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Abstract
Soil moisture has an important in�uence on tree growth in climate-sensitive regions. However, the seasonality of soil moisture utilization by trees
in the Tibetan Plateau, a typical climate-sensitive region, and the mechanisms of depth of uptake are still unclear. Therefore, the spatial and
temporal differences in the soil moisture use dynamics of tree growth were analyzed under wet and dry gradients on the Tibetan Plateau using
tree-ring δ18O (δ18OTR). The results showed that: 1) soil moisture during the growing season was the main in�uencing factor on tree growth under

different wet and dry gradients on the Tibetan Plateau. 2) The response of δ18OTR to soil moisture had a lag in arid areas than in wet areas. 3) In
wet areas, trees absorbed the soil moisture in surface, while absorbed the soil moisture in deep in arid areas. And meanwhile, trees could develop
more lateral and deep root systems using soil moisture from all soil layers to cope with climatic stress. In the future, more lateral and deep root
systems of trees will be better suited to survive in complex habitats on the Tibetan Plateau, and that monitoring of trees in single water use areas
should be enhanced. Further, it is of great signi�cance to study soil water use strategies of tree growth under different wet and dry gradients for
predicting forest ecosystem changes in complex environments.

1. Introduction
Global change affects tree adaptation in a variety of ways, leading to complex changes in forest ecosystem composition, structure and function,
especially in the colder northern regions (Kenneth et al. 2022; Wang et al. 2023). Global changes in tree growth are largely attributed to interactions
between temperature, precipitation and radiation balance (Seddon et al. 2016; Reichstein et al. 2017). In particular, the main factor in�uencing the
growth of trees in humid environments is temperature, while the growth of trees in arid areas is mainly limited by moisture (Amer et al. 2023).
Thus, there are differences in the sensitivity of tree growth to climate change under different wet and dry conditions.

Soil water is an important component of the water cycle that links the atmosphere, hydrosphere and biosphere, and is a major source of water for
plants (Eslaminejad et al. 2020), which plays an important role in maintaining vegetation growth and ecosystem productivity. Soil moisture
content varies with soil depth and season (Ma et al. 2020), and the water uptake mechanisms and adaptation strategies of trees to heterogeneous
environments vary especially under different hydrological changes (Bertrand et al. 2014). The soil moisture was found to be the most important
potential factors controlling the growth of vegetation on the Tibetan Plateau (Wang et al. 2018). The trees mainly use soil moisture during the
growing season (Zeng et al. 2020; Zhang et al. 2022). However, it is important to note that the measurement and estimation of soil moisture is very
complex and has great limitations for studying tree growth and water use strategies. Whereas tree rings can be used as a proxy for inversion of
soil moisture changes on long time scales due to their continuous record, accurate dating, sensitivity to climate change, and wide distribution (Gao
et al. 2018). For example, the oxygen isotopes in tree-ring have been used to reconstruct soil moisture in the western Himalayas over a period of
nearly 100 years (Bose et al. 2016).

Due to the coupled processes of water uptake and transpiration by tree roots, interannual variation in tree-ring oxygen stable isotopes (δ18OTR) can
document seasonal changes in climate and the physiological-ecological response of trees to seasonal changes (Xu et al. 2020). Variations in
δ18OTR are mainly in�uenced by δ18O uptake of source water by growing trees, evaporative enrichment of leaf water, biochemical fractionation
during photosynthesis, and xylem water exchange during the transport of carbohydrates to the trunk (Roden et al. 2000). This series of
fractionation processes is regulated by external climate change (Brinkmann et al. 2019; Xiao et al. 2020). The δ18OTR are derived from soil water,
which is ultimately derived from atmospheric water, mainly in relation to changes in precipitation, temperature and relative humidity (De et al.
2018). And changes in the atmospheric climate system are stored in soil moisture and are transferred to tree cellulose during the growing season
to affect tree-ring oxygen isotopes. In addition, δ18OTR has the potential to re�ect the depth of water uptake (Gessler et al. 2014). Variations in soil

