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Rapid recovery of desert shrubs is attributed 
to imbalance of water supply to demand 
after disturbance in Northwest China
Hai Zhou1*†, Xiangyan Feng1,2†, Zhibin He1, Qiyue Yang1, Heng Ren1 and Wenzhi Zhao1* 

Abstract 

Background  Disturbance is a key driver of changes in terrestrial ecosystems, especially in water limited regions. 
In the desert ecosystem of Northwest China, shrubs are often foraged by camels and this causes the shrubs lost 
their aboveground tissues. Although the aboveground tissue could recover after the disturbance, the mechanisms 
of resprouts’ recovery after the disturbance are still poorly understood. We investigated the morphological and physi-
ological characteristics and root water uptake sources of resprouts and non-disturbed seedlings of four desert shrub 
species that were often foraged by camels.

Results  The results showed that the resprouts grew rapidly after the removal of aboveground tissue. The height 
and aboveground biomass of resprouts reached the level of 5-year-old seedlings following a growing season. Com-
pared to un-disturbed seedlings, higher leaf water potential, leaf hydraulic conductance and photosynthesis rate were 
observed in resprouts, indicating that resprouts grew rapidly after disturbance. Furthermore, we found that the root 
water uptake source did not change after disturbance. This indicated that the roots of resprouts kept intact water 
uptake capacity after disturbance, which could keep supplying sufficient water to the aboveground tissue. Due 
to the removal of aboveground tissue of the resprouts, the water demand of aboveground tissue decreased, which 
induced an imbalance of water supply from roots to demand of aboveground tissues of resprouts. This explained 
the improved physiological performance and rapid recovery of resprouts after disturbance.

Conclusions  The imbalance of water supply to demand contributes to the rapid recovery of desert shrubs after dis-
turbance. The findings provide insight into the eco-physiological mechanism for the maintenance of desert ecosys-
tems that are facing disturbance.
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Introduction
Disturbance is a key driver of the terrestrial ecosystem, 
which shifts the canopy and understory environmen-
tal conditions and ultimately results in biodiversity and 
species composition alteration (Seidl et  al. 2011; Belote 
et al. 2012). However, disturbance and even the removal 
of aboveground tissues do not necessarily induce plant 
mortality (Dietze and Clark 2008; Atwood et  al. 2009). 
New buds sprouted from the stem and/or root stocks 
grow rapidly to recover the height and biomass at pre-
disturbance stage (Bond and Midgley 2003; Clarke et al. 
2013). The proposed mechanisms of the rapid growth 
of resprouts are as follows: (1) due to shoot removal, the 
established root system of resprouts with relative suf-
ficient water and nutrient supply promotes resprouts 
growth (Larsen and Johnson 1998; Swaim et  al. 2016); 
(2) the low shoot-to-root ratio of resprouts compared to 
un-disturbed individuals results in growth competitive 
advantage (Clemente et  al. 2005). Both mechanisms are 
related to an imbalance in the water and nutrient require-
ment of shoots versus the resource supply of roots. This 
possibly results in differences in the physiological prop-
erties between resprouts and un-disturbed individuals. 
However, the knowledge of the physiological properties 
of the resprouts is still limited.

The growth of plants is determined by a complex net-
work of interdependent physiological processes, wherein 
a multitude of intricate mechanisms and interactions 
govern their development, replication, metabolism, 
and response to external stimuli (Nelissen and Gonza-
lez 2020; Hilty et  al. 2021). Among them, photosynthe-
sis rate, leaf hydraulic conductance, and leaf water status 
are the key physiological parameters that are associated 
with plant growth (Brodribb and Holbrook 2003; Ghan-
noum 2009; Sack et  al. 2012). For instance, photosyn-
thesis rate was linearly positively correlated with plant 
growth rate (Kirschbaum 2011). Leaf hydraulic conduct-
ance promotes plant growth through its positive effect 
on the photosynthesis rate (Scoffoni et al. 2016). Never-
theless, the physiological performance during resprouts 
growth is poorly understood. Only a few studies investi-
gated the physiological performance during the resprouts 
regrowth. More work is needed to accurately assess the 
contribution of improved leaf physiological traits to 
resprouts growth.

