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Abstract
Haloxylon ammodendron is a preferred shrub species for buffering against wind and fixing sand in arid sandy areas of 
northwest China. To determine whether sandstorms cause damage to H. ammodendron seedlings, we investigated the effects 
of wind-blown sands on the photosynthetic function of H. ammodendron by simulating sand-carrying wind in the wind 
tunnel. The results showed that photosystem II (PSII) non-photochemical quenching (NPQ) was sensitive to wind erosion, 
and sustained blowing of sand-carrying winds enhanced NPQ reduction. The rapidly relaxing quenching NPQf made up the 
majority component of NPQ; the NPQf/NPQ ratio was approximately 64.4% in the sand-free wind group and nearly 56.2% in 
the sand-carrying wind group. The distribution of the quantum efficiency of the excitation energy indicated that the relative 
proportions of the quantum yield of PSII photochemistry ΦPSII, the quantum yield of quenching due to light-induced ΦNPQ, 
and non-light-induced ΦNO were influenced by both wind erosion and light intensity; the sand-carrying wind resulted in a 
relative decrease in ΦNPQ and a corresponding increase in ΦNO. The maximum quantum efficiency of PSII photochemistry 
Fv/Fm was relatively stable in the sand-free wind group, with an average value of approximately 0.81. Compared to sand-
free wind, sand-carrying winds caused remarkable decreases in Fv/Fm. Light intensity was the main factor affecting ΦPSII, 
ΦNPQ, and relative electron transport rate (rETR); there was no interaction effect between the duration of sand-carrying wind 
and light intensity. Taken together, wind-blown sands cause irreversible damage to the photosynthesis of H. ammodendron 
seedlings, which is the main factor restricting population regeneration in shelterbelts.

Keywords  Haloxylon ammodendron · Photosynthetic apparatus · PSII non-photochemical quenching · Sand-carrying 
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Abbreviations
Fv/Fm	� Maximum quantum efficiency of PSII photo-

chemistry at the open reaction center in the 
absence of NPQ

Fv
r/Fm

r	� Maximum quantum efficiency of PSII photo-
chemistry after 15 min of dark relaxation

NPQ	� PSII non-photochemical quenching
NPQf	� Rapidly relaxing quenching of NPQ
NPQs	� Slowly relaxing quenching of NPQ
PPFD	� Photosynthetic photon flux density
PSII	� Photosystem II
qL	� Fraction of the open PSII reaction center
qNP	� PSII non-photochemical quenching coefficient
rETR	� Relative electron transport rate of the PSII reac-

tion center
rETRmax	� Maximum relative electron transport rate of the 

PSII reaction center
ΦNO	� Quantum yield of non-regulatory energy dis-

sipation in the PSII reaction center
ΦNPQ	� Quantum yield of regulatory energy dissipation 

in the PSII reaction center
ΦPSII	� Quantum yield of PSII photochemistry at a 

given light intensity, also termed as PSII oper-
ating efficiency

Introduction

China is one of the countries in the world that face seri-
ous desertification, with large areas of desertified land in 
northwest, western northeast, and northern North China 
(Wang et al. 2006; Zhao and Sun 2013; Chen et al. 2018). 
The stable development of the regional economy has been 
restricted by environmental degradation and desertification 
(Dong et al. 2004; Zhang et al. 2010; Wan and Yan 2018). 
Sandstorms, however, intensify the process of land deserti-
fication (Xu et al. 2002). As a severe weather disaster, sand-
storms occur frequently in arid and desert areas and can 
cause serious losses to the ecological environment, industry, 
and agriculture (Shi et al. 2000; He et al. 2021). Arid and 
desert areas of China are drastically affected by sandstorms 
almost every year, especially in early spring (Qian et al. 
2002; Ma et al. 2019).

Building artificial shelterbelts at the edge of deserts is a 
cost-effective way to prevent and control desertification (Qu 
et al. 2019). The Hexi Corridor in Gansu Province, China 
has a long history of combating desertification, which can 
be traced back at least 400 years to sporadic civil activity. 
Beginning in the 1950s, a variety of prevention and con-
trol measures were developed, such as combining species 
of trees and bushes, and dune afforestation was successful. 
However, since the mid-1980s, Haloxylon ammodendron 
and other artificial dune forests in the Hexi sand area began 

to shrink and perished on a large scale (Wang and Ma 2003); 
adult artificial forests face a vanishing phenomenon that is 
difficult to self-renew naturally.

A forest of H. ammodendron in Minqin undergoes natural 
renewal (Guo et al. 2005). Ding et al. (2011) found that com-
pared to the natural H. ammodendron forest, artificial for-
ests had greater aggregation among seedlings; they argued 
that less uniformity in the spatial distribution of juvenile 
seedlings can greatly affect the natural regeneration of these 
plantations. However, others believe that the aggregative 
distribution pattern in adult H. ammodendron forests can 
adapt to harsh environments, which is conducive to the sur-
vival and reproduction of individuals (Song et al. 2010; Su 
et al. 2019). Bormann and Likens (1981) considered that 
the survival of the population requires not only a suitable 
habitat environment but also a sufficient number to reach 
the minimum population density; an insufficient number 
of progeny and recruitment from seedlings into adults may 
limit the self-renewal of plant populations and even lead to 
their degeneration (Edelfeldt et al. 2019).

The growth and development of plants are not only 
affected by their biological characteristics but also restricted 
by their living environment. It is generally believed that 
when a plant population is in a disadvantageous habitat 
for a long time, its number can show a persistent decline, 
eventually leading to shrinkage or even the extinction of 
the population (Wang and Li 2008). Field investigation and 
observation show that few juvenile seedlings survive in the 
adult H. ammodendron shelterbelt, and the population age 
structure showed a declining trend. It is obvious that the dif-
ficulty of replenishing seedlings restricts sustainability and 
increases in population size, directly affecting its renewal. 
We speculate that the strong and frequent early spring sand-
storms in the H. ammodendron shelterbelt area cause irre-
versible damage to green assimilative branches, making it 
difficult for juvenile seedlings to survive; a shortage of a 
sufficient number of progeny and recruitment from seedlings 
can directly affect the regeneration of the plant population 
and cause its shrinkage.