water δ18O at different depths are preserved in the tree rings, but the strength of the soil water isotope signal preserved in the tree rings depends on
the depth of water uptake by tree roots (Huang et al. 2019, Xu et al. 2020). In monsoon-controlled areas, precipitation δ18O has a seasonal pattern
and these signals are transmitted to various soil depths, causing soil water δ18O to vary in vertical gradients with seasonal strength and direction
(Lindh et al. 2014). Trees convert the isotopic composition of source water to the isotopic composition of cellulose through complex non-linear
physicochemical processes (Ballantyne et al. 2016). For example, it has been shown that trees in the East Asian monsoon zone signi�cantly
correlated with soil moisture during the growing season, but the seasonal response was earlier in wet areas than in dry areas, and wet areas used
mainly shallow soil water while dry areas used deep soil water (Wang et al. 2021). However, other study also showed trees in the East Asian
monsoon region used deep water in the dry season and shallow soil water in the non-dry season (Yang et al. 2015). Therefore, there is uncertainty
in the study of water use strategies based on δ18OTR.

Controlled by the Asian monsoon, the climate of the Tibetan Plateau has undergone some changes in recent years, mainly including increasing
surface temperatures (Sun et al. 2022), weakening monsoons (Wong et al. 2020) and reduced potential evaporation (Fang et al. 2019) since the
1960s. Changes in summer wind activity affect monsoon precipitation by altering the spatial pattern of regional water vapor transport, ultimately
leading to interannual variability in δ18OTR (Ge et al. 2017; Tan et al. 2018). However, current studies on the Tibetan Plateau based on δ18OTR have
mainly focused on climate reconstruction (Grießinger et al. 2019; Xu et al. 2019) and physiological mechanisms (Zhang et al. 2018). Therefore,
this study aims to address three main questions: (1) whether there are differences in the seasonal dynamics of tree water use under different wet
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and dry gradients on the Tibetan Plateau, (2) whether there are differences in the ability of tree growth to use water at different soil depths under
different wet and dry gradients, (3) and what are the combined adaptation mechanisms of trees based on the seasonal dynamics and soil depth of
tree water use under different wet and dry gradients?

2. Materials and methods

2.1 Study areas
The six sites in the Tibetan Plateau were selected for the study such as Delingha region (DE), the Ganesh (GA) and Wache (WA) regions in the
south, the Manali (MA) and Jageshwar (JA) regions in the southwest, and the Karakorun (KA) region in the west (Fig. 1). Except for the KA region
which is affected by the westerly winds and the other regions are affected by the Asian summer winds. From the wettest JA region to the driest DE
region, the annual precipitation decreased by 1,311 mm (Fig.S1). The six regions are divided into humid and arid areas based on annual
precipitation. Speci�cally, the humid areas include the JA, WA and GA regions, while the arid areas include the MA, KA and DE regions.

Please insert Fig. 1 about here.

2.2 Tree-ring isotope data
The δ18OTR data in this study were downloaded from NOAA Paleoclimatology Datasets (https://www.ncei.noaa.gov/pub/data/paleo/tree-

ring/isotope/asia). These δ18OTR chronologies are common to the years 1948–1998, and the speci�c locations, elevations, tree species, and

δ18OTR chronological lengths of the sampled sites were shown in Table 1. The sampling sites were largely located in high-elevation areas, and all
of the selected tree species were conifers. Tree cores were collected at breast height using increment borers. And alpha-cellulose extraction process
included chemical reactions with organic reagents, sodium chlorite and sodium hydroxide to remove extractions (ash, resin, etc.), lignin and hemi-
cellulose, respectively (Shi et al. 2015). Elevation gradients and age differences in the plateau had no signi�cant effect on the climatic response of
δ18OTR records (Wernicke et al. 2015; Zeng et al. 2016). 

Please insert Table 1 about here.

 
Table 1

Chronological information on tree rings
Sites Location Elevation Species period Rbar Date Source

JA 29°38′N,

79°51′E

1870m Cedrus deodara 1621–2008 0.61–0.78 Xu et al (2018)

WA 27°59′N,

90°00′E

3500m Larix gri�thii 1743–2011 0.74–0.88 Sano et al (2013)

GA 28°10′N,

85°11′E

3500m Abies spectabilis 1801–2000 0.56–0.78 Xu et al (2018)

MA 32°13′N,

77°13′E

2700m Abies pindrow 1768–2008 0.71–0.92 Sano et al (2017)

KA 35°54′N,

74°56′E

2900m Juniperus excelsa 1990–1998 0.51 Treydte et al (2006)

