification, its root exudates play  
an important role in changing the soil ecological 
environment of the invaded area and promoting  
the adaptive growth and reproduction of the expanding 
shrubs (Cai et al., 2024). Root exudates are various organic 
substances secreted by plant roots to the rhizosphere, 
accounting for 5 to 21% of plant photosynthetic products 
(Shahzad et al., 2015). These secretions are complex and 
diverse, and play an important role in plant growth, soil 
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Abstract

Background and aims: There appears to be a strong correlation between the rapid proliferation of shrubs in the alpine 
grassland of the Qinghai-Tibet Plateau and the root exudates of these plants. The dynamics of root exudates during 
shrub development, however, have been the subject of few investigations.
Methods: This work examined Lonicera thibetica, a plant found on the eastern edge of the Qinghai-Tibet Plateau. 
It focused on the root systems of 5-, 10-, 15-, and 20-year-old L. thibetica plants and how their primary organic acid 
components changed with the seasons and other circumstances. 
Results: The findings revealed that the primary components of acid secretion in the roots of L. thibetica were oxalic 
acid, lactic acid, and tartaric acid; of these, oxalic acid made up over 50% of the total organic acid content. The levels 
of these organic acids often dropped as shrubs got older, and their seasonal dynamics exhibited a parabolic shift pattern, 
typically peaking during the robust development stage. According to regression analysis, soil moisture was the primary 
determinant of the concentration of organic acids produced by alpine shrub roots, suggesting that soil moisture played 
a crucial role in the secretion process. 
Conclusions: The physiological dynamics of roots and the mechanisms that regulate them throughout the expansion  
of alpine shrubs can be better understood thanks to this work.
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quality improvement, and ecosystem balance maintenance. 
Organic acids are an important component of root exudates 
(Adeleke et al., 2017; Macias-Benitez et al., 2020), whose 
average content can reach 10 - 30% of the total root 
exudates (Van Hees and Lundström, 2000). Organic acids 
are not only a key medium for information exchange and 
energy transfer between plants and soil, but also play  
an important role in regulating nutrient acquisition, 
shaping rhizosphere microbial community structure and 
alleviating environmental stress (Gómez-Romero et al., 
2024). However, the specific mechanism of organic 
acids in root microecosystems and their interaction with 
environmental factors are still unclear.

The concentration of organic acids secreted by 
plant roots is affected by many factors (Chen et al., 
2023). According to the theory of energy limitation, 
with the increase of tree age, the carbon input of plants 
to underground biomass decreases, resulting in a large 
difference in root exudation during their lifetime (Wasyliw 
and Karst, 2020). During the sapling period, photosynthesis 
is strong and root exudation is high, which promotes its 
rapid growth (Gargallo-Garriga et al., 2018; Weinhold  
et al., 2022). In addition, the concentration of root 
exudates is also regulated by environmental factors such 
as temperature, precipitation, and light (Meier et al., 2013). 
For example, a study of root exudates in Mediterranean 
forests showed that the concentration of root exudates in 
trees would change significantly during the year due to 
changes in environmental factors such as soil water content 
and soil temperature, resulting in significant seasonal 
differences in root exudates concentration (Jakoby et al., 
2020). However, the existing research mainly focuses 
on the root exudates of trees in low altitude areas (Chen  
et al., 2023; Gao et al., 2024), but there are few reports 
on the study of root exudates of alpine shrubs. Due to 
the unique environmental conditions in the alpine region, 
factors such as low temperature, strong radiation and 
short growing season may have a significant impact on  
the composition and function of root exudates. Studying 
the dynamic changes of root acid secretion of alpine shrubs 
is of great significance for revealing the physiological 
and ecological mechanism of plant adaptation to alpine 
environment.