Haloxylon ammodendron is a remnant of the ancient 
Mediterranean flora and is mainly distributed in desert areas 
with low rainfall (30–200 mm) in Africa and Asia, and has 
been widely cultivated in mobile dunes, semi-fixed dunes 
and fixed sand dunes of the oasis edge of Minqin region 
(Wang and Ma 2003). Hu et al. (2021) analyzed the relation-
ship of the morphological and photosynthetic characteristics 
in H. ammodendron in the four habitats of the Ebinur Lake 
wetland, and they found that in high-water and high-salt 
habitats, photosynthesis is affected by “stomata restriction”, 
while in other habitats, photosynthesis is mainly affected by 
“non-stomata restriction”. Photosynthesis is also affected by 
wind-blown sand, especially in herbs, whereas shrubs have a 
better resistance to strong winds (Yu et al. 2002). Thus, we 
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proposed the following hypotheses: although H. ammoden-
dron is an excellent windproof and sand-fixing plant species 
in arid and desert areas, the tender assimilative branches 
are sensitive to wind-blown sand; sandstorm blowing leads 
to irreversible damage to photosynthetic activities, which 
makes it difficult for seedlings to survive and causes a lack of 
progeny supply and restricts self-renewal of the population.

In this report, we simulated the blowing of sand-carrying 
wind in a wind tunnel to study the effects of wind-blown 
sands on the function of the photosynthetic apparatus of H. 
ammodendron seedlings. We analyzed the variations in pho-
tosystem II (PSII) photochemical efficiency and the quan-
tum yield of energy dissipation in the PSII reaction center. 
We also observed the configuration of plants in fields and 
morphological characteristics of epidermal tissues of green 
assimilative branches. We conclude that wind-blown sands 
cause irreversible damage to the photosynthesis of H. ammo-
dendron seedlings, which is the major reason restricting 
population regeneration in shelterbelts.

Materials and methods

Cultivation of seedlings and simulation 
of sand‑carrying winds in a wind tunnel

Simulation experiments of the blowing of sand-free wind 
and sand-carrying wind were performed in the wind tunnel 
at the State Key Laboratory Breeding Base of Desertifica-
tion and Aeolian Sand Disaster Combing, Gansu Province, 
China. Fine sand was collected from dunes near the Gansu 
Minqin National Studies Station for Desert Steppe Ecosys-
tem, filtered through a wire gauze screen, and then blown 
several times in the wind tunnel to remove dust. The aver-
age particle size of sand grains is approximately 220 µm. 
The wind tunnel in the wind-sand environment is designed 
with direct current blowing. The total length of the tunnel 
is approximately 39.8 m; among them, the length of the test 
section is 16 m and that of the moving section is 2 m, and 
the cross-section is 1.2 × 1.2 m. The simulated wind speed 
ranges from 4 to 35 m/s, and the accuracy is ± 3.0–0.5% 
(Sun et al. 2021).

Two-year-old potted H. ammodendron seedlings were used 
for the wind erosion simulation. In early May 2017, seedlings 
were raised in the nursery of Wuwei State Key Laboratory 
Breeding Base with seeds collected from the artificial forest 
around the Minqin field station the previous year. The culti-
vation substrate was mixed in a ratio of soil to sand of 1:9; a 
small amount of organic fertilizer was added to ensure that the 
seedlings obtained the nutrients they needed to grow. Deep 
plastic pots with an opening diameter of 22 cm and height of 
45 cm were used (near 15 L), and approximately 10 seeds per 
pot were sown. The pots were buried approximately 40 cm 

deep in one plot of 5 m × 8 m with good natural ventilation 
and lighting; all pots were arranged in 5 rows in the east–west 
direction, the spacing between pots was approximately 8 cm in 
each row, and the row spacing was approximately 50 cm. Nor-
mal field management was performed as the plants grew; the 
seedlings were thinned to four or five per pot when they grew 
to approximately 5 cm in height. In August and September 
2018, healthy biennial seedlings with a relatively consistent 
plant configuration were chosen for the wind erosion simula-
tion experiments. The plants were divided into two groups: the 
sand-free wind group and the sand-carrying wind group. Pots 
of plants in the sand-free wind group were placed approxi-
mately 1.5 m in front of sand laying in the test section of the 
wind tunnel, and the sand-carrying wind group was placed in 
the moving section after sand paving. The platform in the mov-
ing section can be adjusted up and down to fit most of tender 
branches within a height of 30 cm. The wind speed was set at 
12 m/s with a sediment transport rate of approximately 45 g/
cm2 within a height of 20 cm (Sun et al. 2021), and the blow-
ing time was 10, 20, or 40 min. Similar trials were performed 
in 2019 using seedlings cultured in 2017 and 2018.

Chlorophyll fluorescence imaging

After completing the wind erosion simulation in the wind 
tunnel, the flowerpots were placed under a semi-shaded tree 
with scattered light of a photosynthetic photon flux density 
(PPFD) of approximately 400 ± 100 µmol photons m−2 s−1 
to avoid direct sunlight. A small handheld hairdryer was 
used to blow the whole plant quickly to remove fine sand 
particles clinging to the surface of the branches. Then, 
branches growing at similar heights and positions with no 
visible damage were selected from various treatment plants. 
Chlorophyll fluorescence was measured with a chlorophyll 
fluorescence image analyzer (CF-imager, Technologica Ltd, 
Essex, United Kingdom) equipped with a light emitting 
diode (LED) red and blue light source. Green assimilative 
branches approximately 6 cm long were cut and picked from 
seedlings. The segments of branches were set on the imag-
ing platform and fixed with a nylon fishing line 0.09 mm in 
diameter; a sufficiently moistened cotton pad was laid under 
the samples. After imaging and focusing of the charge cou-
pled device (CCD) camera, the preset protocol was operated. 
The room temperature was maintained at approximately 
18.0 ± 1.0 °C, and the relative air humidity was approxi-
mately 40 ± 2% during the measurement period.