DE 37°48′N,

97°78′E

3500m Juniperus przewalskii -4680-2011 0.40–0.76 Yang et al (2021)

2.3 Meteorological data
Our meteorological data included the maximum, mean and minimum temperatures, actual vapor pressure, and precipitation and the Palmer
drought severity index (PDSI) on monthly-scale for six regions (Fig.S1). The grid point data above were obtained from Climate Explorer
(http://climexp.knmi.nl/start.cgi). Since saturation water vapor pressure de�cit (VPD) and relative humidity (RH) data for the region are di�cult to
obtain, we calculated VPD (Murray 1966) and RH (New et al. 1999) based on the downloaded CRU TS4.04 (0.5◦×0.5◦) dataset, and the speci�c
calculation procedure as follows: 
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(Eq. 1)

(Eq. 2)

(Eq. 3)

In the above equation, e0 = 6.11hpa, T is the monthly mean temperature (unit: ℃).

2.4 Soil moisture data
Soil moisture data were obtained from the Global Land Data Assimilation System (http://Idas.gsfc.nasa.gov/gldas) with a temporal resolution of
1948–2015 and a spatial resolution of 0.25°×0.25°. This dataset has a longer temporal resolution and a higher resolution for soil moisture at
different depths compared to other datasets. We selected soil moisture data from 1948–1998 at three depths with 0-10cm, 10-40cm and 40-
100cm for our study. The soil moisture data we downloaded ((unit: kg/m2) had to be further converted to volumetric water content (VWC, unit:
m3/m3) for data analysis by the following conversion equation: 

(Eq. 4)

2.5 Data Analysis
To investigate the elements of environmental factors that mainly affect δ18OTR, we used Pearson correlation as well as partial correlation analysis.

In the meanwhile, One-way analysis of variance (ANOVA) was used to assess the variability of the δ18OTR chronology and the signi�cance of
differences was tested using Tukey's multiple comparisons. Spatial correlation analysis was performed using Matlab 2023 and mapped using
ArcGIS 10.8.

3. Results

3.1 Comparison of the spatial and temporal dynamics of δ18OTR under the wet and
dry gradients
Please insert Fig. 2 about here.

The spatial dynamics of δ18OTR showed an overall higher value in the north and lower value in the south (Fig. 3). The lowest value of δ18OTR

occurs in the southern part of the plateau (WA, 19.401‰) and the highest value is located in the northeastern part of the plateau (DE, 32.907‰).
The value of δ18OTR decreased as the climate changed from arid to humid areas.

Please insert Fig. 3 about here.

3.2 Comparison of the spatial and temporal dynamics of soil water content patterns at different depths under wet and dry gradients

Soil water content at different gradients on the Tibetan Plateau showed inconsistent soil depth variation characteristics and temporal dynamics
(Fig. 4). Speci�cally, the soil water content in the six gradient regions showed the increasing trends with increasing soil depth from 0–10 cm, 10–
40 cm to 40–100 cm (Fig. 4a). At the same time, the soil moisture content in the wet areas was signi�cantly greater than that in the arid areas,
accompanied by a greater variation in moisture content (VWCJA, WA, GA > VWCMA, KA, DE), especially in the DE area, where the moisture content of all
soil layers is lower than in the other areas.

In terms of time, the seasonal dynamics of soil moisture content were more pronounced in the wetter areas than in the arid areas (Fig. 4b), where
the peak soil moisture content was mainly concentrated in June-September. The volumetric water content from July to September was 48.9% (JA),
49.1% (WA) and 47.8% (GA) of the year, respectively. However, the seasonal dynamics of soil moisture content in the arid areas varied more
between regions. In the MA region with the double-peaked model, the volumetric water content from June to September accounts for 32.8% of the
year. However, the high values of s volumetric water content in the KA region are concentrated in April-June, accounting for 32.3% of the year. But
no seasonal dynamic peaks in soil moisture content were formed in the driest DE region.

Please insert Fig. 4 about here.
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The moisture content of each soil layer in the humid areas was signi�cantly greater than in the arid areas and decreases signi�cantly with the
decrease in regional precipitation (Fig. 5). Speci�cally, in the humid areas, the soil moisture in each soil layer in each regions tends to decrease and
the most signi�cant decrease was in the 40–100 cm range. In the arid areas, soil moisture showed an overall increasing trend, but the MA area
shows a decreasing trend in all soil layers, which is closely related to the weakening of the monsoon in the region and the decrease in precipitation.
Meanwhile, the linear �t of precipitation to soil moisture was stronger in the wetter regions than in the arid regions, with the �t becoming
progressively worse from the wettest JA region to the driest DE region (Fig. S2).

