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Abstract

Increased attention has been paid to effects of coal mining subsidence on the growth of plants. Studying the changes of 
plants photosynthetic physiology under the disturbance of coal mining subsidence is the basis for understanding dynamic 
exchanges of plant energy and water at that mining area. The 52302 working face of the Shendong mining area was 
selected as the experimental site, with Artemisia ordosica, Caragana korshinskii, and Populus spp. as the research targets. 
Changes in leaf photosynthesis were monitored in plants at a subsidence crack area. We showed collapse cracks decreased 
soil moisture and caused drought stress. The photosynthetic capacity of leaves was reduced. Compared with plants from 
the control area, stomatal conductance, photosynthetic CO2 assimilation, and transpiration rate were reduced in all three 
plant species. The activity of PSII reaction center and electron transport at the donor and acceptor sites significantly 
decreased. 
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Introduction 

Coal is an important energy source in China, accounting 
for about 70% of the total energy consumption (Bian 
2005). More than 95% of China's coal mining is carried 
out by means of well mining, which has resulted in large 
subsidence of the land in the mining areas and caused 
serious damage to the environment (Zhang et al. 2003). In 
recent years, the focus of coal mining in China has shifted 
westward, making the fragile ecology of the environment 
in the semiarid mining area deteriorating (Lei and Bian 
2014). The most direct manifestation is the impact on 
the vegetation. Modern high strength coal mining has a 
great negative impact on the surface vegetation, thus, the 
vegetation coverage is lower than that at nonmining areas. 
In the mining process, a large number of cracks and mined 
out subsidence zones are formed on the ground surface 
and the soil water content in the areas with large fracture 
density is lower than that in the areas with low fracture 
density (Daniels 2010, Zang et al. 2010). Moreover, 

the soil nutrient content in the subsidence area is lower 
than that in contrasting areas (Wang et al. 2006, Zang 
et al. 2010). At the same time, because of the influence 
of the surface cracks, the internal relationships between 
the microbial and enzyme activities in the rhizosphere 
of plants have changed (Du et al. 2013). Strong stress 
induced by soil deformation also causes damage to plant 
roots in subsidence area. (Ding et al. 2013). Such dynamics 
eventually affects the absorption of water and nutrients 
by plant roots. Changes in the physical and chemical 
properties of the soil surface, the further deterioration of 
soil and water loss in mining areas, and the destruction 
of previous habitats for vegetation growth, all inhibit the 
growth of plants to some extent.

At present, research about the impacts of coal mining 
on plants mainly focuses on vegetation biomass (Qian et al. 
2014), coverage (Wu et al. 2009), diversity analysis (Qiu 
et al. 2011), and indirect effects of soil damage caused by 
mining (Wang et al. 2014). In a study of the effects of the 
coal mining on the vegetation landscape in Mu Us Desert, 
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Qian et al. (2014) pointed out that the fragmentation of the 
landscape increased and the vegetation biomass decreased 
after coal mining. After investigation of vegetation 
restoration in mining area, Qiu et al. (2011) pointed out that 
the plant biodiversity in subsidence area was lower than 
that in unsubsidence area. In a study of the influence of coal 
mining on the soil and vegetation characteristics, Wei et al. 
(2014) pointed out that changes in the soil environment 
caused by coal mining affect the growth of plants. Zhang et 
al. (2017) studied the effects of the surface cracks caused 
by coal mining on soil characteristics and wheat growth. 
In this paper, the effects of soil cracks on many aspects 
related to both soil and plants were introduced. Water 
stress and nutritional stress were the main abiotic factors 
affecting leaf photosynthesis, while subsidence cracks 
had negative effects on these soil properties compared 
with non-subsidence area soils. In summary, previous 
research on the response characteristics of plants to coal 
mining have been carried out macroscopically, but studies 
conducted from the point of view of plant photosynthesis 
are scarce (Zhang et al. 2017). 

At present, photosynthetic gas exchange and chloro
phyll (Chl) fluorescence are the main methods used in 
plant photosynthesis research. Mastalerczuk et al. (2017) 
studied the gas-exchange parameters and morphological 
characteristics of festulolium under different nitrogen 
application conditions. Dąbrowski et al. (2017) investigated 
the changes of Chl fluorescence delay and gas exchange 
in perennial ryegrass under salt stress. Dąbrowski et al. 
(2015) investigated the Chl a fluorescence of perennial 
ryegrass varieties under long-term exposure to shade. In 
addition, Dąbrowski et al. (2016) used Chl fluorescence to 
diagnose quickly the changes of PSII structure in ryegrass 
under salt stress.