Determination of chlorophyll fluorescence 
parameters

Determination of steady-state PSII photochemical effi-
ciency: The built-in protocol was divided into two parts: 
slow induction kinetics and dark relaxation (dark recovery). 
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After the green branches adapted in the dark for 15 min, 
the initial fluorescence (Fo) and maximal fluorescence (Fm) 
were determined. Actinic lights of 400 and 1500 µmol pho-
tons m−2 s−1 (represented by LL and HL, respectively) were 
successively irradiated for 15 min, and steady-state fluores-
cence (Fs) and maximal fluorescence (Fm′) were determined. 
Then, the actinic lights were turned off, dark relaxation was 
restored for 15 min, and minimal fluorescence Fo

r and maxi-
mal fluorescence Fm

r were measured in sequence at 5, 10, 
and 15 min. Saturated pulsed lights for measuring Fm, Fm′, 
and Fm

r were set to 6840 µmol photons m−2 s−1 and lasted 
for 60 ms.

Measurement of the rapid light response curve: refer to 
the method of Baker and Rosenqvist (2004). After darkening 
adaptation for 15 min, the Fo and Fm of the green assimila-
tive branches of the seedlings were determined. Then, the 
branches were irradiated with 400 µmol photons m−2 s−1 low 
steady-state actinic light for 10 min, and the light response 
curve was measured. We obtained Fs and Fm′ at each light 
intensity gradient of 25, 50, 100, 150, 200, 300, 500, 800, 
1000, 1200, 1500, and 1800 µmol photons m−2 s−1. Satu-
rated pulsed lights for determining Fm and Fm′ were set to 
6840 µmol photons m−2 s−1 and lasted for 60 ms. According 
to the variation in Fs, the equilibrium time was 2 min at light 
intensities of 25, 50, 100, and 150 µmol photons m−2 s−1 and 
1 min above 200 µmol photons m−2 s−1.

Localization and fluorescence imaging

In the graphic editing frame of the fluorescence image, the 
assimilative branch images from the sand-free wind group 
and sand-carrying wind group were separated by blowing 
time (10, 20, and 40 min). The parameter values of the fluo-
rescence images of each assimilative branch were resolved 
one by one, and then the data were copied to an Excel 
spreadsheet for further analysis.

Analysis of PSII photochemical efficiency 
and non‑photochemical quenching

The maximum quantum efficiency of PSII photochemistry 
(Fv/Fm) was calculated from Fo and Fm of the dark-adapted 
leaf, where Fv = Fm – Fo. The maximum quantum efficiency 
of PSII photochemistry after 15 min of dark relaxation was 
expressed as Fv

r/Fm
r; Fv

r = Fm
r – Fo

r, the minimal fluores-
cence Fo

r, and the maximal fluorescence Fm
r were obtained 

after dark relaxation for 5, 10, and 15 min in sequence.
The quantum yield of PSII photochemistry at a given light 

intensity ΦPSII was calculated according to the formula of 
Genty et al. (1989): ΦPSII = (Fm′ – Fs)/Fm′. The quantum 
yields of non-regulatory and regulatory energy dissipation in 
the PSII reaction center, ΦNO and ΦNPQ, were calculated by 
ΦNO = 1/(NPQ + 1 + qL × [Fm/Fo – 1]) and ΦNPQ = 1 – ΦPSII 

– 1/(NPQ + 1 + qL × [Fm/Fo – 1]), respectively (Kramer et al. 
2004). Here, qL is the fraction of the open PSII reaction 
center estimated with Baker’s (2008) method, qL = ([Fm′ 
– Fs]/[Fm′ – Fo′]) × (Fo′/Fs).

The relative electron transport rate rETR of the PSII reac-
tion center was calculated as follows: rETR = ΦPSII × PPFD 
× 0.5 × 0.84, where 0.84 represents the average proportion 
of light absorbed by the leaf and 0.5 is the fraction of light 
absorbed by PSII (assuming an equal distribution between 
PSII and PSI).

PSII non-photochemical quenching (NPQ) was calculated 
according to the formula of Bilger and Björkman (1990): 
NPQ = Fm/Fm′ – 1. The PSII non-photochemical quenching 
ability was also expressed as the quenching coefficient qNP, 
defined as the PSII non-photochemical quenching coeffi-
cient and was calculated from the equation, qNP = 1 – (Fm′ 
– Fo′)/(Fm – Fo) (Quick and Stitt 1989). The rapidly relaxing 
quenching (NPQf) and slowly relaxing quenching (NPQs) of 
PSII non-photochemical quenching were estimated accord-
ing to Maxwell and Johnson (2000): NPQs = (Fm – Fm

r)/Fm
r; 

NPQf = (Fm/Fm′) – (Fm/Fm
r), where Fm and Fm

r are the maxi-
mal fluorescence after 15 min of dark adaptation and dark 
relaxation, respectively.

In the above calculation, Fo′ was estimated from the 
empirical formula of Oxborough and Baker (1997): Fo′ = Fo/
(Fv/Fm + Fo/Fm′), where Fo and Fm are minimal and maximal 
fluorescence after dark adaptation for 15 min.

Observation of morphology and scanning electron 
microscope

After the completion of the simulation trials in the wind 
tunnel, all pots of seedlings were promptly carried back to 
the nursery, placed in the original position, and buried at a 
depth of approximately 40 cm. On the first, second, and third 
days of the wind erosion trials, morphological changes were 
continuously observed; visible injury to the windward and 
corresponding leeward sides of branches was recorded with 
a digital camera.

At the same time, on the second and third days of wind 
erosion, we collected tender branches with no obvious harm 
from different treatments and cut them into small segments 
with lengths of approximately 1 cm. After being glued 
behind the sample platform, the surface structure of epi-
dermal tissue was scanned and observed using a TM4000 
Hitachi table scanning electron microscope (Hitachi High-
Technologies Corporation, Japan).

Statistical analysis

The data were first sorted in Microsoft Excel and then ana-
lyzed statistically with SPSS Version 16.0. Independent-
samples T tests were used to analyze differences between 
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the sand-free wind group and the sand-carrying wind group. 
Multivariate analysis of variance was used to compare the 
significance of differences in wind erosion times, and the 
least significant difference method was used for multiple 
comparisons, with the significance level set at α = 0.05. 
The interactive effect of light intensity and wind erosion 
time was analyzed by multivariate general linear modeling 
(GLM). Data in figures are means, the vertical bars are 
standard deviations, and the number of samples is 12.