Root water uptake source is critical for plants to meet 
the canopy transpiration demand and photosynthesis 
process needs (Grossiord et  al. 2017). Past studies pro-
posed that the rapid growth of the plants after the dis-
turbance could be attributed to the sufficient root water 
supply from the intact root system compared with rela-
tive low water demand of new resprouts (Swaim et  al. 
2016). However, no direct evidence supported this 

perspective has been reported yet. As the isotopes of 
oxygen and hydrogen does not fractionate during root 
water uptake (Washburn and Smith 1934), the analysis 
of the stable isotopes of oxygen and hydrogen in water 
provides a powerful and reliable method to analyze the 
water sources of plants (Voltas et al. 2015). Using the iso-
topic method to determine the root water uptake source 
during the resprouts growth is key to understanding the 
recovery of plants following the disturbance.

Desert ecosystem, characterized by its arid conditions 
and scarce availability of water, represents a quintessen-
tial example of a fragile ecosystem, often exhibiting a sig-
nificantly diminished level of biodiversity owing to the 
harsh and inhospitable nature of its surroundings (Whit-
ford and Duval 2020; Rocha et al. 2021; Warren-Rhodes 
et  al. 2022). Badain Jaran Desert is a typical desert in 
Northwest China, where several desert plant species 
and large animals such as camels survived since ancient 
times (Wang and Zhou 2018; Li et  al. 2020; Lu et  al. 
2023). Shrubs are the main food source of camels, and 
they are always disturbed by camels in this region. How-
ever, the regrowth capacity of desert shrubs and the pos-
sible physiological mechanisms behind the disturbance 
are still unknown. Therefore, investigating the regrowth 
of the desert shrubs following the disturbance has criti-
cal implications for the local ecosystem conservation and 
management.

In this study, we selected four desert shrub species that 
are often foraged by camels as the research materials. The 
aboveground tissue was removed to mimic the camel’s 
feeding processes. The regrowth capacity, physiologi-
cal performance and root water uptake sources of desert 
shrubs’ resprouts following the disturbance were investi-
gated. We hypothesized that the resprouts of the desert 
shrubs have evolved rapid growth capacity to acclimate 
grazing. Due to the physiological processes, such as 
hydraulic conductance and photosynthesis rate, being 
closely related to plant growth, we hypothesized that 
the resprouts exhibit better physiological performance 
compared with un-disturbed seedlings. Because the dis-
turbance has not damaged the root system, we hypoth-
esized that the water uptake source of the resprouts 
did  not change, which resulted in the relative high root 
water supply to low canopy demand and thus improved 
resprouts physiological performance and rapid regrowth 
following the disturbance.

Materials and methods
Study site and plant materials
The study site was located at Linze Inland River Basin 
Research Station (100° 8′ E, 39° 21′ N) in the south-
east of Badain Jaran Desert, which belongs to China 
Flux Observation and Research Network. The study 
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site is characterized  by a typical desert climate with 
mean annual precipitation of 117  mm, mean annual 
evaporation of 2390  mm, mean temperature of 7.6 ºC, 
mean wind speed of 3.2  m  s−1 and solar radiation of 
611,272.8  J  cm−2  a−1 over the past 20  years. The grow-
ing season ranges from April to September (Feng et  al. 
2022b) (http://​lzd.​cern.​ac.​cn).

Hundreds of camels live in the desert environment in 
this region and forage shrubs as their main food sources. 
Here, we selected four mostly foraged shrubs (Atriplex 
canescens, Caragana korshinskii, Hedysarum scoparium 
and Calligonum mongolicum) as the research materials. 
The four shrubs are all extremely drought-tolerant spe-
cies that grow in sand dune and inter-dune lowlands, 
which are important food sources of desert animals and 
also are critical sand fixation species surround oases. We 
measured the growth, physiological traits and root water 
uptake source of the four desert shrub species and their 
resprouts to decipher the rapid growth mechanisms after 
a disturbance.

