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group. The non-photochemical quenching was sen-
sitive to wind erosion, and sediment-carrying wind 
could aggravate the reduction in non-photochemical 
quenching (NPQ). Except for the 10 min duration, the 
maximum quantum efficiency of PSII photochemis-
try after dark recovery for 15 min, Fv

r/Fm
r, was lower 

in seedlings exposed to sediment-carrying wind than 
in those in the wind-only group. Compared to wind-
only, wind-blown sand led to a water imbalance and 
withering in seedlings, causing the concentration of 
photosynthetic pigments (when based on the fresh 
mass of green branches) to not decrease. With a 
longer exposure time to sediment-carrying wind, both 
the probability and extent of lignified spots occurring 
increased in green assimilative branches. Our results 
demonstrated that sediment-carrying wind at 12  m 
 s−1 lasting for 20 min or more could cause irreversible 
damage to the photosynthetic apparatus of H. ammo‑
dendron seedlings. Therefore, frequent and strong 
sandstorms are the main disturbance factors leading 
to shrinkage of shrubs and limiting their self-renewal.

Keywords Arid desert areas · Haloxylon 
ammodendron · Non-photochemical quenching · PSII 
photochemical efficiency · Sediment-carrying wind · 
Self-renewal

Abstract Haloxylon ammodendron is an excellent 
windproof and sand-fixing species whose shrubs are 
widely cultivated in arid desert areas of northwest 
China but are now at risk of degradation and shrink-
age. Using the chlorophyll fluorescence image analy-
sis technique, the response of photosystem II (PSII) 
photochemical efficiency and non-photochemical 
quenching capacity to sediment-carrying wind and 
sand-free wind (both 12 m  s−1) lasting for 10, 20, and 
40 min were studied with seedlings in a wind tunnel. 
The results indicated that the sand-free wind had little 
influence on the maximum quantum efficiency of PSII 
photochemistry, Fv/Fm, which was approximately 
0.80 on average; however, the Fv/Fm decreased over 
exposure time in the sediment-carrying wind group, 
with values smaller than those in the wind-only 
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1 Introduction

A sandstorm is a weather phenomenon linked to 
desertification that is caused by wind erosion, and 
its formation and intensity is influenced by both 
natural factors and human activities (Wang et  al. 
2006). As a very common type of sudden weather 
disturbance in arid and semiarid desert areas of 
northwest China, sandstorm outbreaks are frequent 
in winter and early spring (Zhao and Sun 2013). 
Spring is a sensitive time of the year for seed ger-
mination and seedling settlement and is also a key 
period for vegetation population renewal. Frequent 
and strong outbreaks of sandstorms are very harm-
ful and destructive to fragile desert ecosystem (Shi 
et al. 2000); such disturbances can severely restrict 
the sustainable development of arid and semiarid 
desert areas and adversely affect the restoration 
and reconstruction of their ecological environment 
(Dong et  al. 2004; Zhang et  al. 2010; Qu et  al. 
2019).

Wind-blown sand or sediment-carrying winds lead 
to the migration of loose sand particles near the sur-
face (Li and Ni 1998; Ogunjobiet et al. 2003). Their 
impact on desert plants can manifest as mechani-
cal injury caused by wind erosion and the hitting of 
sand grains, which damages the tender epidermis tis-
sue and leads to the outflow of cell fluid (Anten et al. 
2010); this injury is especially severe at the vulner-
able stage of young plantlets, often resulting in seed-
ling death (Zhao et al. 2017). It is generally believed 
that the process by which sediment-carrying wind 
injures plants includes variation, from quantitative 
to qualitative, in their physiological functioning; put 
differently, their physiological functions respond to 
this abiotic disturbance only appears after a certain 
duration (Retuerto and Woodward 1993; Henry and 
Thomas 2002). Research on the eremophyte Sarcoz‑
ygium xanthoxylon Bunge indicated that mild and 
moderate sediment-carrying wind could cause dam-
age to the seedlings, but not necessarily osmotic 
stress; however, severe wind-blown sand was able to 
increase the activity of superoxide dismutase and cat-
alase in leaves and to increase their contents of solu-
ble sugar and proline, which led to cell fluid outflow 
under osmotic stress (Li et al. 2019). Nevertheless, it 
was unclear whether this constituted irreversible dam-
age to seedlings or whether defining a key physiologi-
cal damage threshold is needed.

Photosynthesis is a fundamental physiological 
process of green plants, with many mechanisms that 
ensure the efficient operation of the photosynthetic 
apparatus in the face of adversity. Early research indi-
cated that strong wind can decrease the photosyn-
thetic rate and increase the transpiration rate of plants 
(Qu et al. 2009); compared with sand-free wind, their 
net photosynthetic rate was significantly affected 
by wind-blown sand, especially in herbs, whereas 
shrubs have a better resistance to strong winds (Yu 
et  al. 2002). Enhancing the level of non-radiative 
heat energy dissipation could occur as a result either 
of processes that protect the leaf from light-induced 
damage or of the damage itself (Maxwell and John-
son 2000). This response is considered an important 
regulatory approach by which plants tolerate environ-
mental adversity (Niyogi and Truong 2013). Reduced 
photosynthesis inevitably leads to less demand for 
available light energy, resulting in a surplus of light 
energy in the photosynthetic apparatus; hence, adver-
sity in the form of a sandstorm might also induce an 
accumulation of excess excitation energy.

Haloxylon ammodendron (C. A. Mey.) Bunge is 
a super xerophytic shrub or small tree of the Che-
nopodiaeceae family, belonging to the Asian desert 
component, widely distributed in the desert region of 
Central Asia and sporadically distributed in northwest 
China. Due to its advantages of drought resistance, 
barren resistance, sand buried wind erosion resist-
ance, salt and alkali resistance, and characteristics 
of easy survival and fast growth, it has been widely 
used in desertification control in arid desert areas of 
northwest China. It is considered an important plant 
resource for windproofing, water and soil conserva-
tion, and saline-alkali soil improvement, with high 
economic and ecological value (Wang and Ma 2003). 
Many studies of this eremophyte are available, mainly 
on its seed germination (Tobe et al. 2000; Wang and 
Zhao 2015), phenology (Jiang et  al. 2017), physi-
ological and ecological adaptability (Ju et  al. 2005; 
Tian et al. 2011), and applied use in ecological pro-
tection and restoration (Bedunah and Schmidt 2006) 
and expression of drought-resistant genes (Han et al. 
2016). Surprisingly, however, only a few studies have 
investigated the adaptive traits and response of H. 
ammodendron to sandstorms.