Results

Effects of wind erosion on the relative electron 
transport rate of the PSII reaction center

The light response curves of green assimilative branches of 
H. ammodendron seedlings showed that the PSII relative 
electron transport rate (rETR) increased logarithmically as 
the photosynthetic photon flux density (PPFD) increased. 
The rETR curves increased rapidly when the PPFD was 
less than 300 µmol photons m−2 s−1 and increased slowly 
after more than 800 µmol photons m−2 s−1 (Fig. 1). The 
initial slopes of the rETR light curves (α) in the sand-free 
wind group were 0.266, 0.276, and 0.277 at 10, 20, and 
40 min, respectively; the PSII maximum relative electron 
transport rates (rETRmax) at 1800 µmol photons m−2 s−1 
were 143.45 ± 5.36, 152.05 ± 9.38, and 144.60 ± 4.70 µmol 
electrons m−2 s−1, respectively. In the sand-carrying wind 
group, α was 0.274, 0.251, and 0.258, and rETRmax was 
147.60 ± 7.18, 135.55 ± 9.50, and 139.66 ± 9.74 µmol elec-
trons m−2 s−1, respectively.

Figure 2 shows that there was an increasing trend of 
rETR with prolongation of sand-free wind erosion; after 
irradiation at 1500 µmol photons m−2  s−1 high steady-
state actinic light intensity (HL) for 20 and 40 min, the 
rETR value was prominently higher than that at 10 min 
(p < 0.05), but there was no obvious difference at 400 µmol 
photons m−2  s−1 low light intensity (LL). However, in 
the sand-carrying wind group, the rETR values at 20 
and 40 min were remarkably lower than those at 10 min 
(p < 0.05). There was no difference between the sand-free 
wind and the sand-carrying wind groups when blowing 
for 10 min; with sustained blowing of wind erosion for 20 
and 40 min, the rETR of the sand-carrying wind group was 
remarkably lower than that of the sand-free wind group at 
both HL and LL (p < 0.01 and p < 0.001).
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Fig. 1   Light response curves of the PSII relative electron transport 
rate (rETR) after 12  m/s sand-free wind and sand-carrying wind 
blowing for 10, 20, and 40 min on green branches of H. ammoden-
dron. Each data point represents the mean of 12 samples
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the PSII relative electron transport rate (rETR) in green branches of 
H. ammodendron after irradiation at high and low steady-state light 
intensities for 15 min each by time (10, 20, and 40 min of wind ero-
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“ns” indicates no significant difference (p > 0.05), ** and *** indicate 
a highly significant difference (p < 0.01 and p < 0.001) between sand-
free wind and sand-carrying wind
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Response of the PSII non‑radiative energy 
dissipation to blowing of wind erosion

The light response curve of the PSII non-photochemical 
quenching coefficient (qNP) showed that it increased loga-
rithmically with increasing PPFD in both the sand-free wind 
group and the sand-carrying wind group. The light curves of 
qNP increased rapidly when PPFD was less than 100 µmol 
photons m−2 s−1 and slowly after more than 300 µmol pho-
tons m−2 s−1; from 100 to 300 µmol photons m−2 s−1 was the 
transition range for qNP. Although there was no difference 
in the wind-only group, the qNP showed an obvious decreas-
ing tendency with blowing time in the sand-carrying wind 
group, and its curves were also lower than those from the 
sand-free wind group (Fig. 3).

Further studies indicated that when irradiated with HL 
for 15 min, wind-blown sand led to prominent decreases 
(10 min, p < 0.05; 20 min, p < 0.01; 30 min, p < 0.001) in 
PSII non-photochemical quenching (NPQ) compared to the 
wind-only group (Fig. 4C). Over time, both sand-free wind 
and sand-carrying wind caused a decrease in NPQ; this 
was more marked in the sand-carrying wind group, which 
showed a remarkable difference between 10 and 40 min 
(p < 0.05). Similar tendencies were also found in LL (not 
shown in the figure).

After dark relaxation for 15 min, the relative change in 
the rapid and slow relaxation quenching in the PSII reac-
tion center (NPQf and NPQs) showed that the NPQf compo-
nent accounted for a large proportion of NPQ; the average 
NPQf/NPQ after the blowing of sand-free wind and sand-
carrying wind was 64.4% and 56.2%, respectively (Fig. 4A 
and B). There was little difference in NPQf by blowing time 
in the sand-free wind group; however, when blowing for 20 

and 40 min, NPQf was obviously lower than that for 10 min 
in the sand-carrying wind group (p < 0.05). Compared to 
wind-only group, the relative reductions in NPQf and NPQs 
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for 15 min each. Different uppercase and lowercase letters indicate a 
significant difference in NPQ, NPQf, and NPQs among 10, 20, and 
40  min of wind erosion time for sand-free wind and sand-carrying 
wind, respectively (α = 0.05). “ns” indicates no significant differ-
ence (p > 0.05), * indicates a significant difference (p < 0.05), ** and 
***  indicate a highly significant difference (p < 0.01 and p < 0.001) 
between sand-free wind and sand-carrying wind
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caused by wind-blown sand were approximately 44.2% and 
22.4%, respectively.

Effects of wind erosion on photochemical 
and non‑photochemical quantum efficiency 
distribution of excitation energy in the PSII reaction 
center

There are photochemical and non-photochemical dissipation 
pathways of the excitation energy accumulated in the PSII 
reaction center (Kramer et al. 2004). Figure 5A and B indi-
cate that after sand-carrying wind was blown for different 
amounts of time, the quantum yield of PSII photochemistry 
(ΦPSII) showed a similar change tendency at HL and LL; in 
other words, except for 10 min, sustained blowing of sand-
carrying wind for 20 min and 40 min caused a remarkable 
decrease in ΦPSII (p < 0.05). However, in the sand-free wind 
group, ΦPSII was slightly lower after blowing for 10 min than 
20 min and 40 min, and the difference was only obvious 
under HL irradiation (p < 0.05).