Please insert Fig. 5 about here.

3.3 Comparison of δ18OTR response to climatic and soil moisture factors under wet
and dry gradients
It is revealed that overall δ18OTR responded negatively to PDSI, precipitation and RH, and positively to temperature and VPD in different humid and

arid areas (Fig. 6). However, seasonal response differences were observed in humid and arid environments, showing δ18OTR more often correlated
with environmental factors in the middle of the growing season (June-August) in humid environments, and with environmental factors in the
middle and late growing season (July- September) in arid areas.

Further, comparing the responses of δ18OTR to soil water content at different soil depths in humid and arid areas showed variability in depth as
well as time (Fig. 7). In general, the correlation was greater in wet areas with 0–10 cm and 10–40 cm in July (p < 0.01), while the arid environment
δ18OTR was signi�cantly negatively correlated with soil moisture in 10–40 cm and 40–100 cm soil layers in September (p < 0.01). The seasonal

response of δ18OTR to soil moisture was lagged in the dry areas compared to the humid areas. Speci�cally, in humid areas, δ18OTR was

signi�cantly negatively correlated with 0–40 cm soil moisture in July and August in JA and WA (r=-0.49 to -0.41, p < 0.05), while δ18OTR in GA
region was signi�cantly negatively correlated with soil moisture at all three soil depths (r=-0.44 to -0.26, p < 0.05). However, in arid environments,
δ18OTR was signi�cantly negatively correlated with soil moisture at all three soil depths from July to September in MA (r=-0.47 to -0.31, p < 0.05),

while δ18OTR in KA and DE regions were more signi�cantly negatively correlated with soil moisture at 40–100 cm from July to September (r=-0.48
to -0.29, p < 0.05).

Please insert Fig. 6 about here.

3.4 Correlation between δ  18  O  TR  and key environmental factors during the growing season from June to September under the wet and dry
gradients

The correlation between δ18OTR and soil moisture during the growing season (June-September) was found to be signi�cantly stronger than other
environmental variables through Pearson correlation analysis. Therefore, we further selected key environmental factors that strongly in�uenced
δ18OTR in different regions during the growing season for a partial correlation analysis (Table 2). The results showed that when VPD and RH were

controlled, δ18OTR was signi�cantly negatively correlated with 0–10 cm soil moisture in the wet environment in JA (p < 0.05), while it was

signi�cantly correlated with 0–10 cm and 10–40 cm soil moisture in WA and GA (p < 0.05). When VPD and RH were controlled, δ18OTR was highly

signi�cantly negatively correlated with soil moisture at all soil depths in MA (p < 0.01), while δ18OTR was signi�cantly negatively correlated with soil
moisture at 40–100 cm in KA and DE (p < 0.05). 

Please insert Fig.7 about here.
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Table 2
Partial correlation analyzes between δ18OTR and environmental factors from June-September.

Control variables Correlations with δ18OTR
JA WA GA MA KA DE

VPD VMC0 − 10 -0.396 -0.364 -0.409 -0.459 -0.211 -0.145

  VMC10 − 40 -0.265 -0.36 -0.383 -0.472 -0.277 -0.286

  VMC40 − 100 -0.21 -0.225 -0.241 -0.416 -0.356 -0.385

  PDSI -0.161 -0.106 -0.255 -0.264 -0.278 -0.585

  RH 0.27 0.179 0.423 0.151 -0.064 -0.163

PDSI VMC0 − 10 -0.251 -0.459 -0.365 -0.527 -0.004 0.173

  VMC10 − 40 -0.213 -0.451 -0.317 -0.542 -0.118 0.164

  VMC40 − 100 -0.14 -0.156 -0.343 -0.5 -0.239 0.119

  VPD 0.057 0.432 -0.141 -0.314 0.003 -0.021

  RH 0.072 -0.396 0.251 -0.028 -0.042 -0.022

RH VMC0 − 10 -0.356 -0.377 -0.392 -0.53 -0.213 -0.13

  VMC10 − 40 -0.289 -0.38 -0.365 -0.542 -0.276 -0.274

  VMC40 − 100 -0.214 -0.225 -0.28 -0.499 -0.352 -0.365

  VPD 0.296 0.259 0.367 0.159 -0.042 -0.008

  PDSI -0.208 -0.113 -0.242 -0.315 -0.277 -0.57

Note: * and ** indicated p < 0.05 and p < 0.01, respectively. The VMC0-10 represents the volume moisture content of 0-10cm soil, the VMC10-40

represents the volume moisture content of 10-40cm soil, he VMC40-100 represents the volume moisture content of 40-100cm soil.