L. thibetica belongs to the family Caprifoliaceae, 
genus Lonicera. It is one of the main shrub community 
types in the Qinghai-Tibet Plateau. It is mainly distributed 
in the slopes, forest edges and river valleys at an altitude of 
3 400 - 4 000 m, with a clear expansion trend. L. thibetica 
is a pioneer species in alpine meadow shrubification on 
the Qinghai-Tibet Plateau, capable of colonizing shallow 
soils (Cao et al., 2022). It is a weak calcicole, preferring 
slightly alkaline soils and tolerating neutral soils, with 
moderate drought tolerance, sensitivity to acidic soils, and 
vulnerability to root rot under prolonged waterlogging 
(Adeleke et al., 2017; Yang et al., 2024). In this study,  
L. thibetica shrubs in the eastern margin of the Qinghai-
Tibet Plateau were used as the research object to explore  
the changes of the main organic acid concentrations 
secreted by L. thibetica shrubs of different ages during the 
growing season (June - September) and their relationship 

with soil moisture and temperature, aiming to provide 
a theoretical basis for understanding the process and 
mechanism of shrub expansion in alpine grasslands.

Materials and methods

Study sites: In the eastern part of the Qinghai-Tibet 
Plateau, the research area may be found in Qiongxi Town, 
Hongyuan County, Aba Prefecture, Sichuan Province.  
It is situated at an average elevation of approximately  
3  500 m and is located at 33° 03' N, 102° 36' E.  
In the county, the yearly average temperature is 
approximately 1.1℃, and the annual average precipitation 
is from 600 to 800 mm, with the majority of precipitation 
falling between the months of June and September. 
Alpine meadow soil is the type of soil that may be found 
in this region, while alpine meadow vegetation is the 
predominant form of flora. The species that predominate 
include Kobresia setchwanensis and Elymus nutans, with 
Gueldenstaedtia diversifolia, Aster alpina, and Anemone 
trullifolia following closely after (Xie and Gao, 2015). 
According to Cao et al. (2022), the shrubs that are most 
commonly found in this region include L. thibetica, Salix 
oritrepha, and Dasiphora fruticosa species. The tested  
L. thibetica grows on well-drained slopes (5 - 10°; 
non-runoff-convergent areas) in naturally successional 
communities, consistent with alpine shrubs' habitat 
preference on the Qinghai-Tibet Plateau. The study 
meadow has a history of grazing (proven to drive Lonicera 
community succession) and is currently under grazing 
exclusion, with an exploitable 60 - 80 cm deep alpine 
meadow soil (sandy loam, no hypoxic layer) – its organic 
matter content ranges from 8.2 - 10.5% (0 - 20 cm) to  
1.9 - 2.7% (40 - 60 cm) (Lian et al., 2024). July soil 
solution pH was neutral (7.0 - 7.3 for 0 - 20 cm; 7.2 - 7.5 
for deeper layers), with 0 - 20 cm percolation water having 
higher Ca²⁺, Fe²⁺, Mn²⁺, and Al³⁺ concentrations than 
deeper layers.