Experimental design
Four desert shrub species (A. canescens, C. korshinskii, 
H. scoparium and C. mongolicum) were planted in the 
field in 2018. To mimic the animal feeding process, six 
individuals of each species were reaped at about 20 mm 
above the ground in the spring of 2022 (March). The 
resprouts were growing rapidly during the growing sea-
son. At the end of the growing season (September), the 
resprouts that went through a growing season were one-
year-old resprouts and the seedlings that have not reaped 
were five-year-old seedlings. To explore the rapid recov-
ery mechanisms of the resprouts, we compared the dif-
ferences in morphological traits, physiological traits and 
water sources between one-year-old resprouts and five-
year-old seedlings of four desert shrub species.

Resprouts growth
The resprouts growth performance was reflected by the 
shrubs’ height and biomass. At the end of the growing 
season of 2022, we measured the height and biomass of 
five-year-old shrubs and one-year-old resprouts to eval-
uate the regrowth of the  four desert shrub species after 
disturbance. For one-year-old resprouts and five-year-old 
seedlings, the plant height and biomass were measured 
in six individuals for replication. The shrub’s height was 
measured by a commercial tape (deli l.147-1498203, Deli 
group, Ningbo, China) by measuring the distance from 
the ground level to the top of the highest leaf at the shoot. 
The aboveground tissues were harvested and the biomass 
of the shrubs was measured by the oven-dry method. The 
reaped shrubs were put into the oven (DHG-9075, Ganyi 
LLC, Shanghai, China) at 80 ºC for 72 h to get dried. Then 

the biomass of the shrubs was measured using a balance 
(ME204E, Mettler Toledo, Zurich, Switzerland).

Leaf water potential
Leaf water potential in predawn (Ψpre) and midday (Ψmid) 
of five-year-old shrubs and one-year-old resprouts were 
measured by the Scholander-type pressure chamber 
(Model 1515D; PMS Instrument Company, Corvallis, 
OR, USA). Ψpre  is the leaf water potential in predawn, 
representing the maximum leaf water potential; Ψmid is 
the leaf water potential in the midday, representing the 
lowest leaf water potential that plants experienced over 
the day. For each species, six leaves were randomly sam-
pled from six individuals in the predawn and midday. The 
sampled leaves were put into a black plastic bag to pre-
vent solar radiation. Then we blew air into the bag and 
sealed the bag to stop leaf water loss. The sampled leaf-
let in the bag was equilibrated for 20 min before the leaf 
water potential measurement. The petiole of the equili-
brated leaflet was wrapped by parafilm and the end of the 
petiole was cut by a blade. Then the leaflet was put into 
the chamber and pressurized nitrogen by 0.2 kPa per sec-
ond. The water potential was recorded when water was 
pressured out from the leaflet.

Hydraulic conductance measurements
This study utilized a high-pressure flow meter (HPFM-
Gen3; Dynamax Inc, Houston, TX, USA) to measure 
the leaf hydraulic conductance of the  four desert shrub 
species. The mature shoots with leaves were sampled at 
predawn and put into a bucket filled with ultrapure water 
in September of 2022. The end of the shoots was recut 
underwater to prevent artificial embolism. Then the leaf 
petiole was cut under the ultrapure water, and the leaf 
petiole was connected to the high-pressure flow meter 
via compression fittings. The high-pressure flow meter 
tank was pressurized with nitrogen to 0.4–0.5 MPa, and 
the deionized water, free from air bubbles, was pumped 
out from the silicone tubing system (Upchurch Scientific, 
Oak Harbor, WA, USA). Leaf hydraulic conductance was 
determined by connecting a pressure transducer (Omega 
PX-180; Omega Engineering, Stamford, CT, USA) at the 
upper end of the eight-port valve and calculating the 
pressure-flow rate curve. Finally, the results were stand-
ardized to 25 °C to correct for the viscosity of water pass-
ing through the silicone tubing. For each species, the 
hydraulic conductance of six leaves from three individu-
als was measured.