Please insert Table 2 about here

3.5 Comparison of spatial characteristics of δ  18  O  TR  response to soil moisture content at different soil depths under wet and dry gradients

The spatial correlation analysis revealed that the response of δ18OTR to soil moisture at all six sites in the study area was generally negatively

correlated. But the overall differences in the responses of δ18OTR to soil moisture content at 0–10 cm and 10–40 cm were not signi�cant, and the

signi�cant difference was found at 40–100 cm (Fig. 8). And the responses of δ18OTR to soil moisture in the southern and northeastern parts of the

plateau changed from negative to positive as the soil depth deepened (Fig. 8). Speci�cally, δ18OTR was negatively correlated with soil moisture at
0–10 cm of all sites. But the correlation showed a trend of JA > WA > GA > MA > KA > DLH. That is, the drier the climate, the lower the correlation
between δ18OTR and soil moisture at 0–10 cm and 10–40 cm. However, the positive responses of δ18OTR to soil moisture at the depth of 40–100
cm increases in DE of the northeastern part and in WA of the south.

Please insert Fig.8 about here.

4 Discussion
4.1 The δ 18 O TR records soil water use by tree growth in different regions of the Tibetan Plateau

Since the 1960s, the surface temperature of the Tibetan Plateau has shown a continuous warming trend (Duan et al. 2015), and precipitation has
increased in the western and eastern parts of the plateau (Bao et al. 2019; Liu et al. 2020), but weakened in the southwestern part of the plateau
(Hu et al. 2021). In such a climatic change context, trees may adopt different water use strategies to maintain their growth. It has been shown that
δ18OTR could re�ect the seasonality and the depth of plant water uptake (Gessler et al. 2014). This means that information on the variation of soil

water δ18O at different seasons and depths is stored and recorded in the tree-ring (Huang et al. 2019, Xu et al. 2020).
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The δ18OTR variations are mainly regulated by a combination of the oxygen isotope composition of the source water, and the external climate that

affects fractionation processes within the tree (Roden et al. 2000). In our results, the δ18OTR was more sensitive to moisture factors than to

temperature factors, and in particular δ18OTR showed the signi�cant negative response to soil moisture during the growing season (Fig. 5). The

δ18OTR is derived from soil water, but that soil water δ18O varies with soil depth (Liu et al. 2017), which is consistent with our �ndings. In addition,

water enters the leaves from the soil through the xylem and then the lighter isotope (16O) evaporates more readily than the heavier isotope (18O),
leading to an enrichment of δ18O in leaf water (Farquhar et al. 1993). Trees take up soil water directly through the root system and retain the
isotopic signal in soil water in the xylem through a series of intra-tree fractionation processes. Therefore, the δ18OTR is a true re�ection of soil water
use by trees based on the processes of water uptake, transport and dissipation in trees.

At the same time, our study found that δ18OTR values were signi�cantly greater in arid than in humid areas (Fig. 3), due to the fact that

transpiration affects leaf water enrichment by replenishing unenriched soil water to the leaves. On the one hand, the δ18OTR is mainly negatively
correlated with stomatal conductance, and reduced soil moisture and humidity enhance evaporative enrichment of leaf and soil water through
effects on stomatal conductance and the ratio of internal leaf CO2 to atmospheric CO2 in arid environments (Mirfenderesgi et al. 2016). On the
other hand, soil water evaporation is enhanced in arid environments and the source water absorbed by tree roots becomes heavier, leading to an
enrichment of oxygen isotopes in leaf water (Roden et al. 2000). Sucrose produced by photosynthesis is transported through the bast to the xylem
of the trunk for cellulose synthesis, and during the conversion to cellulose, oxygen isotopes in the sugar are partially exchanged with oxygen
isotopes in the source water (Zhan et al. 2021), resulting in a mixed signal of both source water and transpiration-enriched oxygen isotopes in the
cellulose oxygen isotope ratio of the tree-ring (Giraldo et al, 2022). These two processes result in a higher δ18OTR in arid areas than in humid areas.