Collection and determination of root exudates: In this 
study, L. thibetica bushes from Tibet were used as research 
objects for periods of 5, 10, 15, and 20 years. Table 1 
displays, for various ages, the plant height and trunk 
circumference of L. thibetica bushes in Tibet. A monthly 
sample of the organic acids released by L. thibetica roots 
was taken using an in-situ collecting method from June 
to September of 2020 (He et al., 2017). For the digging 
process, only healthy roots measuring 20 - 30 cm in length 
and less than 2 mm in diameter were chosen. The roots 
were meticulously cleaned with distilled water and then 
irrigated using plastic bags when they had been unearthed 
to their full depth. Following the cleaning process,  
the roots were carefully placed into a sterile medical 
injection syringe and the needles were carefully covered 
with a nylon net. Sterile glass beads were added to 
simulate soil resistance, and then 40 ml carbon-free 
nutrient solution (main components: 12 mmol/L KH2PO4,  
0.5 mmol/L NH4NO3, 0.2 mmol/L K2SO4, 0.3 mmol/L 
CaCl2, 0.2 mmol/L MgSO4 (Chen et al., 2023)) was injected 
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to maintain root activity. At the same time, glass wool 
(soaked in 2 mol/L HCl for 24 h) was placed at the bottom, 
and the needle cylinder was wrapped with aluminum foil 
paper. After the in-situ collection device was buried in  
the soil for two days, the nutrient solution was extracted 
with a portable vacuum pump and washed three times to 
ensure no residue. After rinsing, 40 mL of nutrient solution 
was injected, and extraction sampling was performed  
3 days later. The root exudates of L. thibetica of  
the same age were repeatedly sampled for three times, 
and the qualitative and quantitative analysis of organic 
acids was carried out by Agilent 1 260 high performance 
liquid chromatograph (HPLC, Agilent Technologies, 
Santa Clara, CA, USA). During the 3 days pre- and post-
sample collection (June - September), no rainfall or fog 
was recorded at the study site; daily photosynthetically 
active radiation (PAR) averaged 1  400 – 1  600 μmol  
m–² s–¹, and air temperature ranged from 12 to 18°C. Two 
key preservation measures were implemented: 0.1% (v/v) 
sodium azide (a microbial inhibitor) was immediately 
added post-collection to suppress bacterial and fungal 
activity, and all samples were stored at 4°C and analyzed 
via HPLC within 6 h of sampling. This approach aligns 
with standard root exudate preservation protocols.

Determination of soil moisture content and soil 
temperature: At the same time of collecting root 
exudates, the debris of the soil surface layer within 20 cm 
of the measured shrub patch was removed, and the soil 
moisture and temperature at 20 cm depth were measured 

by portable water and soil temperature detector, with  
3 replicates each time. We used a capacitive probe (Model 
TDR300, Spectrum Technologies, Aurora, IL, USA) 
for measurements. To ensure representativeness, we set  
3 sampling points per plot, all targeting the 0 - 20 cm soil 
layer (consistent with root exudate sampling depth). 

Statistical analysis: SPSS Statistics 22.0 (SPSS Inc., 
Chicago, IL, USA) was used for statistical analysis of the 
data. The data were tested for normality and homogeneity 
of variance to ensure that the prerequisites for analysis 
of variance were met. One-way analysis of variance 
(One-way ANOVA) was used to compare the seasonal 
differences in soil moisture content, soil temperature and 
root exudates of L. thibetica shrubs at different ages, and 
multiple comparisons were performed by least significant 
difference (LSD) method to determine the significance 
of the differences between groups (P < 0.05). Linear 
regression analysis was used to explore the correlation 
between organic acid concentration and soil moisture 
content and temperature. All graphics in this article 
are drawn using Origin 2022 (OriginLab Corporation, 
Northampton, MA, USA).

Results

Age variation and seasonal dynamics of soil moisture 
content and temperature in shrub patches of  
L. thibetica: In shrub patches of L. thibetica in Tibet, 
there was a notable variation in soil moisture content 
across several age groups (Fig. 1A, P < 0.05). In terms 
of average soil moisture content, the shrub patches that 
were 10 years old had the highest level at 29.47%, while 
the patches that were 20 years old had the lowest level 
at 19.42%. Soil moisture content followed a seasonal  
peak-and-fall pattern, with August being the typical 
high point and September being the low point (Fig. 1B).  
The soil temperature of the shrub patches varied between 
15.25 and 16.27°C throughout the growing season and 
exhibited a single-peak pattern (P > 0.05, Fig. 1C,D).

Table 1. Plant height and trunk circumference of Lonicera thibetica 
shrubs of different ages. Means ± SEs, n = 4.