Gas exchange measurements
The gas exchange characteristics of the four desert shrub 
species were measured using the Li-6400XT (Li-COR 
Biosciences, Lincoln, NB, USA). This study focused on 

http://lzd.cern.ac.cn
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the photosynthetic rate, stomatal conductance, and 
transpiration rate of five-year-old shrubs and one-year-
old resprouts. Measurements were conducted on fully 
expanded mature leaves between approximately 9:00 
and 10:00 on clear days in September of 2022. To assess 
the gas exchange capacity of desert plants in the field, a 
transparent leaf chamber was used to keep leaf tempera-
ture, air humidity, and CO2 concentration consistent with 
the surrounding environment. Light-saturated photo-
synthesis was measured when photosynthetically active 
radiation reached 1600 µmol m−2  s−1. The leaf tempera-
ture ranged 25–30  ºC, the CO2 partial pressure was  at 
about 400  ppm and a relative humidity ranged from 10 
to 30%. The data was recorded after the leaf photosynthe-
sis reached its steady-state, which took about 10–20 min. 
Water use efficiency was calculated as photosynthesis 
divided by stomatal conductance. For the shrubs with 
needle-shaped leaves, such as H. scoparium and C. mon-
golicum, a needle leaf chamber was used to measure 
their gas exchange characteristics. After measurements, 
the leaf area was scanned and the leaf surface area inside 
the chamber was used to calibrate gas exchange values. 
At least six leaves from three individuals of each desert 
shrub were selected as replicates.

Isotopic analyses
To explore whether the root water uptake source changed 
after the disturbance, we measured the stable isotopes of 
oxygen and hydrogen in the xylem and soil water. The soil 
samples were sampled from 0 to 300  cm soil depth (0, 
10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180, 
200, 220, 240, 260, 280, 300  cm, respectively) by auger 
boring method. About 0.5 dm3 soil were sampled from 
each soil profile. The soil samples were put into a sealed 
glass bottle and stored in the refrigerator at 2 ºC before 
isotopic analysis. A cryogenic vacuum distillation system 
was used to extract water from the xylem and soil sam-
ples (Ehleringer et al. 1999). The glass arm was attached 
with a Pyrex collection tube at one end, and an ignition 
tube containing xylem or soil samples at the other end. 
Then, the ignition tube containing samples was heated at 
100 ºC for 1 h to make the water evaporate to the collec-
tion tubes. The collection tubes were submerged in liq-
uid nitrogen to let the evaporated water condense. The 
extraction stopped when no further water evaporated 
from the samples. The hydrogen- and oxygen-isotopic 
composition was measured by an Isotope Ratio Infrared 
Spectroscopy (IRIS) system, the liquid water isotope ana-
lyzer (912-0008-1001, Los Gatos Research Inc., Moun-
tain View, CA, USA) with the precision of 0.1‰ for δ18O, 
and 0.3‰ for δD, respectively (Yang et al. 2015). The sta-
ble hydrogen and oxygen isotope values (δD, δ18O) are 

reported in per mil (‰) relative to the Vienna Standard 
Mean Ocean Water (VSMOW), which was calculated as:

where Rsample and Rstandard are the hydrogen and oxy-
gen stable isotopic compositions (18O/16O, D/1H) of 
VSMOW, respectively.