As a typical desert shrub, H. ammodendron is an 
excellent windproof and sand-fixing plant widely cul-
tivated in mobile dunes, semifixed dunes and fixed 
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sand dunes of the oasis edge of Minqin in Gansu 
Province (China). However, due to the adverse natu-
ral habitat and other reasons, the early-built artificial 
shrubs began to shrink or even die, and some of the 
fixed dunes began to activate, which brought new 
hazards to the lives of local residents and economic 
production (Zhang et  al. 2009). It is widely thought 
that a lower underground water level, soil water scar-
city, and higher soil salt content in these afforestation 
areas are the main factors driving the degradation of 
H. ammodendron, which leads to their limited abil-
ity to utilize water and poor population regeneration 
(Si et  al. 2011). According to an earlier field inves-
tigation, it was difficult to observe surviving young 
seedlings in adult stands; the age structure of the 
population stably decayed during the shrinkage of 
the H. ammodendron plantation (He et al. 2017). An 
insufficient number of progeny and recruitment from 
seedlings into adults to maintain minimum popula-
tion density may be a major reason limiting the self-
renewal of plant populations and can even cause their 
degeneration (Bormann and Likens 1981; Edelfeldt 
et  al. 2019). Therefore, we proposed the following 
hypothesis: green assimilative branches of H. ammo‑
dendron seedlings are sensitive to frequent and strong 
sandstorms in early spring, thereby incurring irrevers-
ible damage to their photosynthetic apparatus that 
disrupts their physiological functioning. To test this 
hypothesis, we set up wind tunnel simulation experi-
ments to study the effects of wind-blown sand on 
photosynthesis by measuring the changes in photo-
chemical efficiency of the PSII reaction center of H. 
ammodendron seedlings using a wind-only group as 
a reference (i.e., control). This approach, combined 
with field observations of plant morphological char-
acteristics, allows us to expound upon the potential 
mechanism by which the photosynthetic apparatus is 
damaged by sandstorm disturbances.

2  Material and methods

2.1  Plant material and sand-blowing wind tunnel 
simulation test

Seeds were collected in November 2016 from a field 
of H. ammodendron plantation in Minqin County, 
Gansu Province, China. In early May 2017, seed-
lings were raised in the experimental nursery of the 

Gansu Desert Control Research Institute in Wuwei 
City. Plastic pots with a 15 L volume (an opening 
diameter of 22 cm and a height of 45 cm) were used; 
into these pots, the cultivation substrate was added 
in a 1:9 ratio of loam to sand, with a small amount 
of organic fertilizer applied, and approximately 10 
seeds were planted per pot. One plot (approximately 
5  m × 8  m) with good ventilation and lighting was 
selected, and all pots were arranged in 5 rows in the 
east–west direction. The spacing between pots was 
approximately 8 cm in each row, the row spacing was 
approximately 50 cm, and each pot was buried in soil 
to a depth of approximately 40 cm to avoid high tem-
perature. Normal field management was conducted 
during the plant growing period, and seedlings were 
thinned to 4 to 5 plants per pot after they had germi-
nated to approximately 5  cm height. Wind blowing 
simulation experiments were performed from July to 
September 2017; from August to September 2018, 
the same experiments were performed again with 
spare biennial seedling plants.

The wind erosion simulation experiment was car-
ried out in the wind tunnel for blown sand of the 
State Key Laboratory Breeding Base of Desertifica-
tion and Aeolian Sand Disaster Combating. The sand 
used in this experiment was taken from the Badain 
Jaran Desert marginal dune, located near the Gansu 
Minqin National Studies Station for Desert Steppe 
Ecosystem. The raw sands were filtered through wire 
mesh, and then fine sands were blown in the wind 
tunnel to remove dust. The total length of the tunnel 
is nearly 39 m; its test section is 16 m long, with a 
cross-section of 1.2  m × 1.2  m; the axis wind speed 
can be controlled from 4 to 35  m  s−1 and applied 
continuously, with accuracy between 0.5% and 3.0%. 
The simulation experiment was divided into two pro-
cessing treatments: wind-only (sand-free wind) and 
sediment-carrying wind. The fine sands were laid at 
the test section, approximately 10 m long and 10 cm 
thick (Sun et al. 2021). Plastic pots of plants treated 
with sand-free wind were placed in front of the sand-
bed section, approximately 1 m from the front edge of 
the sand bed; pots exposed to wind-blown sand were 
placed in part of the tunnel’s moving section after 
the sand bed. In the moving section, the pot could be 
adjusted up and down to ensure that the new branches 
were completely within 30  cm of the surface of the 
sand bed. The wind speed was set at 12  m  s−1, and 
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three blowing durations of 10, 20, and 40 min were 
applied for both treatments.

2.2  Chlorophyll fluorescence images

After completing the simulation trial in the wind tun-
nel, the experimental potted plants were moved onto 
the ground under semishaded trees mainly with scat-
tered light, and the photosynthetic photon flux den-
sity (PPFD) was 400 ± 100 μmol photons  m−2   s−1 to 
avoid direct sunlight. To remove any fine sand parti-
cles clinging to the surface of these plants’ branches, 
a small hand-held hair dryer was used to quickly 
blow air over the whole plant. Then, branches grow-
ing at a similar height and position were collected 
randomly from different treated plants, ensuring that 
they were free of any damage (visually assessed). 
Next, a chlorophyll fluorescence image analyzer (CF 
imager, Technologica Ltd, United Kingdom) was 
used to determine the fluorescence parameters of 
green assimilating shoots of H. ammodendron seed-
lings. From each treatment group, more than 10 green 
branch segments, each nearly 8  cm in length, were 
placed on the imaging platform of the chlorophyll 
fluorescence image analyzer with a fully wet cotton 
yarn pad laid beneath them. The green branches were 
immobilized using a 0.09-mm diameter nylon line 
and brought into focus. Given the experimental aim, 
a preset protocol was run to determine the chlorophyll 
fluorescence images under a differing steady-state 
PPFD. During the measurement period, the indoor air 
temperature was maintained at 18.0 ± 1.0 °C, and the 
relative air humidity was 40 ± 2%.