Age [year] Plant height [cm] Trunk circumference [cm]

  5 29.83 ± 0.18 2.10 ± 1.14
10 46.33 ± 0.48 3.18 ± 1.94
15 76.67 ± 0.11 3.93 ± 1.96
20 91.67 ± 0.25 4.69 ± 2.39

Fig. 1. Age variation and seasonal dynamics of soil water content (A, B) and temperature (C, D) in shrub patches of Lonicera thibetica  
in Tibet. SWC - soil moisture content, ASWC - average soil moisture content in the growing season, ST - soil temperature,  
AST - average soil temperature in the growing season. Means ± SEs (n = 4). Points and bars bearing lowercase letters (P < 0.05) differ 
significantly between different ages as determined by LSD test, and the unmarked points and bars represent no difference; 5y, 10y, 15y, 
20y represent 5 years, 10 years, 15 years, 20 years of L. thibetica shrubs.
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Composition of organic acids secreted by roots of  
L. thibetica shrub at different ages: Among the 10 
organic acids secreted by the roots of L. thibetica in Tibet 
(Fig. 2), the concentration of oxalic acid was the highest, 
accounting for more than 50% of the total organic acid 
concentration, and the concentrations of lactic acid and 
tartaric acid were also higher, while the concentrations of 
maleic acid, acetic acid, and succinic acid were relatively 
low (Fig. 2). The total concentration of main organic 
acids secreted by the roots of 5-, 10-, 15-, and 20-year-old  
L. thibetica shrubs was 2 373.42 µg/mL, 1 659.23 µg/mL, 
2 168.9 µg/mL, and 1 974.48 µg/mL, respectively.

Seasonal changes of organic acids secreted by shrub 
roots of different ages of L. thibetica: The concentration 
of organic acids secreted by the roots of L. thibetica 
shrubs in Tibet showed obvious seasonal changes, usually 
reaching the highest value in July and decreasing to  
the lowest in September (Fig. 3). In the same month of  
the growing season, the age of L. thibetica had a significant 
effect on the concentration of some organic acids (P < 0.05).  
The acetic acid concentration of 10-year-old L. thibetica 
shrub in August was significantly higher than that of other 
ages (Fig. 3I), while the maleic acid concentration of 
5-year-old L. thibetica shrub in September was significantly 
lower than that of other ages (Fig. 3H). The concentration 
of malonic acid secreted by L. thibetica at different ages 
showed a downward trend with the passage of the growing 
season and decreased to the lowest in September (Fig. 3E), 
while the concentrations of maleic acid and succinic acid 
showed an upward trend at the end of the growing season 
(September) (Fig. 3H,M). 

Relationship between acid secretion of shrub roots and 
soil water and heat in L. thibetica: The concentration 
of organic acids secreted by the roots of L. thibetica in 
Tibet is usually linearly correlated with soil moisture 
(Fig. 4). Among them, the concentrations of oxalic acid, 
tartaric acid, malic acid, acetic acid, citric acid and 
succinic acid are positively correlated with soil moisture 
(Fig. 4A,C,E,H,K,M), while the concentration of maleic 
acid is negatively correlated with soil moisture (Fig. 4G). 

In addition, the changes of lactic acid, malonic acid, 
and fumaric acid concentrations are less affected by soil 
moisture (Fig. 4B,D,F). Regression analysis with soil 
temperature showed that only the concentrations of malic 
acid, citric acid, and succinic acid showed a positive 
linear correlation with soil temperature (Fig. 5E,K,M), and  
the regression relationship between other organic acids 
and soil temperature was not significant (Fig. 5, P > 0.05).

Discussion

Composition of organic acids secreted by roots of  
L. thibetica shrub at different ages: As a key component 
of plant root exudates, organic acids play an important role 
in the interaction between plants and soil environment. 
The composition and content of organic acids are not only 
closely related to plant species (Gao and Jia, 2020), but 
also reflect the adaptation strategies of plants to specific 
environments. This study found that the organic acids 
secreted by the roots of L. thibetica shrubs in Tibet were 
mainly oxalic acid, lactic acid, and tartaric acid (Fig. 2), 
which was different from the results of tea trees and green 
poplars. Among them, the main organic acids in the root 
exudates of tea tree were citric acid, oxalic acid and acetic 
acid (Zahraeni and Uygur, 2024), while the organic acids 
with higher concentration in the root exudates of evergreen 
poplar were oxalic acid, succinic acid and citric acid (Wang 
et al., 2022). The differences in the composition of main 
organic acids secreted by different plant roots are affected 
by many factors. On the one hand, there are significant 
differences in metabolic pathways and efficiency among 
different plants, which directly determine their ability 
to synthesize organic acids. For example, plants in the 
vigorous growth stage tend to secrete more organic 
acids to meet the needs of rapid growth. On the other 
hand, different plant root morphological characteristics 
(such as surface area and tip number) have important 
effects on organic acid secretion potential. Studies 
have shown that the larger the root surface area and 
the more the number of tips, the stronger the ability of 
plants to secrete organic acids (Meier et al., 2020; Jiang  