The Shendong coal mine, the largest and most 
important coal base in the semiarid area of western China, 
is associated with serious ecological damage caused by 

coal mining subsidence. The 52302 coal mining face 
at the Shendong mining area was selected as the study 
area. Artemisia ordosica, Krasch (subshrub), Caragana 
korshinskii, Kom (shrub), and Populus spp. (deciduous 
tree) were selected for the study of plant photosynthesis 
and fluorescence responses to subsidence. A. ordosica 
and C. korshinskii, strongly drought-resistant and easy to 
survive, are important species for ecological restoration at 
the Shendong mining area (Wang 2011). Field investigation 
showed that Populus spp. has obvious quantitative 
advantages in the coal mining area, and the population 
density is larger than that of other plant species. The three 
subject species are widely distributed in the mining area 
(Wang 2011). For all of these reasons, A. ordosica, C. 
korshinskii, and dominant species of Populus spp. were 
selected as subjects of our investigation. The aims of this 
study were: (1) to analyze the changes of photosynthesis 
and Chl fluorescence responses in plant leaves under the 
influence of coal mining subsidence cracks; and (2) to 
analyze the influence mechanism of mining subsidence 
cracks on photosynthesis of plant leaves.

Materials and methods

Study sites: This study was carried out at the 52302 
coal mining work face of the Shendong Coal Mine at the 
eastern edge of Mu Us Desert, Ejin Horo Banner, the Inner 
Mongolia Autonomous Region, West China (Fig. 1). The 
study area is dominated by annual grasslands, deciduous 
broad-leaved shrubs, and other desert plants. The study 
sites, with a total area of 376 km2 and an annual average 
temperature of 7.3°C, were located within 110°05′00″ to 
110°20′00″E and 39°27′00″ to 39°15′00″N. The region is 
characterized by a typical arid and semiarid continental 
climate of a plateau with dry climate and low rainfall. 
Annual average rainfall and evaporation are 413.5 mm and 
2,111.2 mm, respectively. The main soil types are loess 

Fig. 1. The locations of the study region.  
(A – the geographic location of Daliuta 
coal mine; B – the geographic location and 
vegetation cover of 52302 working face;  
C – the location of the experimental plot; D – 
cracks in a collapse area). 
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and aeolian sandy soil, with loose structure, poor erosion 
resistance, and vulnerable to wind erosion. Because of 
human production activities, the original vegetation at the 
mining area has been destroyed and replaced by artificial 
restoration species. 

The 52302 working face is located at the southeast area 
of the Daliuta coal mine. It was first mined ten years ago, 
and is currently undergoing a second mining operation 
(Table 1S, supplement). The coal seam is buried at a 
depth of 220 m and 7 m wide for this area. Under these 
conditions, the surface of the earth is sinking violently and 
the deformation is concentrated. The subsidence cracks or 
sinking basin are formed rapidly on the ground surface. 
Investigated sites were primarily divided into two main 
categories: (1) coal-mining subsidence area (SA), with a 
large number of coal-mining subsidence cracks distributed 
on the ground surface; (2) control area (CK) outside 
the coal-mining subsidence area, with no coal-mining 
subsidence cracks.

Plant material: The types of vegetation at the 52302 
working face are mainly deciduous bushes, hay prototype 
and desert type, with A. ordosica, C. korshinskii, Populus 
spp. as the main representatives of the psammophytic 
vegetation growth in semi-fixed sand, fixed sand, and 
sand dune lowlands. In order to eliminate the influence 
of plant age, leaf position, temperature, light intensity, air 
humidity, measurement time, and other factors, three kinds 
of plants (A. ordosica, C. korshinskii, and Populus spp.), 
with a consistent growth age, plant height, plant age, and 
the root system intact, were selected as the subjects. Three 
replicates of each kind of plant were measured at the two 
sample plots. When choosing plant leaves, according to the 
principle that the crown was not covered, the photosynthesis 
parameters of the first three mature leaves in the vertical 
downward direction of the main stem of the plant were 
measured, and three replicates for each selected leaf. 
The width of the selected cracks was between 30–40 cm,  
with a depth of 2,500–2,580 mm. The distance from the 
selected A. ordosica (three years old) and C. korshinskii 
(four years old) to the crack was about 50 cm, and that of 
the Populus spp. (eight years old) was about 100 cm. 