2.2.1  The protocol

2.2.1.1 Steady‑state PSII photochemical effi‑
ciency The built-in protocol was divided into two 
parts to determine chlorophyll fluorescence param-
eters by using steady-state actinic light. After 15 min 
of dark adaptation, the minimum chlorophyll fluores-
cence yield (Fo) in the opened PSII reaction center 
and the maximum chlorophyll fluorescence yield (Fm) 
in the closed state were determined; to do this, low 
steady-state actinic light (400 μmol photons  m−2  s−1, 
LL) and high steady-state actinic light (1500  μmol 
photons  m−2   s−1, HL) were alternately turned on, 
for which light processing was performed for total 
30  min. The maximum fluorescence yield (Fm′) and 

the steady-state fluorescence yield (Fs) were deter-
mined every 5 min under continuous illumination for 
each PPFD. After irradiating the plant samples for a 
total of 30 min (at low and high PPFDs), they under-
went a dark recovery for 15 min, during which time 
the minimum and maximum chlorophyll fluorescence 
yield, respectively Fo

r and Fm
r, were measured suc-

cessively at 5, 10, and 15 min. The saturation pulse 
light used for the determination of Fm, Fm′ and Fm

r 
was 6840 µmol photons  m−2  s−1 and lasted for 60 ms.

2.2.1.2 Light response curve Following Baker and 
Rosenqvist (2004), both Fo and Fm were determined 
after 15 min of dark adaptation; then, after irradiation 
with low steady-state actinic light (400 μmol photons 
 m−2   s−1) for 10  min, the different PPFDs were var-
ied successively to determine Fs and Fm′. Overall, 12 
PPFD levels were set and applied: 25, 50, 100, 150, 
200, 300, 500, 800, 1000, 1200, 1500, and 1800 μmol 
photons  m−2  s−1; the saturation pulse light of Fm and 
Fm′ was measured for each at 6840  μmol photons 
 m−2   s−1 (lasting for 60  ms). Depending on how the 
trend of Fs changed, the equilibrium time at a low 
PPFD of 25, 50, 100, and 150 μmol photons  m−2  s−1 
was determined to be 2 min; likewise, the equilibrium 
time for each PPFD level greater than 200 μmol pho-
tons  m−2  s−1 was set to 1 min.

2.2.2  Assimilation branch localization and image 
analysis

In the graphic editing phase of fluorescent imagery, 
the images of green assimilative branches of H. 
ammodendron seedlings treated with two wind ero-
sions (i.e., without vs. with sand) and three exposure 
durations (i.e., 10, 20, or 40  min) were located and 
separated, one by one, and these fluorescence images 
were resolved into the data values of chlorophyll flu-
orescence parameters. More details on the specific 
operational steps can be found in the CF imager man-
ual (http:// www. techn ologi ca. co. uk/).

2.2.3  Analysis of PSII photochemical efficiency 
and quenching of excess excitation energy

The maximum quantum efficiency of PSII photo-
chemistry (Fv/Fm) was calculated using Fo and Fm 
obtained after 15  min of dark adaptation, where 
Fv = Fm–Fo. The maximum quantum efficiency of 

http://www.technologica.co.uk/


201Theor. Exp. Plant Physiol. (2022) 34:197–214 

1 3
Vol.: (0123456789)

PSII photochemistry (Fv
r/Fm

r) after dark relaxation 
recovery lasting 5, 10, and 15  min was calculated 
using the chlorophyll fluorescence yield values, Fo

r 
and Fm

r, at each corresponding time, where Fv
r = Fm

r 
– Fo

r.
The PSII maximum efficiency (Fv′/Fm′) and the 

PSII operating efficiency (Fq′/Fm′) under steady-state 
actinic light were calculated using the following for-
mulas (Genty et  al. 1989): Fv′/Fm′ = (Fm′−Fo′)/Fm′; 
Fq′/Fm′ = (Fm′−Fs)/Fm′. The PSII efficiency fac-
tor (Fq′/Fv′) and the non-photochemical quenching 
(NPQ) were calculated according to the formulas 
of Bilger and Björkman (1990): Fq′/Fv′ = (Fm′−Fs)/
(Fm′−Fo′) and NPQ = Fm/Fm′−1. The Fo′ in the above 
formulas was estimated by applying the empirical 
formula of Oxborough and Baker (1997): Fo′ = Fo/
(Fv/Fm−Fo/Fm′), wherein Fo and Fm are the chloro-
phyll fluorescence yield values of dark adaptation for 
15 min.

2.3  Measurement of photosynthetic pigments

The concentration of photosynthetic pigments was 
determined by spectrophotometry. After applying the 
wind-only and sediment-carrying wind treatments 
to the plants, their green assimilative branches from 
different exposure durations were immediately sam-
pled. The upper part of the branchlets was taken and 
cut into approximately 1-cm-long segments, after 
which an accurately weighed amount of 250 mg was 
promptly immersed in a brown glass bottle containing 
20 mL of acetone and ethanol extract solution (ace-
tone: ethanol: water = 4.5:4.5:1). After closing its cap, 
each bottle was allowed to soak in a low-temperature 
room to avoid light irradiation until the green branch 
segments became colorless (Shi et al. 2004). Six rep-
etitions were used for each treatment; please refer to 
Wellburn (1994) for details on the determination and 
calculation of chlorophyll concentration.

2.4  Measurement of water content

After imposing the wind treatments, the green assimi-
lative branches were immediately collected from 
plants among the different exposure durations. The 
upper part of the branchlets was taken and cut into 
approximately 1-cm-long segments; 500  mg of this 
segment was accurately weighed and immediately 
placed in an electric oven to dry for 1 h at 100 °C and 

then at 80  °C for 24 h. Dry mass was recorded; the 
water content of green branches was calculated as 
follows: water content (%) = (fresh mass−dry mass)/
fresh mass. Five replicates were set for each of the 
10-, 20-, and 40-min durations per treatment.

2.5  Morphological observations

After simulation of wind erosion in the wind tunnel, 
the pots were moved to the original cultivation area 
and still buried in the soil approximately 40 cm deep 
again. Plant morphological changes were observed 
continuously on the first, second, and third days of 
wind erosion, and injuries to plants and branches 
were noted and documented visually using a digital 
camera; pictures were image cropped to eliminate 
background clutter (Fig. 8).