Fig. 2. Total concentration of organic acids secreted by roots of Lonicera thibetica at different ages in growing season. 5y, 10y, 15y, 20y 
represent 5 years, 10 years, 15 years, 20 years of L. thibetica shrubs.
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et al., 2022). In addition, the different types of mycorrhizal 
microorganisms also cause differences in the secretion 
of organic acids. This is because soil microorganisms 
are also involved in the regulation of the synthesis and 
release of organic acids through symbiosis with plants. 
This difference in secretion reflects the diversity of plant 
resource acquisition strategies (Wu et al., 2014). It is 
worth noting that the concentration of oxalic acid secreted 
by these tree roots is high, which may be due to the fact 
that oxalic acid can activate insoluble minerals in soil by 
chelating metal ions, acidifying soil and reducing high-
valent iron, thus enhancing the absorption of nutrients 
by plants. This characteristic may reflect the 'convergent 
adaptation' mechanism formed in the long-term evolution 
of plants, that is, to optimize resource acquisition and 
enhance survival competitiveness by secreting specific 
organic acids (Zhalnina et al., 2018). The secretion patterns 
of different organic acids in plants reflect the adaptation 
strategies of plants in different habitats (Pan et al., 2013; 
Xu et al., 2013). Notably, oxalic acid (accounting for  
> 50%) mobilizes soil nutrients by dissolving insoluble 
minerals, while lactic acid supports microbial nutrient 

cycling under hypoxia – these exudate-soil interactions 
collectively facilitate long-term L. thibetica expansion 
(Van Hees and Lundström, 2000; Shahzad et al., 2015; 
Cai et al., 2024). The dominance of oxalic acid is 
primarily driven by its synthesis via the root glyoxylate 
cycle, a pathway requiring only two carbon skeletons 
per oxalic acid molecule, which makes it highly carbon-
efficient and well-adapted to the low-nutrient stress of 
the Qinghai-Tibet Plateau (Gómez-Romero et al., 2024). 
Ecologically, this high oxalic acid secretion specifically 
enriches rhizospheric Acidovorax and Pseudomonas, 
further increasing available phosphorus (P) by 15 - 20% 
compared to surrounding grass patches (building on 
its mineral-dissolving capacity) and mildly acidifying 
the rhizosphere to inhibit the growth of competing 
grasses like Kobresia setchwanensis (Adeleke et al.,  
2017).

There was a significant difference in the concentration 
of organic acids released by the roots of L. tibetica shrubs 
at different ages at the same time (Fig. 3), which was 
consistent with the study on the root exudates of Picea 
asperata in the Miyaluo area of western Sichuan (Li et al., 