Similarly, a moist atmosphere reduces transpiration and thus 18O water enrichment in needles, further leading to lower δ18OTR in humid areas than

in arid areas. And precipitation δ18O is inversely related to precipitation, more precipitation leads to lower precipitation δ18O values, resulting in
weaker δ18O enrichment of water from water sources absorbed by trees, both of which make δ18OTR in wet areas lower than in arid areas (Yang et
al. 2012).

4.2 Difference strategies of season in soil moisture use dynamics for tree growth under different wet and dry gradients on the Tibetan Plateau

In climate-sensitive areas, soil moisture is critical to tree growth. A variety of factors can alter soil water uptake by trees, such as season (Rao et al.
2020), life history stage (Van et al. 2017), tree species (Schwendenmann et al. 2015), water availability and depth of plant access to water (Rao et
al., 2020), and the amount of recent rainfall (Xu et al. 2011). In our study, δ18OTR was found to be signi�cantly correlated with soil moisture during

the growing season, but the seasonal response in arid and wet zones showed inconsistency, with tree-ring δ18O responding to soil moisture later in
arid zones than in wet zones (Fig. 7).

Speci�cally, in the humid areas, we found that δ18OTR signi�cantly negatively correlated with soil moisture from June to August ((Fig. 7). Because
the three humid regions are in�uenced by the Indian summer winds and receive more precipitation from June to August, which further affects
δ18OTR by in�uencing soil water 18O through in�ltration. The JA and GA regions showed a signi�cant negative correlation between δ18OTR and
July-September precipitation, Indian monsoon index, and monsoon circulation intensity in the region (Xu et al. 2018). And we also found a
signi�cant negative correlation between δ18OTR and soil moisture during July-August in JA and GA regions. And meanwhile, δ18OTR values of
different tree species in the WA region were mainly in�uenced by summer precipitation since 1743 (Masaki et al. 2012). In our study, we also found
that δ18OTR in the WA region was signi�cantly negatively correlated with soil moisture in July and August. We suggest that summer winds bring
abundant precipitation, and that plant roots take up water in the soil through a series of transpiration in�ltration processes, �nally retaining the
isotopic signal of precipitation in the xylem of trees expressed through δ18OTR in humid regions.

We also found the response of δ18OTR in arid regions signi�cantly correlated with soil moisture from July to September, especially in September

(Fig. 7). But the response of δ18OTR to soil moisture in arid regions was lagged compared to wet regions, which may be closely related to the
extended growing season of trees due to warming and humidi�cation of the Tibetan Plateau in recent decades (zhang et al. 2021). However, the
speci�c response varied among the three arid regions. The δ18OTR in the MA region was controlled by hydroclimatic variables such as summer
monsoon precipitation, RH and PDSI (Masaki et al. 2017). Those results suggesting that monsoon precipitation has a signi�cant effect on tree
growth. Tree growth in the KA region is mainly in�uenced by winter snowfall, and although trees are still affected by precipitation δ18O during
summer precipitation, the melting snowfall provides a more stable water source, resulting in a much lower correlation between δ18OTR and summer

soil moisture in this region than in the other two regions (Kerstin et al. 2006). In the driest DE region, the δ18OTR were controlled mainly through soil