Soil environment factor: In addition, the soil environment 
factors for the two sample fields were also investigated 
and listed in Table 2S (supplement). Soil sampling time 
was in July 2015, representing the summer of the study 
area. The position of sampling sites wtable 2as recorded 
by a portable global position system (GPS) (eTrex Venture, 
Garmin, Lenexa, KS, USA). Removing litter from the soil 
surface before sampling and then soil samples below, the 
selected plants were collected at a depth between 0 and 30 
cm, with three replicates at each sampling site (Chen et al. 
2017). Soil samples were collected, mixed, and preserved 
in an aseptic bag (about 50 g). Samples were stored in 
prepared ice boxes and transferred to the laboratory. 
The determination of soil moisture refers to the methods 
described in Chen et al. (2017). The determination of a soil 
nutrient content refers to the methods described in Sparks 
et al. (1996).

Photosynthetic parameters: Field measurement of photo- 
synthetic parameters was carried out from 13 June, 2015 
to 12 July, 2015, when the cracks in ground subsidence 
were forming in the study area. The photosynthetic 
parameters were measured from 10:30 to 11:30 h every 
two days. Photosynthetic CO2 assimilation rate (PN), 
instantaneous water-use efficiency (WUE = PN/E), stomatal 
conductance (gs), and transpiration rate (E) of selected 
leaves were measured under natural solar irradiance  
(PPFD: 1,500–1,600 μmol m–2 s–1). Leaf chamber tempe
rature was 20–25°C. Environmental CO2 concentration was 
385–400 μmol mol–1. Licor 6400 portable photosynthesis 
system (Li-Cor, Lincoln, NE, USA) was used. After 
removing dust from the leaf surface and induction for  
30 min at saturation light intensity, parametric measure-
ments were collected on mature and fully-expanded leaves 
(Li et al. 2007).

Chlorophyll (Chl) fluorescence and JIP-parameters: 
Chl fluorescence was measured on leaves, using Handy 
PEA (Hansatech Instrument, Ltd., UK) in 9:00–11:00 h  
The light source was red light with a wavelength of 
650 nm, and the intensity of illumination was 3,000 
μmol(photon) m–2 s–1. The fluorescence signal was re-
corded with a maximum frequency of 105 points s–1 
(each 10 ms) within 0–0.3 ms (Brestic et al. 2012), after 
which the frequency of recording gradually decreased 
collecting a total of 118 points within 1 s, and each leaf 
was measured three times. Chl fluorescence-induced curve 
was measured shortly after keeping the selected leaves 
in dark for 20 min. The main fluorescence parameters  
(Fv/Fm, Fv/F0, PI, M0, ABS/RC, ETo/RC, DIo/CS, ETo/
TRo, DF(abs), and TRo/RC) were obtained and the specific 
meanings are described in detail by Yunus et al. (2000) 
and Singh et al (2015). A summary of the parameters and 
formulae of Chl fluorescence transients is summarized in  
Table 3S (supplement). The relative variable fluorescence 
was calculated according to Su et al. (2013): Vt = (Ft – F0)/
(Fm – F0) and ΔVt = VtSA – VtCK. The ΔK-band, ΔJ-band, and 
ΔI-band were measured respectively for 300 s, 2 ms, and 
30 ms for determination of ΔVt (Su et al. 2013). 

Statistical analysis was performed to test for differences 
in means for gas-exchange parameters including PN, E, 
gs,, and WUE, using analysis of variance in SPSS 19.0 
(Statsoft Inc., Tulsa, Oklahoma, USA). The gas-exchange 
parameters were calculated on the basis of von Caemmerer 
and Farquhar (1981) model. The Chl fluorescence-induced 
curve and fluorescence parameters were computed using 
the data analysis software Origin, version 8.0 (OriginLab 
Inc., Northampton, Massachusetts, USA). The regression 
analysis of photosyntheic rate and stomatal conductance 
was conducted also using the data analysis software Origin, 
version 8.0 (OriginLab Inc., Northampton, Massachusetts, 
USA). The SPSS software 19.0 was used to analyze the 
correlation between the environmental factors and the 
photosynthetic parameters.
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Results

Photosynthesis parameters in three plant leaves: 
The PN in Populus spp., C. korshinskii, and A. ordosica 
in SA were 18.26, 23.66, and 13.19 μmol(CO2) m–2 s–1, 
respectively (Table 1). Compared with CK, the PN decrea
sed by 15.7, 15.5, and 9.9%, respectively. The gs in 
Populus spp., C. korshinskii, and A. ordosica in SA were 
0.23, 0.30, and 0.19 mol m–2 s–1, respectively (Table 1). 
The gs decreased by 23.1 and 42.4% in C. korshinskii and 
A. ordosica, respectively, compared with CK. However, 
the gs in Populus spp. decreased only slightly by 4.2%. 
The E in Populus spp., C. korshinskii, and A. ordosica in 
SA were 7.04, 8.43, and 8.19 mmol m–2 s–1, respectively 
(Table 1). The E of three kinds of plants was reduced by 
15.6, 12.9, and 6.1%, respectively. The WUE in Populus 
spp., C. korshinskii, and A. ordosica was 2.65, 2.76, and 
1.63 μmol mol–1, with reductions of 3.6, 4.5, and 3.6%, 
respectively. No significant difference was found in 
WUE of the three plants under both conditions. However, 
significant differences of PN and gs were detected between 
the two conditions (Fig. 2).