2.6  Data analysis

After preprocessing the data using Microsoft Excel 
software, they were statistically analyzed in SPSS 
16.0 software. An independent sample t test was used 
to determine the difference in the response variable 
between the wind-only and sediment-carrying wind 
treatments at a given exposure duration. To ana-
lyze the differences among the three wind exposure 
durations, as well as the subsequent three relaxation 
times, multivariate ANOVA was used; the least sig-
nificant difference (LSD) test was used for the mul-
tiple comparisons of means, with a significance level 
set to α = 0.05. Coefficients of variation (CV) were 
estimated as the ratio of samples’ standard devia-
tion to its mean value. Microsoft Excel software was 
used to collate data and draw the graph, for which the 
data shown are the mean value, and the error bar is 
the standard deviation (SD) except the standard error 
(SE) in Fig. 1.

3  Results

3.1  Rapid light curve of chlorophyll fluorescence 
parameters

The variation of light response curves indicated that 
whether the PSII operating efficiency (Fq′/Fm′) or 
efficiency factor (Fq′/Fv′) differed little between the 
sand-free wind and sediment-carrying wind, and no 
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apparent changes with prolongation of wind blow-
ing  were observed. The PSII maximum efficiency 
(Fv′/Fm′) in the sediment-carrying wind group was 
slightly lower than that in the wind-only group; the 
light response curves of Fv′/Fm′ tended to stabilize 
in both wind treatment groups when the photosyn-
thetic photon flux density (PPFD) was higher than 
300 μmol photons  m−2  s−1 (Fig. 2).

The non-photochemical quenching (NPQ) 
decreased with increasing wind erosion time (Fig. 1). 
The NPQ, however, was obviously lower in the sed-
iment-carrying wind group than in the wind-only 
group for a given exposure duration; even with just 
10 min of exposure to blown sediment-carrying wind, 
the curve of NPQ remained lower than that obtained 
after 40 min of exposure to wind-only conditions.

3.2  Photochemical efficiency and non-photochemical 
quenching of PSII reaction center

The measurements under steady-state actinic light 
demonstrated a consistent effect on all chlorophyll 
fluorescence parameters between low and high 
light PPFD (400 and 1500  μmol photons  m−2   s−1; 
expressed as LL and HL, respectively). Compared 
with the wind-only group, the blowing of sedi-
ment-carrying wind caused a reduction in Fv′/Fm′; 
moreover, after continuous blowing for 20  min and 
40  min, the corresponding Fv′/Fm′ values in the 

sediment-carrying wind group were lower (p < 0.01 
and p < 0.05, respectively) than those in the wind-
only group. With prolongation of wind erosion, the 
Fv′/Fm′ slightly decreased in the sediment-carrying 
wind group and slightly increased in the wind-only 
group; there was a difference in Fv′/Fm′ between 40 
and 10  min of exposure to blowing when measured 
at LL intensity (p < 0.05). Compared with sand-free 
wind, the Fq′/Fm′ decreased in seedlings exposed 
to sediment-carrying wind, while Fq′/Fv′ increased 
slightly; both Fq′/Fm′ and Fq′/Fv′ was no consistent or 
exhibited clear changes with the duration of wind ero-
sion (Fig. 3).

The values of NPQ were markedly reduced 
(10 min, p < 0.05; 20 min, p < 0.01; 40 min, p < 0.001) 
after sand blowing compared with the wind-only 
group (Fig. 4). NPQ declined in both wind treatments 
with the prolongation of wind erosion; differences 
were evident between 10 and 40 min of exposure to 
sediment-carrying wind blowing under either an LL 
or HL intensity (p < 0.05).

3.3  Maximum quantum efficiency of PSII 

After dark adaptation for 15  min, the maximum 
quantum efficiency of PSII photochemistry (Fv/Fm) 
was similar among the 10, 20 and 40  min blowing 
of sand-free wind, for which the average values were 
approximately 0.80. Nevertheless, with prolonga-
tion of wind erosion, Fv/Fm gradually decreased in 
the sediment-carrying wind group, with difference 
between durations of 10  min and 40  min (p < 0.05). 
Compared with the wind-only group, sediment-car-
rying wind induced a remarkable reduction (10 min, 
p < 0.05; 20 and 40 min, p < 0.01) in Fv/Fm (Fig. 5).

After irradiation with steady-state LL and HL 
intensity for a total of 30 min, dark relaxation meas-
urements (dark recovery) were taken. In Fig.  6, the 
prolonged dark recovery  provoked the maximum 
quantum efficiency of PSII photochemistry after 
dark relaxation (Fv

r/Fm
r) to be gradually recovered 

in the seedlings, regardless of whether they were 
treated with sand-free wind or sediment-carrying 
wind. When previously windblown for 10  min and 
40 min, we observed prominent differences in Fv

r/Fm
r 

between the 5 min and 15 min of dark relaxation in 
the wind-only group (p < 0.05). After experiencing 
10  min of wind erosion, the Fv

r/Fm
r of seedlings in 
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Fig. 1  Light response curves of the non-photochemical 
quenching (NPQ) of H. ammodendron seedlings after their 
exposure to wind-only and sediment-carrying wind blown at 
12 m  s−1 for 10, 20, and 40 min. The error bars on curves rep-
resent the standard error (SE)
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the sediment-carrying wind group seemed slightly 
higher than those in the wind-only group, albeit not 
a significant difference. In contrast, after 20 min and 
40  min, the corresponding values of Fv

r/Fm
r were 

markedly lower in the sediment-carrying wind group 
(p < 0.05; p < 0.01; p < 0.001).
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Fig. 2  Light response curves of the PSII operating efficiency 
(Fq′/Fm′), PSII efficiency factor (Fq′/Fv′), and PSII maxi-
mum efficiency (Fv′/Fm′) in green assimilative branches of 
H. ammodendron seedling after their exposure to wind-only 

and sediment-carrying wind blowing at 12  m  s−1 for 10, 20, 
and 40 min. Each point of data is the mean of 10 samples; the 
standard deviation was omitted in the figure because it would 
obscure the means and trends shown
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Fig. 3  Effects of wind-only and sediment-carrying wind 
blown at 12 m  s−1 on the PSII operating efficiency (Fq′/Fm′), 
PSII efficiency factor (Fq′/Fv′), and PSII maximum efficiency 
(Fv′/Fm′) of H. ammodendron seedlings after irradiation at 
low and high PPFDs for 15 min. Different capital and lower-
case letters indicate significant difference in Fq′/Fm′, Fv′/Fm′ 
or Fq′/Fv′ among 10-, 20-, and 40-min exposures within the 

wind-only and sediment-carrying wind treatments, respectively 
(α = 0.05); “ns” indicates no significant difference (p > 0.05), 
“*” indicates significant difference (p < 0.05), and “**” and 
“***” indicate highly significant difference (p < 0.01 and 
p < 0.001, respectively) between the wind-only and sediment-
carrying wind treatments
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3.4  Photosynthetic pigments and water content