Statistics
The differences in growth, physiological traits and root 
water uptake source between five-year-old shrubs and 
their one-year-old resprouts were evaluated by one-way 
ANOVAs (Duncan). The water sources of the shrubs 
were evaluated by the IsoSource mixing model (Phil-
lips et  al. 2005). Due to the groundwater table is about 
300 cm in the study site, we divided the soil water sources 
as shallow soil water (0–50  cm), middle soil water (50–
150 cm), deep soil water (150–300 cm) and groundwater 
following a previous literature (Zhou et al. 2016). All sta-
tistical analysis and plotting were performed by R pro-
gramming (R Core Team 2023).

Results
The regrowth capacity of the resprouts 
following the disturbance
For the  four desert shrub species, the buds of resprouts 
all sprouted in the retained stems (Fig. 1). The resprouts 
grew rapidly in the growing season of the current year. 
The height of the four five-year-old desert shrubs ranged 
from 100 to 150 cm (Fig. 2a). After one growing season, 
the height of the one-year-old resprouts recovered to the 
same level as the five-year-old shrubs (Fig. 2a). The bio-
mass of five-year-old C. korshinskii, H. scoparium and C. 
mongolicum was higher than that of A. canescens. Simi-
lar to the rapid regrowth of shrubs’ height, the biomass 
of one-year-old resprouts of the four species also showed 
no significant differences compared with five-year-old 
seedlings (Fig. 2b), indicating a strong regrowth capacity 
of desert shrubs following disturbance.

The physiological performance of 5‑year‑old shrubs 
and their resprouts
Four 1-year-old resprouts species showed better physio-
logical performance compared with five-year-old shrubs. 
The four five-year-old desert shrubs showed leaf water 
potential in predawn ranging from −  1.2 to −  0.8  MPa 
(Fig.  3). The leaf water potential in midday was distinct 
ranging from − 2.2 to − 1.5 MPa. The leaf water poten-
tials of one-year-old resprouts were higher than that 
of five-year-old shrubs. The differences between predawn 
and midday leaf water potential (Ψpre−Ψmid) were lower 

δD/18O =

Rsample

Rstandard

− 1 × 1000%,
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in one-year-old resprouts compared with five-year-old 
shrubs (Fig. 3).

Higher leaf hydraulic conductance was observed in 
one-year-old resprouts than in five-year-old shrubs. Leaf 
hydraulic conductance was about two times higher in A. 
canescens and C. korshinskii than in C. mongolicum and 
H. scoparium (Fig. 4).

The photosynthesis rate, stomatal conductance and 
transpiration rate of the four desert shrub species ranged 
from 10 to 13 μmol CO2 m−2  s−1, 0.12 to 0.18 mol H2O 
m−2  s−1 and 3.5 to 5.0  mmol H2O m−2  s−1. The photo-
synthesis rate and stomatal conductance of one-year-old 
resprouts were significantly higher than those of  five-
year-old shrubs (Fig.  5a, b). The transpiration of one-
year-old A. canescens and C. korshinskii resprouts were 
higher than that of  their five-year-old seedlings. No sig-
nificant differences between one-year-old resprouts and 
five-year-old seedlings in C. mongolicum or H. scoparium 

were found (Fig.  5c). Additionally, the water use effi-
ciency showed no significant differences between one-
year-old resprouts and five-year-old seedlings in any of 
the four species (Fig. 5d).

Root water uptake during the resprouts rapid growth
Based on the stable isotope method, we found that the 
δD and δ18O in the xylem water of different species 
exhibited significant differences (P < 0.05) (Fig.  6). Most 
xylem water and soil water samples were distributed to 
the lower right side of the LMWL (local meteoric water 
line) with low slopes of 3.21. However, the xylem water 
isotopic compositions of the same species among the 
control and reprouts had no pronounced difference. The 
isotopic signatures in the xylem water of all the shrubs 
were within the range of isotopic ratios in soil water from 
the deep soil layers that were larger than 150 cm.