In Populus spp. and C. korshinskii, PN tended to 
increase under the conditions of coal-mining subsidence 
compared to A. ordosica (Fig. 2). A sustained decrease in 
PN was observed in A. ordosica after 11:00 a.m. However, 
the PN in coal-mining subsidence plants was lesser than that 
of CK during the measurement period, although there were 
some fluctuations (Fig. 2A,E,I). Under the two conditions, 
the gs of Populus spp. had similar variation without 
obvious differences (Fig. 2B). The gs of C. korshinskii and 
A. ordosica in coal-mining subsidence was lesser than that 
in CK, but the patterns of variations were different. The 

decrease in gs in C. korshinskii began in 11:15 h, and that 
of A. ordosica began in 10:45 h (Fig. 2E–F). A sustained 
increase in E was detected in three species. Throughout 
the experiment, the E of plants in the subsidence area was 
lower than that in the control area, and this difference was 
more obvious in Populus spp. and C. korshinskii (Fig. 
2C–K). For WUE, no significant difference was found 
between Populus spp. and C. korshinskii at the end of 
the measurement. But WUE of A. ordosica in SA was 
clearly lesser than that in CK. Stomatal limitation was 
probably the determining factor causing the decrease in PN 
(Kozlowski 1984).

Chl fluorescence: In order to further explore the stress of 
plants caused by cracks in coal mining subsidence, OJIP, 
(known as an effective probe for the stress state of plants) 
of leaves was determined. It can provide photochemical 
information about PSII and accurately and rapidly reflect 
the electron redox state of the PSII donor side, receptor side, 
and reaction center in light reactions (Strasser and Strasser 
1995, Zhu 1999, Li et al. 2013). Therefore, the response 
characteristics of the photosynthetic mechanism of plant 
leaves to mining subsidence cracks were investigated. 

The fluorescence curve of three plants in the subsidence 
area was O-K-J-I-P shaped, while the control area was 
O-J-I-P (Fig. 3). According to the relative variable 
fluorescence difference curves of Populus spp. and  
C. korshinskii, both ΔK and ΔJ were greater than 0, while ΔI 
was approximately equal to 0. However, those difference 
curves of A. ordosica, ΔK, ΔJ, and ΔI were all greater than 
0. In addition, ΔK and ΔJ in Populus spp. was lower than 
that of C. korshinskii and A. ordosica. This indicated that 
damage and inhibition were more serious in C. korshinskii 
and A. ordosica than that in Populus spp. The values of O 
and P of the two curves did not vary significantly under 
both conditions. It shows that the collapse crack had little 
influence on the O and P values (Fig. 3).

Variation characteristics of Chl fluorescence-induced 
kinetic parameters under collapse cracks: Fluorescence 
parameters of leaves of three plant species, obtained by 
mathematical analysis of the information of fast Chl 
fluorescence induction kinetic curve, were compared and 
analyzed under two different conditions (SA and CK)  
(Fig. 4). 

Changes in the PSII reaction center: On the basis 
of active reaction centers (RC), under the stress 
caused by collapse cracks, the absorbed light energy  
(ABS/RC), the captured light energy (TRo/RC), and the heat 
dissipated light energy (DIo/CS) of the unit reaction center 
increased significantly, compared with CK. But the energy 
for the electron transport (ETo/RC) was reduced markedly 
(Fig. 4). This suggested that plant leaves decreased the 
energy used for electron transport and increased the heat 
dissipated energy to reduce the stress damage caused by 
collapse cracks. The specific activity parameters (ABS/
RC, TRo/RC, DIo/CS, ETo/RC) of the PSII reaction center 
illustrated an overall similarity of the three species under 
the two conditions. 

Table 1. Gas-exchange parameters for comparison of the effects 
of coal mining subsidence on three species between SA and CK. 
Photosynthetic rate, PN (μmol m–2 s–1), stomatal conductance, 
gs (mol m–2 s–1), transpiration rate, E (mmol m–2 s–1), and water-
use efficiency, WUE (μmol mol–1). The % column represents 
the relative differences in SA vs. CK. Gas-exchange parameters 
with significant difference between the two different areas are 
highlighted with * – p<0.05 and ** – p<0.01. All tests were 
conducted at the significance level of 0.05. Data are mean ± S.D. 
(n = 27).