Apart from the chlorophyll b (Chl b), the concentra-
tion of total chlorophyll (Chl), carotenoid (Car), and 
chlorophyll a (Chl a) increased with exposure dura-
tion to sediment-carrying wind, and all were higher in 
seedlings sand-blown for 40 min (p < 0.05) (Table 1). 
The ratio of carotene to total chlorophyll (Car/Chl) 
was higher after incurring wind blowing for 20 than 
40 min (p < 0.05). The ratio of chlorophyll a to b (Chl 
a/b) was also slightly higher in seedlings subjected to 
wind-blown sand for 20 min, although no differences 
among the three exposure durations were found.

When compared with 10  min of exposure, the 
blowing of sediment-carrying wind caused signifi-
cant loss in the water content of green branches at 20 
and 40  min (p < 0.05), but in the wind-only group, 
the water content was greater after 20 and 40  min 
of exposure than just 10  min of exposure (p < 0.05) 
(Fig.  7). Compared with the wind-only group, the 
water content was reduced in a remarkable way after 
incurring blowing sand for 20 and 40 min (p < 0.001).

3.5  The surface structure of green assimilative 
branches of seedlings

The morphological characteristics indicated no vari-
ation in green assimilative branches of seedlings 
when sand-free wind blew for 10 min; however, when 
exposed to sediment-carrying wind, dead color and/
or lignified spots occasionally appeared in some ten-
der branches but seemingly did not affect adversely 
their survival. In some cases, casually wilting or 
drooping branches after 20  min of sand-free wind 
blowing were observed, but these withering branches 
could restore themselves to normal growing status 
after one night of recovery; it was more common 
that some green branches become darkened when the 
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plants were exposed to the sediment-carrying wind 
for 20 min, their branches forming lignified spots and 
a few days later some of the branches were occasion-
ally dry and dead. Experiencing 40 min of wind-only 

blowing could cause a sporadic wilting phenomenon 
in some green branches, yet most of them reverted to 
normal growth the next day; however, when exposed 
to sediment-carrying wind, the tender branches often 
withered within a few hours, and most of them or 
even the whole plant died a day later.

The blowing of sediment-carrying wind often 
causes mechanical injury to the branch surface of H. 
ammodendron seedlings. With prolonged wind ero-
sion, the probability and degree of incurring such 
injured branches increased. As evidenced by Fig.  8, 
lignified spots caused by sediment-carrying wind 
mainly appeared at the branch base of relatively 
mature or young twigs, with more serious injuries 
appearing on the windward side of their branches.

4  Discussion

4.1  Sediment-carrying wind worsened the water 
imbalance in H. ammodendron seedlings

A wind speed of 12  m  s−1 an be considered strong 
wind  for plants; it easily blows sand from the dry 
and loose soil surface in the absence of any vegeta-
tion cover, forming wind-blown sand or sandstorm 
weather (Zhan et al. 2009). In field observations dur-
ing a sandstorm, sand particles were mainly concen-
trated at heights of less than 30 cm near the ground 
(especially below 10 cm), and the sand transport rate 
between 0 and 20 cm was approximately 45 g   cm−2 
(Sun et al. 2021); sand particles are apparently more 
hazardous to newly germinated seedlings. The study 
simulated in a wind tunnel found that, compared with 
the wind-only group, the sediment-carrying wind was 
more likely to cause irreversible damage to H. ammo‑
dendron seedlings. Even when blown by sand-free 
wind, the green assimilative branches occasionally 
underwent the phenomenon of water loss and wilting, 
but these deficiencies could be restored to the normal 
growing status after one night of recovery. The sedi-
ment-carrying wind provoked a conspicuous impact, 
forming lignification spots on the tender green assim-
ilative branches, most of which emerged a day later; if 
it lasted for 40 min, clusters of lateral branches dark-
ened and wilted, and most of them soon became dry 
and fell off easily, or even whole plant died.

Zhao et  al. (2015) argued that strong wind could 
lead to water stress in Pinus sylvestris var. mongolica 
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Fig. 6  Comparison of the maximum quantum efficiency 
of PSII photochemistry after dark relaxation (Fv

r/Fm
r) in H. 

ammodendron seedlings between wind-only and sediment-
carrying wind treatments blown at 12  m  s−1 for 10, 20, and 
40 min and their variation at 5, 10, and 15 min of dark relaxa-
tion. Different capital and lowercase letters indicate signifi-
cant differences in Fv

r/Fm
r among 5, 10, and 15  min of dark 

relaxation time for the wind-only and sediment-carrying wind 
treatments, respectively (α = 0.05); “ns” indicates no signifi-
cant difference (p > 0.05), “*” indicates significant difference 
(p < 0.05), and “**” and “***” indicate highly significant dif-
ferences (p < 0.01 and p < 0.001, respectively) between the 
wind-only and sediment-carrying wind treatments
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seedlings, damaging their cell membrane structure 
and function, and they considered that it is the main 
reason why the growth of plants is restricted in desert 
areas. Our observations indicated that the green 
assimilative branches of H. ammodendron seedlings 
were often characterized by the phenomenon of wilt-
ing and/or withering, and this was particularly promi-
nent in those exposed to sediment-carrying wind. 
Direct measurements also showed that the water 
content of green branches could remain relatively 

stable when blown upon by sand-free wind; its aver-
age was 74.21% with a coefficient of variation (CV) 
of 3.5% (Fig. 7), but the blowing of wind-blown sand 
would lead to their water imbalance and the wilting 
phenomenon. The occasional wilting and sagging 
phenomenon of the green assimilative branches that 
appeared in the wind-only group was probably related 
to their growth position or perhaps due more to the 
thinning of the diffusion layer on the branch surface. 
The sediment-carrying wind led to an imbalance in 
water status, in that seedlings’ water contents were 
lower after blowing for 20 min and 40 min; the prob-
ability and degree of withering was exacerbated by 
longer blowing duration, and the average water con-
tent was 67.11% with a CV of 6.82%. Obviously, this 
resulted from the impact of sand particles, probably 
from damage to epidermal tissue, causing the out-
flow of cell fluid in the tender branches. A slightly 
increased water content was also observed after the 
20-min exposure to sediment-carry wind blowing in 
similar experiments. However, the wind-blown sand 
that lasted for 40 min could definitely lead to a lower 
water content, thus rendering plants more prone to 
wilting.