The variation in the PSII quantum yield of non-regu-
latory energy dissipation (ΦNO) showed consistent varia-
tion after the blowing of sand-free wind and sand-carrying 
wind for different amounts of time (Fig. 5C and D). With 
prolongation of blowing time, ΦNO increased gradually 
in the sand-carrying wind group; there was an obvious 
difference between 10 and 40 min (p < 0.05). However, in 
the sand-free wind group, the ΦNO value increased slightly, 
with no obvious difference among the durations of each 
blowing (p > 0.05); the average ΦNO was 0.175 at LL and 
0.227 at HL.

The PSII quantum yield of regulatory energy dissipa-
tion (ΦNPQ) was sensitive to PPFD; its values were obvi-
ously lower at LL than at HL (Fig. 5E and F). After the 
blowing of sand-free wind and sand-carrying wind, ΦNPQ 
showed consistent variation under both LL and HL irra-
diation. In other words, the ΦNPQ value decreased gradu-
ally with blowing time, and the difference between 10 and 
40 min was prominent (p < 0.05).

Fig. 5   Effects of 12 m/s sand-
free wind and sand-carrying 
wind on PSII actual photo-
chemical quantum efficiency 
(ΦPSII), the quantum yield of 
quenching due to non-light-
induced process (ΦNO), and 
light-induced process (ΦNPQ) in 
green branches of H. ammo-
dendron after irradiation at 
high and low steady-state light 
intensity for 15 min each. Dif-
ferent uppercase and lowercase 
letters indicate a significant 
difference in ΦPSII, ΦNO, and 
ΦNPQ among 10, 20, and 40 min 
of wind erosion time for sand-
free wind and sand-carrying 
wind, respectively (α = 0.05). 
“ns” indicates no significant dif-
ference (p > 0.05), * indicates a 
significant difference (p < 0.05), 
** and *** indicate a highly 
significant difference (p < 0.01 
and p < 0.001) between sand-
free wind and sand-carrying 
wind
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Limitation of wind erosion on the maximum 
quantum efficiency of PSII photochemistry and its 
dark relaxation

Figure 6B shows that the maximum quantum efficiency of 
PSII photochemistry (Fv/Fm) was relatively stable in the 
sand-free wind group, with an average value of approxi-
mately 0.81. The value of Fv/Fm in the sand-carrying wind 
group decreased gradually with prolongation of blowing 
time, showing an obvious difference between 10 and 40 min 
(p < 0.05). Compared to the sand-free wind, Fv/Fm in the 
sand-carrying wind group decreased obviously (10 min, 
p < 0.05; 20 min, p < 0.01; and 40 min, p < 0.001).

The maximum quantum efficiency of PSII photochem-
istry after 15 min of dark relaxation, Fv

r/Fm
r, was lower in 

both the sand-free wind and sand-carrying wind groups; 
it was not restored to the Fv/Fm level of the correspond-
ing dark adaptation (Fig. 6A). After blowing for 20 and 
40 min, Fv

r/Fm
r in the sand-free wind group was obviously 

higher than that at 10 min (p < 0.05), whereas in the sand-
carrying wind group it was obviously lower than that at 
10 min (p < 0.05). Fv

r/Fm
r in the sand-carrying wind group 

was remarkably lower at 20 min and 40 min than the corre-
sponding values in the sand-free wind group (p < 0.001 and 
p < 0.01), but there was no difference at 10 min.

Configuration of H. ammodendron plants 
and damage to the tender assimilative branches

The configuration of H. ammodendron growing under field 
natural conditions is mostly variable because of the long-
term impact of sandstorms and other environmental adversi-
ties. Figure 7A shows that adult plants had almost no green 
assimilative branches near the ground; juvenile branches 
at the top of the canopy were sometimes dry and damaged 
(Fig. 7B). After being subjected to 12 m/s sand-carrying 
wind for 20 min, the tender green branches of the seedlings 
showed some changes the day later. In addition to being 
slightly withered and dead, tender branches often showed 
lignified spots; the windward side tended to become darker 
and was more prone to damage spots (Fig. 8).

Scanning observations indicated that the green assimila-
tive branches could conglutinate dust on both the windward 
side and leeward side, and the control plant without wind 
erosion treatment also had small dust grains on the green 
branches (Fig. 9).

Discussion

Photosynthesis, as an important physiological process of 
plants, is very sensitive to changes in the environments (De 
Roo et al. 2020). The PSII relative electron transport rate 
(rETR) reflects the total capacity of plants for photosynthetic 
transfer (Maxwell and Johnson 2000; Pleban et al. 2020) and 
should also be influenced by wind erosion. However, The 
variation in the rETR of the rapid light response curve in 
H. ammodendron seedlings was similar after the blowing of 
sand-free wind and sand-carrying wind, and there were no 
obvious differences among the three typical blowing peri-
ods; even the so called negative impact of wind-blown sand 
was very small (Fig. 1). Rapid light curves can characterize 
the steady-state light acclimation status of a plant (Serôdio 
et al. 2006). Although the rapid light response curves of the 
rETR seem little affected by the wind erosion and its dura-
tion, the experiments conducted under 400 µmol photons 
m−2 s−1 low light intensity (LL) and 1500 µmol photons 
m−2 s−1 high light intensity (HL) provided a more prominent 
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Fig. 6   Effects of 12  m/s sand-free wind and sand-carrying wind on 
the maximum quantum efficiency of PSII photochemistry (Fv/Fm) 
after dark adaptation for 15  min and the maximum quantum effi-
ciency of PSII photochemistry (Fv

r/Fm
r) after dark relaxation for 

15 min when actinic light irradiation is turned off in green branches 
of H. ammodendron. Different uppercase and lowercase letters indi-
cate a significant difference in Fv/Fm and Fv