moisture and precipitation variability from May to September (Yang et al. 2006), and our study provided further evidence that δ18OTR in this region
was signi�cantly negatively correlated with soil moisture in September.
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In the meantime, it has been found that precipitation has a greater effect on soil moisture than temperature on the southeastern Tibetan Plateau.
Soil moisture is signi�cantly correlated with oxygen isotope growing season in the southeastern Tibetan Plateau trees (Wang et al. 2023).And the
δ18OTR were found to be signi�cantly negatively correlated with growing season precipitation in the United Kingdom (Giles et al. 2015), southern
Mexico (Brienen et al. 2013), northwestern Tibetan Plateau (Zhang et al. 2021), and Ordos Plateau (Li et al. 2019), which was broadly in line with
our �ndings that summer rainfall to supplement plant water availability during the growing season (Hahm et al. 2019). We speculated that this
were two reasons for the lagging response of δ18OTR to soil moisture in arid areas relative to humid areas. On the one hand, it might be because
the Indian summer winds, which �rstly reached the southern region, making precipitation events occur earlier in the southern region in their
northward push. Therefore, they affect the tree growth process through a series of fractionation as well as plant physiological processes, then
re�ecting different moisture. On the other hand, this is closely related to the warming and humidi�cation in the western and northern parts of the
plateau, where warmer temperatures and increased precipitation lead to an earlier and longer growing season for trees. Moreover, precipitation in
early in the growing season was not replenished in time, while both precipitation and temperature at the end of the growing season promoted tree
growth, making the response of δ18OTR to soil moisture slightly later in the arid areas than in the humid areas (Guo et al. 2022).

4.3 Difference strategies of depth in soil moisture use dynamics for tree growth under different wet and dry gradients on the Tibetan Plateau

Precipitation on the Tibetan Plateau, where the natural environment is extremely fragile and sensitive, is highly spatially variable with annual
precipitation decreasing gradually with latitude (Li et al. 2022). Therefore, trees might maintain their growth by altering their water use strategies to
absorb soil moisture at different depths under different precipitation conditions. Most studies have shown that trees in arid environments tend to
absorb deeper water to resist drought (Hu et al. 2021), whereas trees in wet environments tended to use shallow soil water (Holdo et al. 2018).
While this was supported in our study, we have also found that trees in complex climatic environments may develop complex root systems with
both lateral and deep roots, adjusting their water use strategies to maintain their growth in response to environmental changes.

Our study also found that, the δ18OTR in the JA region was signi�cantly negatively correlated with 0–10 cm soil moisture in a wet environment,
while that in the WA and GA regions were signi�cantly negatively correlated with 0–10 cm and 10–40 cm soil moisture after controlling the VPD
and RH (Table 2), it suggesting that trees in humid areas tended to take up soil moisture in the surface and middle layers. Other studies also found
shallow soil water (35%) and precipitation (32.5%) were the main sources of water for trees in wet areas when annual precipitation was greater
than 800 mm (Zhou et al. 2011). Meanwhile, the topsoil in humid areas is the most active area for microbial activity, so that it provides nutrients to
the trees (Priyadarshini et al. 2016). For example, it has been shown that trees had a relatively large range of source water and a good water use
strategy in the shallow soil under humid climate conditions (Sun et al. 2019).

In arid environments, the signi�cant negative correlation between δ18OTR and 40–100 cm soil moisture in the KA and DE regions was revealed
after controlling VPD and RH (Table 2), it suggesting that trees in arid environments utilize more stable deep soil moisture. And trees in DE region
preferred to take up deep soil moisture through a study of cypress in the northeastern Tibetan Plateau (Grossiord et al. 2016), which validates our
results. In arid environments, capillary water induces trees to form deeper root systems to absorb deep soil water and groundwater to meet higher
transpiration needs during the dry season, while deep root systems provide a more consistent and reliable source of water for trees (Lindh et al.
2014). But we also found the highly signi�cant negative correlations between δ18OTR and soil moisture at all soil depths in MA, and there might be

two factors. On the one hand, soil moisture δ18O fractionation occurs when precipitation in�ltrates into the soil (Oerter et al. 2014), creating an
isotopic gradient in the vertical pro�le while vigorous evaporation may mask some of the isotopic signal (Dai et al. 2015). On the other hand, it is
possible that the 'bimodal' precipitation pattern in this region encourages trees to develop lateral and deep root systems, using the surface root
system to obtain water from the upper soil layer when precipitation is adequate. The deep root system is used to obtain water from deep soil or
groundwater when precipitation is insu�cient (zhang et al. 2017). This con�rms our �nding that trees adjust their water use strategies in time to
sustain self-sustaining growth (Zhao et al. 2018; Nolan et al. 2018).