Given that sediment-carrying wind could cause a 
continuous decline in the water content of H. ammo‑
dendron seedling tender branches, their photosyn-
thetic pigments might not be oxidized and degraded 
so quickly. A decrease in the concentration of pho-
tosynthetic pigments, based on fresh mass unit, was 
not observed after erosion of wind-blown sand; 
in contrast, its concentration could increase after 
the blowing of sediment-carrying wind at 40  min 
(Table  1). These results demonstrated that sustained 

Table 1  Effects of sediment-carrying wind blown at 12 m  s−1 on the concentration of photosynthetic pigments and their ratio in 
green branches of H. ammodendron seedlings

Different lowercase letters in the table indicate significant difference among the exposure durations of 10, 20, and 40 min to sedi-
ment-carrying wind

Photosynthetic pigments Duration of wind erosion

10 min 20 min 40 min

Chl a (mg  g−1 FW) 0.804 ± 0.031b 0.837 ± 0.027b 0.953 ± 0.037a
Chl b (mg  g−1 FW) 0.257 ± 0.025b 0.244 ± 0.008b 0.296 ± 0.029a
Car (mg  g−1 FW) 0.170 ± 0.007b 0.180 ± 0.007ab 0.189 ± 0.009a
Chl (mg  g−1 FW) 1.061 ± 0.043b 1.081 ± 0.034b 1.249 ± 0.065a
Car/Chl 0.160 ± 0.008ab 0.166 ± 0.001a 0.151 ± 0.006b
Chl a/b 3.152 ± 0.274a 3.434 ± 0.010a 3.230 ± 0.197a
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Fig. 7  Effects of wind-only and sediment-carrying wind 
blown at 12  m  s−1 on the water content of H. ammodendron 
seedlings and their variation within exposure durations of 10, 
20, and 40  min to blowing wind. Different capital and low-
ercase letters indicate significant differences in the water 
content among 10, 20, and 40  min of exposure within the 
wind-only and sediment-carrying wind treatments, respec-
tively (α = 0.05); “ns” indicates no significant difference 
(p > 0.05), and “***” indicates extremely significant difference 
(p < 0.001) between the wind-only and sediment-carrying wind 
treatments
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sediment-carrying winds do not diminish the concen-
tration of photosynthetic pigments, mainly due to the 
lowered water content of green assimilative branches.

Usually, light wind or breezing causes the diffu-
sion layer to thin and disappear, decreasing the exter-
nal diffusion resistance and thereby promoting tran-
spiration (Yu et al. 2002). The effect of a strong wind 
is greater than that of a breeze, which may lead sto-
mata to swiftly close, resulting in an enlarged internal 
resistance and a reduction in stomatal transpiration. 
The opening of stomata is controlled by guard cells 
whose activity is physiologically regulated, whereas 
that of cuticle transpiration is not (Cernusak et  al. 
2019; Chen et  al. 2020). Strong winds can increase 

the cuticle transpiration rate, which is enough to offset 
the reduction of transpiration caused by the closure of 
stomata, so that less stomatal conductance does not 
necessarily imply a reduction in the transpiration rate 
of plants (Burkhardt et al. 1999; England and Attiwill 
2011). Therefore, it is possible that when exposed to 
wind, especially sand-free wind, H. ammodendron 
seedlings can maintain relatively constant water con-
tent in their green assimilative branches; however, 
sustained sediment-carrying wind often generates 
a water imbalance caused by more extensive injury 
to the epidermis of tender branches and augmented 
cuticle transpiration, resulting in withering and physi-
ological drought in their photosynthetic cells.

Fig. 8  Morphologi-
cal changes to the green 
branches of H. ammoden‑
dron seedlings after they 
were exposed to sediment-
carrying wind blown at 
12 m  s−1 for 10, 20, and 
40 min and measured 
2 days later. Lower-case let-
ters a, b, and c are the pho-
tos taken 10 min after the 
wind-blowing treatment; 
likewise, d, e, and f were 
taken after 20 min; and g, h, 
and i after 40 min

a b c

d e f

g h i
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4.2  Sustained sediment-carrying wind results in 
irreversible inactivation of the PSII reaction 
center

It is generally understood that the harm of sand-free 
wind and sediment-carrying wind to plants mainly 
arises via mechanical damage (Anten et  al. 2010). 
Although some studies have investigated the effects 
of strong wind on plants and their physiological 
response and comprehensive adaptation to wind 
stress (e.g., Retuerto and Woodward 1993), few have 
examined the physiological response of plants after a 
sandstorm.

The light response curve provides detailed eco-
physiological information on the photosynthetic 
performance of plants as a response to their physi-
ological condition (Brestic and Zivcak 2013; Ple-
ban et al. 2020). Our study indicated that the photo-
chemical efficiency of the PSII reaction center was 
affected  moderately, even in the sediment-carrying 
wind treatment group (Fig. 2). We assumed that nei-
ther wind nor wind-blown sand was able to destroy 
the integrity of the photosynthetic apparatus of green 
assimilative branches of H. ammodendron seedlings. 
However, the light response curves of NPQ were 
obviously influenced by the blowing of wind-only and 
sediment-carrying winds (Fig.  1), and their effects 
were more serious with prolonged wind erosion, sug-
gesting a reduction in the PSII non-photochemical 
energy dissipation capacity.