r/Fm
r among 10, 20, and 

40  min of wind erosion time for sand-free wind and sand-carrying 
wind, respectively (α = 0.05). “ns” indicates no significant differ-
ence (p > 0.05), * indicates a significant difference (p < 0.05), ** and 
*** indicate a highly significant difference (p < 0.01 and p < 0.001) 
between sand-free wind and sand-carrying wind
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result (Fig. 2). This indicates that there was no negative 
impact of sand-free wind on the linear (acyclic) electron 
transfer process in the PSII reaction center, and only sand-
carrying wind restricted and obstructed the electron transfer 
capacity of H. ammodendron seedlings. No difference was 
found when the blowing of sand-free wind and sand-carry-
ing wind lasted 10 min; it is possible that such a short time 
of wind-blown sand did not cause sufficient impact to green 
assimilative branches, and the total photosynthetic electron 
transfer capacity of the photosynthetic apparatus was not 
greatly affected. There was no further decrease in rETR after 
40 min of sand-carrying wind, and the slight increase in 
rETR after 20 and 40 min of sand-free wind was probably 
due to the compensating and overcompensating effects of 
photosynthetic function after the removal of adversity (Dyer 
et al. 1991; Gaudet and Keddy 1998; Masini et al. 2019).

The non-photochemical quenching of the PSII reac-
tion center, also called “non-radiative energy dissipation”, 
can consume excess light energy absorbed by leaves, thus 
preventing photo-damage to the photosynthetic apparatus 

(Niyogi and Truong 2013); it has been considered a regula-
tory process by which plants actively respond to stress in 
the external environment (Štroch et al. 2008). The non-pho-
tochemical quenching ability of H. ammodendron seedlings 
was sensitive to sand-free wind, especially sand-carrying 
wind. The light response curve of the PSII non-photochem-
ical quenching coefficient (qNP) clearly indicated that it 
decreased slightly with blowing time in the sand-free wind 
group but decreased obviously in the sand-carrying wind 
group (Fig. 3). It is clear that sustained strong wind erosion 
can inhibit the non-photochemical quenching process and 
reduce the plant’s ability to dissipate excess light energy, so 
it was difficult to avoid damage to the functional PSII reac-
tion center, especially with wind-blown sand. Calculating 
PSII non-photochemical quenching (NPQ) does not require 
the minimum chlorophyll fluorescence yield Fo′, which can 
show obvious variation in the higher light intensity range 
and is a sensitive reflection of thermal dissipation capacity 
(Baker 2008). The experiment with steady-state actinic light 
intensity further confirmed that wind-blown sand aggravated 
the reduction in NPQ of H. ammodendron seedlings, with 
the reduction more remarkable with prolongation of blowing 

Fig. 7   H. ammodendron growing in natural environments and its 
green assimilative branches in the canopy

Fig. 8   Comparison of injury to epidermal tissue on the windward 
and leeward sides of green assimilative branches of H. ammodendron 
seedlings after blowing of 12 m/s sand-carrying wind for 15 min. The 
twig in panel A is from the windward side, and the twig in panel B 
is from the leeward side of the same site of the same plant. Identi-
cal lowercase letters in panels C and D indicate the windward and 
leeward sides of the same branch of H. ammodendron seedlings; the 
right end of the segments in panels C and D is toward the base of 
the assimilative branches, and the left end is toward the top of the 
branches. Photos were taken the day after exposure to sand-carrying 
wind
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time but non obvious difference in the sand-free wind group 
(Fig. 4C). Non-radiative energy dissipation in the PSII reac-
tion center is the main means by which the photosynthetic 
apparatus eliminates excess excitation energy (Bilger and 
Björkman 1990; Elnour et al. 2018). The NPQ and the quan-
tum yield of PSII photochemistry (ΦPSII) were remarkably 
reduced in the sand-carrying wind group, which indicates 
that the PSII reaction center of H. ammodendron seedlings 
was more sensitive and easily affected, and the accumulation 
of excess excitation energy would damage the functional 
reaction center (Murchie and Niyogi 2011; Alencar et al. 
2019). Furthermore, we divided the NPQ into rapidly and 
slowly relaxing quenching (NPQf and NPQs) using Maxwell 
and Johnson’s (2000) method. Similar to the earlier result 
for alpine species of Kobresia pygmaea (Shi et al. 2015), 
the NPQf of H. ammodendron seedlings accounted for the 
majority component of PSII non-photochemical quench-
ing. Limited by the in vitro measurement style, we finished 

15 min of dark relaxation after a total of 30 min of low and 
high light illumination, so NPQf and NPQs were only com-
parable between the two wind erosion treatments and blow-
ing times. It was clear that NPQf was sensitive to sustained 
sand-carrying wind erosion; compared to the sand-free wind, 
the sand-carrying wind group showed an obvious reduction 
in the NPQf/NPQ ratio and NPQ, which signifies that the 
photosynthetic apparatus was less likely to avoid potential 
photo-damage. The variation of NPQ involves O2-dependent 
electron flow, proton gradient across thylakoid membrane 
(ΔpH), lutein cycle, inactivation of PSII reaction center, etc. 
(Baker 2008). The decrease in NPQ in sand-carrying wind 
was mainly due to the decrease in the NPQf component, 
which primarily relies on ΔpH.

In addition to the photochemical quenching of ΦPSII, the 
excitation energy flux of the non-photochemical quenching 
reflecting competitive non-radiative thermal dissipation can 
be divided into two parts: the quantum yield of regulatory 

Fig. 9   Changes in epidermal 
microstructure of green assimi-
lative branches of windward and 
leeward sides in H. ammoden-
dron seedlings after sand-car-
rying wind blows of 12 m/s for 
15 min. Small figures A and B 
are the windward sides of green 
assimilative branches, small 
figures C and D are the leeward 
sides, and small figures E and 
F are the controls from plants 
without wind erosion
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energy dissipation ΦNPQ and the quantum yield of non-regu-
latory energy dissipation ΦNO (Kramer et al. 2004; Masahiro 
et al. 2016). ΦNPQ represents the photo-induced down-regu-
latory process, and ΦNO represents other non-photo-induced 
other energy losses (Baker and Rosenqvist 2004). ΦNPQ and 
ΦNO were used to analyze two aspects of the final destina-
tion of the excess excitation energy captured by PSII antenna 
pigments: regulation of light protective energy dissipation 
and difficulty regulating dissipation (Takahashi et al. 2010; 
Agrawal et al. 2016).