Fig. 3. Seasonal variation of organic acid concentration in root exudates of Lonicera thibetica. Means ± SEs (n = 4). Points bearing 
lowercase letters (P < 0.05) differ significantly between different ages as determined by LSD test, and the unmarked points represent no  
difference; 5y, 10y, 15y, 20y represent 5 years, 10 years, 15 years, 20 years of L. thibetica shrubs.
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2014). This difference may be due to two reasons: on  
the one hand, this may be related to the growth status and 
metabolic capacity of trees of different ages. Young trees 
grow vigorously and metabolize actively, and tend to secrete 
more organic acids into the soil to promote soil nutrient 
absorption and resistance to biotic stress (Mao and Zhu, 
2021). In contrast, older trees have slower metabolic rates 
and significantly reduce carbohydrate supply, resulting in 
lower organic acid secretion (Wu et al., 2020). On the other 
hand, the reasons for this difference are also closely related 
to the morphology and ecological functions of plants. With 
the increase of shrub age, the canopy expansion leads to 
the increase of precipitation interception and the decrease 
of soil water content. At the same time, the increase 
of plant biomass and transpiration further aggravated  
the decrease of soil moisture, thus inhibiting the secretion 
of organic acids in roots. This phenomenon indicates 
that there is a close feedback relationship between  
the morphological and physiological characteristics of 
plants and their living environment. Specifically, with age, 
plants dynamically adjust the secretion pattern of organic 
acids to balance resource acquisition and water-use 

efficiency (Acosta-Martínez et al., 2007). This adjustment 
not only affects plant survival strategies, but may also 
reshape the ecosystem nutrient cycle.

Seasonal dynamics of organic acids secreted by shrub 
roots of L. thibetica in Tibet: The concentration of 
organic acids secreted by the roots of L. thibetica in Tibet 
usually reaches a peak during the vigorous growth period 
(July) (Fig. 3). On the one hand, the seasonal variation  
of photosynthesis is a key factor affecting the secretion of 
organic acids. During the vigorous growth period, plants 
fix a large amount of carbon through photosynthesis 
(Giesler et al., 2007), and convert it into a large amount of 
organic acids through enzymatic reactions in the roots and 
release them to the rhizosphere (Jones, 1998). At this stage,  
the growth of fine roots was vigorous, and the metabolism 
of root epidermal cells was active, which further promoted 
the secretion of organic acids (Li et al., 2009). With the end 
of the growing season (September), although the overall 
metabolic activity of L. thibetica shrubs slowed down,  
the concentrations of maleic acid and succinic acid showed 
an upward trend (Fig. 3). The possible reason is that  

Fig. 4. Regression analysis of organic acid concentration and soil moisture content (SWC).
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the soil temperature and moisture in this period inhibit the 
activity of enzymes, so that the ability of microorganisms 
(including mycorrhiza) attached to the roots to degrade 
organic acids is weakened (Fujii et al., 2012), resulting 
in the accumulation of organic acids in the rhizosphere, 
thereby increasing its concentration. These results suggest 
that plants adapt to seasonal environmental changes by 
actively regulating the secretion of organic acids, reflecting 
their adaptive mechanisms in carbon resource allocation 
and stress resistance improvement.

Relationship between acid secretion of shrub roots and 
soil water and heat in L. thibetica: Most of the organic 
acids secreted by the roots of L. thibetica were positively 
correlated with soil moisture content (Fig. 4), which was 
consistent with the results of many researchers (Dijkstra 
and Cheng, 2007; Zhao et al., 2016; Zhang et al., 2022). 
This phenomenon may be related to the physiological 
mechanism of plant root secretion. The root secretion is 
mainly concentrated in the 1 ~ 5 mm of the root tip region, 
and the root tip is also the main part of the plant to absorb 
water. Appropriate soil moisture is conducive to improving 

the activity of soil enzymes (such as phosphatase, urease, 
etc.). Soil enzymes enhance the metabolic activities of 
plants through signal transduction pathways, thereby 
promoting the synthesis and secretion of organic acids 
(Xie et al., 2009). However, it is interesting that the total 
amount of organic acids secreted by roots is the lowest in 
the shrub patches with the highest soil moisture content 
(Fig. 1, Fig. 2). The reason for this phenomenon may 
be that the soil moisture content of these shrub patches 
exceeds the maximum water threshold that can be 
absorbed by the root tip of L. thibetica shrub, resulting 
in hypoxia in the root tip. The hypoxic environment will 
inhibit the release of organic acids by root tip cells, thereby 
reducing the secretion of organic acids. As a key driving 
factor regulating the function of plant-soil system, soil 
moisture can promote the synergy between plant and soil 
microorganisms under appropriate conditions, promote 
nutrient cycling and ecosystem stability, but extreme water 
conditions may break this balance, resulting in decreased 
plant adaptability and impaired ecosystem function (Yu 
et al., 2024). In addition, there is a negative correlation 
between maleic acid concentration and soil moisture, 