Under steady-state PPFD, although a remarkable 
difference was discernible between the wind-only 
and sediment-carrying wind treatments, the values 
of each PSII photochemical efficiency parameter 
were still very close, which confirmed the results 
of our rapid light response measurements. Fur-
thermore, the similar values of Fv′/Fm′ at low and 
high PPFDs and their consistency between wind-
only and sediment-carrying wind treatment groups 
also corroborated the patterns found in the light 
response curves. Taken together, these results indi-
cated that the integrity of the photosynthetic appa-
ratus was not substantively influenced by either the 
sand-free wind or sediment-carrying wind within 
one hour of beginning the chlorophyll fluorescence 
measurements. Similar to the rapid light curves, 
NPQ showed consistent variation under steady-state 
low and high PPFDs. These results verified that 
with ongoing wind erosion, the non-photochemical 

quenching ability of the PSII reaction center gradu-
ally weakened, and the possibility or ability to avoid 
photoinhibition and even photodamage in the pho-
tosynthetic apparatus likely diminished in tandem. 
It is clearly evident that the NPQ was sensitive to 
the blowing of sand-free wind and sediment-carry-
ing wind, although aggravated by the adversity of 
wind-blown sand. The variation of NPQ involves 
 O2-dependent electron flow, proton gradient across 
thylakoid membrane (ΔpH), lutein cycle, and  inac-
tivation of PSII reaction center   (Baker 2008), but 
its mechanism responding to wind erosion stress 
needs to be further explored.

After irradiation for a total of 30 min with alternat-
ing low and high steady-state light, the dark relaxa-
tion was determined; the recovery of the maximum 
quantum efficiency of PSII photochemistry was meas-
ured every 5 min over a 15-min period and denoted 
Fv

r/Fm
r. We found no difference in Fv

r/Fm
r between 

the two types of wind erosion when blown for 10 min 
(Fig. 6); however, the wind-blown sand exerted a pro-
found effect on photosynthetic functioning, and the 
activity of the PSII reaction center did not attain a 
stable recovery with an extension of the dark relaxa-
tion time like that found in the wind-only group. 
This result is the same as the response of the alpine 
plant Kobresia humilis after it incurred serious soil 
drought (Shi et al. 2015). Fv

r/Fm
r had a similar trend 

at each dark relaxation time, which matched well 
with the relative variation in Fv/Fm (Fig. 5). Although 
the sediment-carrying wind affected Fv/Fm, no pro-
nounced variation within the wind-only group  was 
observed; moreover, short exposure duration to wind-
blown sand seemed to not seriously impact the pho-
tosynthetic apparatus. The quick recovery of Fv

r/Fm
r 

and no serious reduction in Fv/Fm indicated that the 
functioning of photosynthesis was largely intact and 
unimpaired (Pilarska et  al. 2020) when the wind-
blown sand lasted for only 10 min. It was clear that 
the harmful effects of a sandstorm on the photosyn-
thetic apparatus of H. ammodendron seedlings only 
appeared if the threshold duration was reached and 
crossed.
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4.3  Instability of photosynthetic functioning 
indicated a potential harmful impact on 
photosynthetic function

Compared with the wind-only group, the wind-blown 
sand was more likely to lessen the photochemical effi-
ciency of the PSII reaction center and drive a decline 
in the PSII non-radiative energy dissipation of H. 
ammodendron seedlings; at the same time, the sam-
ple standard deviations reflecting the variation degree 
of each parameter were also greater in the sediment-
carrying wind group.

A sample’s standard deviation is an important sta-
tistic for determining the extent of variation in the 
distribution of a sample variable, but its use is not 
always appropriate when the mean of each sample 
exhibits a large difference. Therefore, in Table 2, we 
compared the CVs of Fq′/Fm′, Fq′/Fv′, Fv′/Fm′ and 
NPQ after irradiation under high steady-state light 

(at 1500 μmol photons  m−2  s−1) and the CV of Fv/Fm 
after dark adaptation for 15 min. These results uncov-
ered no consistent trends in the CV of each fluores-
cence parameter with the extension of the wind blow-
ing duration, but the CV values did increase after 
seedling exposure to sediment-carrying wind. Except 
for Fq′/Fv′ at 10  min, the CV values of the fluores-
cence parameters were all higher in the sediment-car-
rying wind group. Evidently, erosion by wind-blown 
sand led to an increased instability of photosynthetic 
function. Further analysis indicated that the maxima 
and minima of NPQ were relatively lower than those 
of the wind-only group; a similar pattern also char-
acterized the Fv/Fm (Table  3). Although no exactly 
coinciding variations of maxima and minima in other 
parameters exists, the ranges between the maxima and 
minima were nearly all higher in the sediment-carry-
ing wind group and increased with a longer exposure 
duration, which was consistent with the trends in CV. 

Table 2  Comparison of the coefficient of variation (CV) values of chlorophyll fluorescence parameters between the wind-only and 
sediment-carrying wind treatments and their variation for the three exposure durations of H. ammodendron seedlings

The data in the table are the CVs of chlorophyll fluorescence parameters after irradiation under 1500  μmol photons  m−2   s−1 for 
15 min

Duration of wind 
erosion

Wind type Chlorophyll fluorescence parameters (Coefficient of variation)

Fq′/Fm′ Fv′/Fm′ Fq′/Fv′ NPQ Fv/Fm

10 min Wind 2.42 4.46 6.02 13.06 1.49
Sediment-carrying wind 5.45 6.67 2.55 19.81 6.81

20 min Wind 4.31 2.26 4.06 6.42 1.26
Sediment-carrying wind 6.52 11.49 6.05 36.91 15.41

40 min Wind 3.18 3.10 2.86 7.03 1.28
Sediment-carrying wind 7.96 16.83 9.29 40.78 18.13

Table 3  Comparison of the maximum and minimum chlorophyll fluorescence parameters between wind-only and sediment-carrying 
wind treatments and their variation for the three exposure durations of H. ammodendron seedlings

Data in the table are the maximum/minimum of each chlorophyll fluorescence parameter, which was measured after irradiation under 
1500 μmol photons  m−2  s−1 for 15 min

Duration of wind 
erosion

Wind type Chlorophyll fluorescence parameters

Fq′/Fm′ Fv′/Fm′ Fq′/Fv′ NPQ Fv/Fm

10 min Wind 0.22/0.20 0.58/0.51 0.43/0.36 3.17/1.99 0.82/0.78
Sediment-carrying wind 0.24/0.20 0.58/0.47 0.44/0.40 2.66/1.31 0.81/0.64

20 min Wind 0.23/0.21 0.58/0.53 0.43/0.38 2.79/2.22 0.82/0.78
Sediment-carrying wind 0.22/0.18 0.57/0.39 0.46/0.39 2.34/0.66 0.80/0.51

40 min Wind 0.23/0.21 0.60/0.54 0.41/0.37 2.68/2.13 0.82/0.79
Sediment-carrying wind 0.24/0.18 0.61/0.41 0.48/0.37 2.37/0.55 0.83/0.50
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Furthermore, except for Fq′/Fv′, the minimum values 
were lower than those of the wind-only group. These 
analyses further exemplified that the blowing of sedi-
ment-carrying wind exacts a potential harmful impact 
on the photosynthetic apparatus of H. ammodendron 
seedlings. 