Fig. 1  Morphologies of the resprouts of four desert shrub species following a disturbance. The images showed the buds sprouting position, 
one-week-old resprouts and one-year-old resprouts of four desert shrub species. AC A. canescens, CK C. korshinskii, CM C. mongolicum, HS H. 
scoparium 
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Four five-year-old desert shrubs showed similar root 
water uptake patterns, which were majorly depend-
ent on deep soil and groundwater. Specifically, A. cane-
scens absorbed about 10% water from the shallow soil, 
20% from the middle soil, 30% from the deep soil, 40% 
water from groundwater; C. korshinskii absorbed about 
10% water from the shallow soil, 15% from the middle 
soil, 30% from the deep soil, 45% water from ground-
water; C. mongolicum absorbed about 10% water from 
the shallow soil, 20% from the middle soil, 25% from 

the deep soil, 45% water from groundwater; H. scopar-
ium absorbed about 15% water from the shallow soil, 
15% from the middle soil, 25% from the deep soil, 45% 
water from groundwater (Fig. 7). The root water uptake 
source of one-year-old resprouts was similar to that of 
the five-year-old shrubs. No significant differences in 
root water  sources  were found between one-year-old 
resprouts and five-year-old shrubs, indicating sufficient 
water supplement following the disturbance (Fig. 7).

Discussion
Improved physiological performance promotes rapid 
resprouts growth following the disturbance
The sprouting site of the buds in resprouts after the 
disturbance was often observed in the rootstock (Bell-
ingham and Sparrow 2000; Bond and Midgley 2003). Dif-
ferent from the resprouts sprout from the basal (Clarke 
et al. 2013), we found the four desert shrub species’ buds 
all sprouted from the reserved stem (Fig.  1). This indi-
cates that the desert shrubs could keep the stem surviv-
ing after the aboveground shoot removal (Meier et  al. 
2012). The possible mechanism behind this is that the 
removal of the aboveground shoot has caused the con-
duits embolized and occluded by gums or tyloses, which 
could effectively stop the stem water loss and keep the 
reserved stem alive (De Micco et al. 2016). Thus, the alive 
stems with protected meristematic tissue sprout new 
shoots from the reserved stems (Bond and Midgley 2001; 
Zeppel et al. 2015). This may promote the rapid regrowth 
capacity  of the desert shrubs following the disturbance. 
In addition, due to about 20  mm stems being kept, the 
reserved stem that stored carbohydrates possibly pro-
moted the rapid recovery of resprouts.

Consistent with a previous literature that reported the 
resprouts grow rapidly after the disturbance (Swaim et al. 
2016), we also observed that the resprouts of the  four 
desert shrub species grew rapidly after the shoot removal. 
The resprouts grew only one year to reach five-year-old 
seedlings’ height and biomass (Fig. 2). This suggests that 
young seedling resprouts may recover faster than adult 
plant resprouts. Rapid plant growth was thought to be 
closely related to plant physiological processes (Kraft 
et  al. 2015). It has been reported that the physiological 
properties such as leaf water status, hydraulic conduct-
ance and photosynthesis rate were closely related to 
plant growth (Tardieu and Simonneau 1998; Flexas et al. 
2006). Our results showed strong evidence supporting 
this perspective. We found that  leaf water potential was 
higher no matter at predawn or midday in one-year-old 
resprouts than that  in five-year-old seedlings (Fig.  3). 
The higher leaf water potential indicates better leaf 
water status of resprouts and this would ultimately pro-
mote cell expansion and leaf development, especially 