The analysis showed that the relative proportions of ΦPSII, 
ΦNO, and ΦNPQ were affected by both wind erosion and light 
intensity. In the sand-free wind and sand-carrying wind 
groups, the relative proportions of the three components of 
ΦPSII, ΦNO, and ΦNPQ at LL were approximately 5:2:3 and 
5:3:2, respectively; at HL, they were approximately 2:2:6 
and 2:3:5, respectively. Although the ΦPSII was sensitive to 
light intensity, the proportion of ΦPSII was almost the same 
in the two groups, which indicates that relative variation in 
excitation energy flux mainly occurred in ΦNPQ and ΦNO of 
non-photochemical quenching. ΦPSII often showed a promi-
nent difference between sand-free wind and sand-carrying 
wind; however, since the value was quite close, its propor-
tion was relatively stable when analyzing the final destina-
tion of excitation energy flux. Compared to wind-only group, 
wind-blown sand caused a relative increase in ΦNO and a 
relative decrease in ΦNPQ. The ΦNO value varied little by 
PPFD, and its ratio was roughly constant at LL and HL, 
accounting for approximately 2/10 under sand-free wind and 
3/10 under sand-carrying wind, reflecting the characteristics 
of its non-photo-induced non-regulatory energy dissipation 
(Bellan et al. 2020) and its relative exacerbation of irrevers-
ible inactivation in the photosynthetic apparatus after expo-
sure to sand-carrying wind. With prolonged of blowing time, 
sand-free wind also caused marked changes in ΦPSII, ΦNO, 
and ΦNPQ, but the degree of variation and the fluctuation 
in the standard deviation of means were both far less than 
those in the sand-carrying wind group. This indicates that 
wind-blown sand increased the instability of photosynthetic 

function and had a more profound effect on the photosyn-
thetic apparatus because of damage to the photosynthetic 
apparatus and its compensating effects. Continuous blow-
ing of sand-carrying wind led to an obvious decrease in the 
NPQ, NPQf/NPQ ratio and ΦNPQ components, which means 
that the ability to resist external adversity was reduced and 
that the physiological function of the photosynthetic appara-
tus was more likely to be inhibited or even damaged.

The maximum quantum efficiency of PSII photochemis-
try (Fv/Fm) is most frequently used as an indicator of pho-
toinhibition or other injury to PSII complexes (Lucia et al. 
2019; Pilarska et al. 2020). It is almost constant for many 
different plant species when measured under optimal con-
ditions and its average approximately 0.83 to 0.85 (Björk-
man and Demmig 1987). Figure 6B compares the effects 
of sand-free wind and sand-carrying wind on Fv/Fm in the 
green assimilative branches of H. ammodendron seedlings 
and its relative change by blowing time. After continuous 
irradiation at 400 and 1500 µmol photons m−2 s−1 LL and 
HL for a total of 30 min, we further compared the Fv

r/Fm
r of 

dark relaxation for 15 min (Fig. 6A). The variation in Fv/Fm 
and Fv

r/Fm
r provides further verification of the analysis of 

PSII non-photochemical quenching. The results indicate that 
compared to sand-free wind, sustaining sand-carrying wind 
blowing caused a decrease in the performance of the PSII 
reaction center in H. ammodendron seedlings.

To determine whether strong light intensity aggravates 
the impacts of sand-carrying wind on PSII photochemi-
cal efficiency and non-photochemical quenching of green 
assimilative branches of H. ammodendron seedlings, we fur-
ther analyzed the interaction of light intensity and duration 
of sand-carrying wind using multivariate GLM. Based on 
the variance analysis of the factorial experimental design, 
we further discuss the interactive effect of the duration of 
sand-carrying wind and light intensity. Table 1 shows that 
both blowing time and light intensity markedly affected 
qNP, NPQ, ΦPSII, ΦNO, ΦNPQ, and rETR, but their relative 
contributions to the total variation (η2) were quite different. 
Light intensity was the main factor affecting ΦPSII, ΦNPQ, 

Table 1   Interactive effects 
of duration of sand-carrying 
wind and light intensity on 
chlorophyll fluorescence 
parameters in green branches of 
H. ammodendron 

Note: F, Sig. and η2 indicate the ratio of the average square, significant probability, and contribution to the 
total variation, respectively

Blowing time Light intensity Blowing time × Light 
intensity

F Sig η2 F Sig η2 F Sig η2

qNP 7.545 0.001 0.206 18.935 0 0.246 0.588 0.559 0.02
NPQ 9.431 0 0.245 16.325 0 0.22 0.101 0.904 0.003
ΦPSII 10.711 0 0.27 2599.40 0 0.978 1.437 0.246 0.047
ΦNO 6.986 0.002 0.194 8.512 0.005 0.128 0.007 0.993 0
ΦNPQ 6.502 0.003 0.183 162.135 0 0.737 0.229 0.796 0.008
rETR 10.546 0 0.267 608.944 0 0.913 0.777 0.464 0.026
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and rETR, and their η2 values were large. However, the η2 
values of qNP, NPQ, and ΦNO were similar and small, which 
indicates that the duration of sand-carrying wind and light 
intensity had roughly the same and smaller effects on the 
PSII non-photochemical quenching process and non-light-
induced non-regulatory energy dissipation component. 
Table 1 also indicates that the significant probabilities (Sig.) 
were large, and the values of η2 were small, indicating no 
interactive effects on blowing time and light intensity. The η2 
of ΦNO was smaller in the light intensity, which also verifies 
its characteristics of non-light-induced non-regulation. As 
a process of unregulated energy dissipation in the form of 
non-light-induced energy loss, the ΦNO was less affected by 
light intensity, and its value was dependent on the relative 
variation in ΦPSII and ΦNPQ (Baker 2008).

The interactive effect of two environmental factors is 
more popular in natural environments (Selda et al. 2021; 
Alauddin et al. 2021). This study showed that sand-carrying 
wind did not aggravate the impacts of strong light intensity 
on PSII photochemical efficiency or its non-photochemical 
quenching processes in assimilative branches of  H. ammod-
endron seedlings. The interactive effect was not remarkable, 
and the effect of each factor was the result of superposition.