Chlorophyll fluorescence imaging data were 
obtained within one hour of finishing the simula-
tion treatment in the wind tunnel; the samples were 
taken from normal assimilative branches, for which 
no difference was apparent in their epidermal surfaces 
among different treatments and/or exposure durations 
except that of 40  min of sediment-carrying wind. 
Obviously, the emergence of plants’ physiological 
responses or symptoms usually requires some time, 
which often lags behind the environmental stimu-
lus, be it a pathogen or an abiotic disturbance factor 
(De Roo et al. 2020; Chen et al. 2021). A decreased 
maximum quantum efficiency of PSII photochemis-
try, Fv/Fm, and its 15-min dark relaxation Fv

r/Fm
r, as 

well as a decline in the non-photochemical quenching 
capacity, all together suggested that inevitable injury 
have occurred or preexisted in the H. ammodendron 
seedlings, although notable external morphological or 
epidermal changes often appeared only several hours 
later and/or even 1 or 2 days later.

Plant compensation or overcompensation generally 
refers to a kind of positive self-regulation ability initi-
ated in plants after their exposure to an external stim-
ulus or injury, the essence of which is plant growth 
redundancy (Dyer et  al. 1991; Masini et  al. 2019); 
this ability is a common response in plants after they 
suffer from or are relieved from adversity (Gaudet 
and Keddy 1988). Recently, Gao et al. (2016) consid-
ered that the main physiological mechanism under-
pinning this compensatory effect in plants might be 
caused by the rapid recovery of PSII supplier–recipi-
ent side coordination and overriding its control, as 
well as an overcompensating increase in the number 
of reactive centers per unit area. In our experiments, 
the maximum values of Fq′/Fm′ and Fv′/Fm′ increased 
successively with continued exposure of seedlings 
to wind erosion (Table 3), which was slightly higher 
in the sediment-carrying wind than in the wind-only 
group. This is most likely due to the rapid recovery of 
photosynthetic function and could be interpreted as a 
manifestation of compensation and overcompensation 
effects of the photosynthetic apparatus after physi-
cal stress. Wind erosion could cause a downward 

shift in the minima of PSII photochemical efficiency 
and non-photochemical energy dissipation, but their 
maxima sometimes slightly increased. The phenom-
ena of remaining unchanged or slightly increasing in 
the maximum value of each fluorescence parameter 
pointed to the existence of compensation or overcom-
pensation effects except for the state of injury. Con-
versely, a reduction of their minimum values under 
adversity indicated that more extensive damage was 
incurred, which is understandable and non-contra-
dictory. Although the average values of fluorescence 
parameters were not obviously decreased after expos-
ing seedlings to wind erosion adversity, some or clus-
ters of assimilative branches were still in a state of 
being severely damaged after one night of recovery, 
especially after exposure to 40 min of sediment-car-
rying wind. Therefore, we believe that the irrevers-
ible damage to the photosynthetic apparatus caused 
by sandstorms is a key reason for the limited self-
renewal of artificial shrubs in arid and semiarid areas; 
instead, plant competition for water resources may be 
only one factor leading to population degradation or 
shrinkage of H. ammodendron plantations.

In conclusion, 12 m  s−1 strong wind-blown sand 
for 10  min did not produce any perceptible injury 
to the photosynthetic function of H. ammodendron 
seedlings. In contrast, the Fv/Fm clearly diminished 
when the winds lasted for 20 min and 40 min, and 
its recovery of dark relaxation was also restricted. 
The non-radiative energy dissipation process was 
sensitive to both sand-free wind and sediment-car-
rying wind; a decline in NPQ could be accelerated 
by erosion from wind-blown sand. Incurring longer 
wind erosion, the NPQ value decreased gradually, 
indicating the possibility of causing photoinhibi-
tion, and even photodamage in the photosynthetic 
apparatus also increased gradually. Although the 
water content of seedlings could be maintained 
under wind blowing treatments, continuous expo-
sure to wind with sand would lead to a water imbal-
ance, which could easily cause wilting and irrevers-
ible damage. The blowing of sediment-carrying 
wind for 40 min often led to the death of branches 
and even whole plants, mainly due to the sustained 
hitting of sand grains against the epidermis of green 
assimilative branches. Therefore, the concentra-
tion of photosynthetic pigments based on the fresh 
mass unit of branches were unaffected; however, the 
photosynthetic pigment concentration was slightly 
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increased after exposure to sediment-carrying wind 
erosion, but this was due to an illusion caused by 
water losses. Irrespective of the type of wind ero-
sion, wind-only or sediment-carrying wind, the 
photosynthetic apparatus displayed a compensating 
or overcompensating effect and tended to aggravate 
the damage incurred. These were the reasons for the 
increased instability of photosynthetic functioning, 
which also promoted the PSII photochemical effi-
ciency to present an occasionally high level after 
wind erosion.

Therefore, the decrease in Fv/Fm and limitation 
of dark relaxation recovery, as well as the sharp 
decline in NPQ, are consistent and evidence of 
an inevitable impact on photosynthetic function-
ing of H. ammodendron seedlings. The reduction 
in the minimum value of Fv/Fm and NPQ and the 
greater likelihood and frequency of lignified spots 
on the epidermis of green assimilative branches 
further confirm this inevitable damage. The water 
imbalance that arose under exposure to continu-
ous sediment-carrying wind affects the activity and 
vitality of the photosynthetic apparatus, inducing 
photoinhibition and even photodamage. All these 
lines of evidence demonstrated that strong and fre-
quent sandstorm events in early spring could lead to 
irreversible damage to the photosynthetic apparatus 
in seedlings of H. ammodendron, making it a key 
factor impeding the self-renewal of artificial shrubs 
and leading to the shrinkage of its population, so 
artificial replenishment of seedlings is a necessary 
measure for adult shelter forest management.
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