Fig. 5. Regression analysis of organic acid concentration and soil temperature (ST).
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which may be caused by an adaptation of plants to  
the environment. Plants respond to water stress by reducing 
the release of some organic acids, thereby reducing  
the metabolic burden and enhancing stress resistance and 
improving their viability (Zhang et al., 2023).

This study found that there was no significant 
correlation between most organic acid concentrations and 
temperature (Fig. 5). This is inconsistent with the results 
of the study in subalpine grasslands in Germany, which 
believed that under warming conditions, the demand for 
nitrogen and other nutrients in plants increased, thereby 
promoting the release of root exudates (Pausch and 
Kuzyakov, 2018). The reason for this difference may be 
related to the interference of other environmental factors 
such as soil moisture and soil type (Xiong et al., 2020; 
Wang et al., 2021). For example, excessive soil moisture 
may weaken the promoting effect of temperature increase 
on root exudates, and plants preferentially respond to water 
stress with limited resources rather than secretory activities 
(Dijkstra and Cheng, 2007). In addition, different soil types 
may also affect the physical and chemical properties of  
the rhizosphere environment, thereby changing the response 
pattern of plants to temperature changes (Acosta-Martínez 
et al., 2007). Besides soil moisture and temperature, 
soil pH and biotic interactions may also modulate acid 
secretion. Alpine meadow soils here are weakly acidic  
(pH 5.5 - 6.5; Xie and Gao, 2015), and pH deviations 
could alter organic acid chelating demand for metal ions  
(e.g., Fe³⁺), thus changing secretion patterns (Jiang et al., 
2022). Additionally, ectomycorrhizal symbiosis may 
reduce plant reliance on acid secretion by enhancing 
nutrient absorption (Shahzad et al., 2015), though 
mycorrhizal colonization was not quantified here. In this 
study, the organic acids secreted by the roots of L. thibetica 
in Tibet were more significantly affected by soil moisture 
content, and the relationship with soil temperature was 
more complicated. This finding not only emphasizes 
the central role of soil moisture in regulating plant root 
secretion, but also reveals the high plasticity of plants 
in the face of changing environments. Notably, soil pH 
(modulable by dominant oxalic acid to alter nutrient 
solubility) and temperature-moisture synergy (Giesler 
et al., 2007) further refine this regulatory system, while 
lactic acid’s support for hypoxic microbial cycling (Cai 
et al., 2024) links to moisture-induced hypoxia, adding 
unaddressed ecological layers.

Conclusion

Growing L. thibetica shrubs of varying ages in alpine 
meadows was the subject of this investigation into  
the seasonal changes in the composition of organic acids 
released by the roots and how these changes interacted 
with variations in soil temperature and moisture. Oxalic 
acid, lactic acid, and tartaric acid were the primary organic 
acids released by the roots of L. thibetica. Concentrations 
often followed a parabolic fluctuation pattern throughout 
the year, reaching a maximum during robust development 
and declining as shrubs aged. The ability of alpine 
shrubs to regulate the distribution of root organic acids 

is a survival mechanism that allows them to adjust to 
variations in the seasons and with age. There was a strong 
positive correlation between the concentration of organic 
acids secreted by alpine shrub roots and soil moisture. 
This suggests that precipitation is a significant climatic 
factor influencing the expansion of alpine shrubs, as soil 
moisture was a key component in the secretion process.  
To better understand how alpine shrub roots secrete organic 
acids and how these acids interact with soil chemical and 
microbiological properties, as well as how these acids 
change over time and what roles they play in ecosystems, 
further research is needed.
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