The analysis showed that during the experiments in the 
wind tunnel, sand particles were mainly concentrated at 
heights of less than 30 cm near the ground (especially below 
10 cm), and the sand transport rate below 20 cm height was 
approximately 45 g cm−2 (Sun et al. 2021). Our observations 
indicated that the green assimilative branches of H. ammo-
dendron seedlings were sporadically characterized by the 
phenomenon of wilting and/or withering, and this was par-
ticularly prominent in sand-carrying wind group. However, 
even in sand-free wind group, the phenomenon of water loss 
and wilting was occasionally incurred; but all these deficien-
cies could be restored to the normal growing status after 
one night of recovery except for wind-blown sand lasted for 
40 min. Our similar research found that compared with the 
sand-free wind, the water content was reduced in a remark-
able way after incurring blowing sand, in the meantime the 
photosynthetic activities of green assimilation branches were 
reduced (Shi et al. 2022); we believed that injury to the epi-
dermis of tender branches by sand particles and augmenta-
tion of cuticle transpiration often generates a water imbal-
ance. Li et al. (2019) also observed that mild and moderate 
sand-carrying wind could cause damage to the seedlings of 
eremophyte Sarcozygium xanthoxylon Bunge, but not nec-
essarily osmotic stress; however, severe wind-blown sand 
could increase the activity of superoxide dismutase and cata-
lase in leaves and their contents of soluble sugar and proline, 
which led to cell fluid outflow under osmotic stress.

The emergence of plants’ physiological responses or 
symptoms usually requires some time, which often lags 
behind the environmental stimulus (De Roo et al. 2020; 

Chen et al. 2021). In contrast to the photosynthetic physi-
ological response, the wither phenomenon of green assimi-
lated branches appears only appeared a few hours later after 
wind-blown sand treatment (Zhao et  al. 2017); observ-
able scars on tender branches of seedlings also tend not to 
appear until the next day (Yu et al. 2002). Branches were 
seldom broken at 12 m/s wind speed, which may be related 
to the smaller crown of biennial plants and thinner lignified 
branches that are not very hard. The observation in the field 
after wind erosion does not confirm the speculation that the 
scars on the surface of the green branches would increase 
after sustained sand-carrying wind blowing. This may be 
due to the fact that when sand blows, the plant is relatively 
soft, and the tender branches can bend to be completely par-
allel to the wind direction, and the abrasive effect of sand 
grains does not increase much with the continuous erosion 
of wind. This is also the reason why the darkening occurred 
mostly at the base of assimilation branches and the wind-
ward side of branches (Fig. 8). However, scanning observa-
tions also showed that many dust adhered to the surface of 
tender green assimilative branches, even in control plants 
(Fig. 9). The adhering mounts of the windward side of the 
same branch are slightly higher than those of the leeward 
side, but the hypothesis that adhering mounts would increase 
with time of wind erosion is not confirmed. Larger particles 
of 10 to 15 µm were slightly rare on the branch surface; the 
most common particles were between 6 µm and 3 µm, and 
many very fine particles smaller than 3 µm also appeared.

Conclusions

The photosynthetic activities of H. ammodendron seedlings 
were remarkably impacted by sand-carrying wind simulated 
in the wind tunnel, which was mainly reflected in the fol-
lowing aspects:

1.	 rETR was restricted and obstructed by the sand-carrying 
wind, although no negative impact of sand-free wind.

2.	 The NPQ was sensitive to wind erosion, especially sand-
carrying wind.

3.	 The photosynthetic apparatus was more likely to be 
inhibited or even damaged, manifested by the obvious 
reduction in the NPQ, NPQf/NPQ ratio and ΦNPQ com-
ponents after continuous blowing of sand-carrying wind.

4.	 The variation in Fv/Fm and Fv
r/Fm

r confirmed that 
sustaining sand-carrying wind blowing could cause a 
decrease in the performance of the PSII reaction center.

5.	 The exacerbation of irreversible inactivation in the pho-
tosynthetic apparatus after exposure to sand-carrying 
wind, manifested by the relative increasing of ΦNO com-
ponents.
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Therefore, strong and frequent sandstorms in the early 
spring cause irreversible damage to the juvenile plants and 
result in an insufficient number of progeny and recruitment 
from seedlings into adults, restricting self-renewal and 
causing degradation of the H. ammodendron shelterbelt. 
In view of this, we considered that the artificial replenish-
ment of healthier seedlings can be adopted measures in 
adult H. ammodendron shelter forests, where it is difficult 
to find regeneration seedlings, to compensate for the lack 
of survival of seed germination seedlings during natural 
regeneration.

Arid and desert areas of China are greatly affected by 
sandstorms almost every year, especially in early spring. The 
Haloxylon ammodendron has been considered as a preferred 
afforestation species for wind prevention and sand fixation; 
however, its population renewal is difficult and faced shrink-
age or degeneration. Field observation found that it was not 
easy to see the juvenile seedlings in adult artificial shrub 
forests. Bormann and Likens (1981) considered that the sur-
vival of the population not only requires a suitable habitat 
environment, but also a sufficient number to reach the mini-
mum population density; an insufficient number of prog-
eny and recruitment from seedling into adults to maintain 
minimum population density may be a major reason limiting 
the self-renewal of plant populations and can even cause 
their degeneration. We supposed that the frequent sustained 
sandstorm in early spring led to irreversible damage to the 
photosynthetic physiological process, restricting survival of 
juvenile seedlings.

We carried out the simulation trials in the wind tunnel, 
took sand-free wind as a reference, combined with observa-
tion of morphological characteristics of epidermal tissue, 
the sensitive of green assimilative branches of seedlings to 
the sand-carrying winds was discussed. By means of analy-
sis the results from rapid light response curves and steady-
state light intensity, we found that PSII non-photochemical 
quenching process was more sensitive to wind erosion. We 
further analyzed the variations of components of PSII non-
photochemical quenching and quantum yield of regulatory 
and non-regulatory energy dissipation. The results con-
firmed that sandstorm could result in irreversible inactiva-
tion of the PSII reaction centers of H. ammodendron.
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