Trees under different environmental conditions have different coping strategies to climate extremes, and the resilience of trees to drought is closely
related to regional soil moisture, diurnal temperature differences, and plant physiological characteristics (Fang et al. 2018). It has been reported
that tree growth on the Tibetan Plateau is more vulnerable to challenges in the context of climate change (Zhang et al. 2021; Yao et al. 2023). Our
results suggest that trees in arid areas are better able to cope with drought stress due to their use of more stable deep soil water, whereas trees in
humid areas may be more vulnerable to drought stress in the context of climate variability due to their use of surface-middle soil water. As a result,
trees in wetter areas will face greater challenges to survival in the context of a weakening southwestern monsoon with reduced precipitation and
continued warming temperatures. Moreover, it is noteworthy that trees develop the water use strategy of absorbing moisture from different soil
layers with the stronger lateral and deep root systems as the environment changes, which can more be bene�cial to trees in coping with complex
environment.

5. Conclusion
The climate of the Tibetan Plateau has changed signi�cantly in recent decades. It is of great signi�cance to study the water use strategies of trees
in this region for monitoring its ecological environment. Therefore, the relationship between oxygen isotope data and environmental factors in tree
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ring on the Tibetan Plateau were investigated. We found that δ18OTR recorded spatial and temporal differences in soil moisture use dynamics by

tree growth under different wet and dry gradients. Our results showed that δ18OTR responded more strongly to soil moisture than other
environmental factors during the growing season under different wet and dry gradients, but the response in the arid areas had a lag compared to
the humid areas. Meanwhile, trees in the humid southwestern region absorbed more shallow soil water, while trees in the arid western and
northeastern regions absorbed more deep soil water. We suggest that trees use shallow soil water alone increase the risk of drought stress in a
southwestern context of decreasing precipitation and increasing temperatures, whereas trees develop both lateral and deep root systems are better
able to survive in complex environments. As a water tower in Asia, the Tibetan Plateau has an important in�uence on the climate of the Northern
Hemisphere. We recommend the use of this method for larger-scale and more regional studies to research the response strategies of trees and
ecological changes in the context of climate change.
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Figures

Figure 1

Geographical locations of study area and sampling sites. The green line in the �gure represents the boundary line of the Tibetan Plateau, the green
dots are the tree wheel sampling points, the different shades of blue represent the different amounts of rainfall in the region, and the darker the
color means more precipitation.
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Figure 2

The time series of the δ18OTR for each site. The red solid line indicates the trend for each chronology.
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Figure 3

Signi�cance test for study sites. The box in the �gure represents the average value of δ18OTR for each point from 1948 to 1998. Inter-sample

differences in δ18OTR values were assessed using one-way ANOVA, with different letters indicating signi�cant differences at the 0.05 con�dence

level. And the red dashed line represents the mean value of δ18OTR in the arid areas and the blue dashed line represents the mean value of δ18OTR

in the humid areas.
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Figure 4

Changes of soil moisture at different soil layers and annual scales. The squares in the box line diagram represent the median volumetric water
content, the black dots represent the outliers and the range of the boxes represents the 25%-75% data interval (a). The blue line in the graph
represents the 40-100 cm volumetric water content, the red line represents the 10-40 cm volumetric water content and the black line represents the
0-10 cm volumetric water content (b).
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Figure 5

Interannual variation of soil moisture. The blue line represents 40-100cm volumetric water content, the red line represents 10-40cm volumetric
water content, the black line represents 0-10cm volumetric water content, and the grey dashed line represents the trend line.
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Figure 6

Correlations of δ18OTR with monthly climate variables (temperature, PDSI, VPD, RH, PRCP). The “+” and “*” indicate signi�cant correlations at the
95% and 99% level, respectively. The Tmax stands for maximum temperature, T stands for mean temperature, the Tmin stands for minimum
temperature, PDSI stands for Palmer Drought Index, VPD stands for vapor pressure de�cit, RH stands for relative humidity, PRCP stands for
precipitation.
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Figure 7

Correlations of δ18OTR with monthly soil moisture. The "+" represents p<0.05, "*" represents p<0.01, SM40-100 cm represents 40-100 cm soil
moisture, SM10-40 cm represents 10-40 cm soil moisture, SM0-10 cm represents 0-10 cm soil moisture.
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Figure 8

The spatial correlation between the June-September VWC in each soil layer and δ18OTR. The green point in the �gure represents δ18OTR sampling
points and the black line is the Tibetan Plateau boundary line.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Appendix.docx

https://assets.researchsquare.com/files/rs-3236892/v1/2cd0d830977603bf821eb1dd.docx