Fig. 2  Height, biomass and leaf area of one-year-old resprouts 
and five-year-old seedlings. Darkgreen labeled control represents 
5-year-old seedlings; tan labeled resprout represents 1-year-old 
resprouts; AC A. canescens, CK C. korshinskii, CM C. mongolicum, HS H. 
scoparium; ns indicates non-significant differences detected; standard 
error bar was showed above each column (one-way ANOVAs)
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in water-limited regions (Pantin et  al. 2012). Further-
more, we found increased leaf hydraulic conductance in 
resprouts (Fig. 7). As the leaves of one-year-old resprouts 
were about 2–4 times larger than that of the five-year-old 
seedlings (Fig. 2c), the one-year-old resprouts with higher 
leaf hydraulic conductance possibly had wider or denser 
conduits compared to the five-year-old seedlings (Domec 
et al. 2012; Schreiber et al. 2016). High leaf hydraulic con-
ductance is the basis for photosynthetic productivity as it 
reflects sufficient water supply to the leaf (Scoffoni et al. 
2016). Accordingly, higher photosynthesis rate and sto-
matal conductivity were also observed in the resprouts 
(Fig. 4). However, the difference of the transpiration rate 
between one-year-old resprout and five-year-old seed-
lings in C. mongolicum and H. scoparium was not sig-
nificant. This could be attributed to the differences in 
stomatal structures (Xu and Zhou 2008; Bertolino et  al. 
2019). The effect of a high leaf hydraulic conductance 
on transpiration, on the other hand, could be negated 
by a minor soil-leaf water potential difference, which 
appears to be the case here, as leaf water potential was 
less negative in the resprouts. In summary, a consistent 

Fig. 3  Leaf water potential of one-year-old resprouts and five-year-old seedlings. Predawn and midday leaf water potential of one-year-old 
resprouts and five-year-old seedlings. Darkgreen labeled control represents five-year-old seedlings; tan labeled resprout represents one-year-old 
resprouts; △indicates the differences between leaf water potential in midday and predawn; Ψpre represents leaf water potential at predawn; 
Ψmid represents leaf water potential at midday; *** (P < 0.001) indicates significant differences between one-year-old resprouts and five-year-old 
seedlings; ns indicates non-significant differences detected; AC A. canescens, CK C. korshinskii, CM C. mongolicum, HS H. scoparium; standard error 
bar was showed above each column (one-way ANOVAs)

Fig. 4  Leaf hydraulic conductance of one-year-old resprouts 
and five-year-old seedlings. Darkgreen labeled control represents 
five-year-old seedlings; tan labeled resprout represents one-year-old 
resprouts; *** (P < 0.001) indicates significant differences 
between one-year-old resprouts and five-year-old seedlings; AC 
A. canescens, CK C. korshinskii, CM C. mongolicum, HS H. scoparium; 
standard error bar was showed above each column (one-way 
ANOVAs)
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physiological mechanism was observed in the resprouts 
of desert shrubs following the disturbance. This indicates 
that desert shrubs have evolved the capacity of rapid 
recovery after the disturbance, which assures sustainable 
interactions between desert plants and herbivorous ani-
mals. Besides the physiological performance, the rapid 
growth of the resprouts may also be associated with a 
shift in the allocation pattern of current-year assimilates. 
The possible mechanism is that carbohydrates stored 
in roots could be remobilized to support the growth of 
resprouts, which needs to be explored in future studies.

Intact root water uptake source of resprouts induced 
the imbalance between water supply and demand 
and thus improved physiological performance
The low shoot-to-root ratio of resprouts induced the 
rapid height and biomass recovery in young resprouts 
(Andrews et al. 1999; Clemente et al. 2005). However, no 
evidence of intact root water uptake source of resprouts 
was reported in these studies. By using the isotopic tool, 
our study demonstrated  for the first time that the root 
water source of resprouts did not change (Fig.  6). This 
indicates that the root system of the resprouts at different 

Fig. 5  Gas change characteristics of five-year-old seedlings and one-year-old resprouts. a Photosynthesis rate (Asat), b stomatal conductance (gs), (c) 
transpiration rate (E) and (d) water use efficiency (WUE) of one-year-old resprouts and five-year-old seedlings. Darkgreen labeled control represents 
five-year-old seedlings; tan labeled resprout represents one-year-old resprouts; *** (P < 0.001) indicates significant differences between one-year-old 
resprouts and five-year-old seedlings; ns indicates non-significant differences detected; AC A. canescens, CK C. korshinskii, CM C. mongolicum, HS H. 
scoparium; standard error bar was showed above each column (one-way ANOVAs)
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depths kept water uptake ability after the aboveground 
tissue removal. Therefore, the relatively higher water sup-
ply from the root system but low water demand from the 
small resprouts cause a water supply and demand imbal-
ance in resprouts (Fig. 8). The relatively higher water sup-
ply to demand explained the higher leaf water potential 
and leaf hydraulic conductance in resprouts. As a conse-
quence, the increased leaf water potential and hydraulic 
conductance induced the high stomatal conductance, 
photosynthesis capacity, and growth rate of the reprouts 
(Liu et  al. 2015; Feng et  al. 2022a; Fig.  8). Additionally, 
because the nutrients could also be transported to leaves 
through the vascular system, the excess water transporta-
tion would transport excess nutrients to the leaves (Lucas 
2010; White and Ding 2023). This might be a possible 
mechanism of the high photosynthetic rate in resprouts 
as well.

Implications of rapid resprouts growth of desert shrubs 
to desert ecosystem management
The rapid growth of the resprouts could offset the vegeta-
tion loss caused by the disturbance. Over the past dec-
ades, the application of eco-environmental protection has 
caused a boom in camels all over the world (Faye 2020). 
Shrubs are one of the main food sources for camels in the 

desert. In addition, camels are large animals that require 
lots of food source to support their large body metabo-
lism (Chuluunbat et al. 2014). Rapid shrub regrowth after 
the disturbance would guarantee sufficient food sources 
for this large animal  and make the desert ecosystem 
sustainable. Therefore, adopting appropriate manage-
ment policy in the desert area would possible to feed the 
increased camel number. Specifically, (1) silvicultural 
management of desert shrubs according to local carry-
ing capacity of water; (2) improving conservation of the 
camels’ habitat by establishing protected area; (3) clip-
ping desert shrubs as feed storage for camels based on 
their rapid recovery ability. As previously reported, sil-
vicultural management is widely used as a measure to 
stop sand expansion and protect the oasis from wind and 
sand violation (O’Hara 2015; Ameray et al. 2021), and it is 
becoming a popular measure to maintain the biodiversity 
and ecosystem function (Vild et  al. 2013; Strubelt et  al. 
2019). According to the rapid recovery potential of desert 
shrubs, clipping management would simultaneously 
increase the ecosystem function and guarantee the large 
animal’s food source. Raising proper management policy 
according to the characteristics of rapid resprouts growth 
of desert shrubs would thus help achieve healthy and sus-
tainable development in the desert region.

Fig. 6  Relationships between δD and δ18O signatures in precipitation, soil water, groundwater and xylem water of the different shrub species. 
GMWL the global meteoric water line, LMWL the local meteoric water line, SEWL soil water evaporation line which is fitted based on the isotopic 
values of soil water, AC A. canescens, CK C. korshinskii, CM C. mongolicum, HS H. scoparium 
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Conclusions
Our findings revealed that the rapid recovery of the 
resprouts of desert shrubs was related to the improved 
physiological performance following the disturbance. The 
intact root water uptake ability of the resprouts after the 
aboveground tissue removal induced a relatively higher 

water supply and low demand and thereby resulted in 
improved physiological performance and rapid resprouts 
growth. The findings provided insight that controlling an 
appropriate scale of shrubs in the desert is possibly an 
efficient ecosystem management measure in the face of 
the increasing camel population and blown sand threat.

Fig. 7  Percentage of root water uptake of four five-year-old desert shrubs and one-year-old resprouts. Percentage of root water uptake 
from shallow soil, middle soil, deep soil and groundwater of (a) A. canescens; (b) C. korshinskii; (c) C. mongolicum; (d) H. scoparium. Darkgreen 
labeled control represents five-year-old seedlings; tan labeled resprout represents one-year-old resprouts; ns indicates non-significant differences 
between one-year-old resprouts and five-year-old seedlings; standard error bar was shown above each column (one-way ANOVAs)
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