Plant Parameter SA CK %

Populus spp. PN
 ** 18.26 ± 2.93 21.66 ± 2.48 84.30

gs 0.23 ± 0.07 0.24 ± 0.06 95.83
E* 7.04 ± 0.97 8.34 ± 0.44 84.41
WUE 2.65 ± 0.30 2.75 ± 0.66 96.36

C. korshinskii PN
 ** 23.66 ± 1.85 27.99 ± 3.41 84.53

gs
 * 0.30 ± 0.12 0.39 ± 0.14 76.92

E** 8.43 ± 0.42 9.68 ± 0.68 87.09
WUE 2.76 ± 0.22 2.89 ± 0.23 95.50

A. ordosica PN
 * 13.19 ± 3.79 14.64 ± 4.17 90.09

gs
 ** 0.19 ± 0.09 0.33 ± 0.17 57.58

E* 8.19 ± 0.72 8.72 ± 0.62 93.92
WUE 1.63 ± 0.52 1.69 ± 0.51 96.45
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Changes in PSII receptor side: The changes of PSII 
receptor-side parameters were basically the same in the 
three plants (Fig. 4). The probability of electron transport 
to an electron acceptor downstream of QA

– (ETo/TRo), 
quantum yield for electron transport (ETo/ABS), quantum 
ratio of heat dissipation (F0/Fm), and PSII maximum 
quantum efficiency (TRo/ABS) decreased in different 
degrees under the collapse-crack conditions compared 
with CK. These results indicated that the electron transport 

activity of leaves in three plants in the collapse-crack area 
was inhibited and the activity decreased. Electron transport 
was blocked, resulting in a decrease in the probability of 
electron transport to electron acceptors downstream of QA

– 
(ETo/TRo), and more light energy was used to restore QA, 
which eventually accelerated the reduction (M0) of QA. 

Change of leaf performance index: In the collapse crack 
area, Fv/Fm of three plant species was less than 0.8, and 

Fig. 2. Temporal variation of photo- 
synthetic parameters to compare the 
effects of coal mining subsidence on 
three species between SA (black line) 
and CK (red line). Photosynthetic 
rate (PN); stomatal conductance (gs); 
transpiration rate (E); and water-use  
efficiency (WUE). The four diagrams 
of the first column, the second 
column and the third column are 
the photosynthetic parameters of 
Populus spp., Caragana korshinskii, 
and Artemisia ordosica, respectively. 
Mean ± SD (n = 27). 

Fig. 3. The relative variable fluorescence induction kinetic curve and relative variable fluorescence difference curve of Populus spp., 
Caragana korshinskii, and Artemisia ordosica in the collapse crack area (black line) and control area (red line). The means represent  
nine replications. 
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that of plants in CK was higher than 0.8 (Fig. 4). The plant 
performance index PIABS, which can accurately reflect the 
state of plant light and organization (Strasser et al. 2004), 
was further analyzed. PI is a performance index based on 
the absorption of light energy, which can accurately reflect 
the overall state of the plant photosynthetic apparatus (van 
Heerden et al. 2004). Compared with the CK, the PIABS 
of the plant leaves in the collapse crack area decreased 
significantly. This indicated that the collapse cracks might 
cause plant stress, damaged the function of photosynthetic 
organs, reduced the efficiency of light conversion, and 
limited the normal progress of photosynthesis. This results 
is consistent with the Fv/Fm analysis.

Potential impact factors caused by collapse cracks on 
photosynthesis and Chl fluorescence: The topographic 
elements and illumination conditions were not included in 
the analysis, mainly because those of all the plants tested 
were basically consistent with each other.

Soil water content (SWC) was significantly negatively 
correlated with ABS/RC, TRo/RC, and DIo/CS, with corre
lation coefficients of –0.79, –0.90, and –0.86, respec
tively (Table 2). Significant positive correlation was 
found between SWC and PI, E, F0/Fm, and gs, PN, ET0/
ABS, ET0/TR0, with correlation coefficients of 0.63, 0.60, 
0.70, 0.78, 0.75, 0.72, and 0.80, respectively. Moreover, 
SWC was positively correlated with Fv/Fm, although they 
were not significant at 0.01 and 0.05 levels. In addition, 
other environmental factors showed some correlation 
with photosynthetic parameters of individual plants, but 
in general, correlation was not significant at 0.01 and 
0.05 levels. This showed that SWC was the main factor 

affecting plant photosynthesis and Chl fluorescence in the 
collapse crack area. 

As a whole, 0–60-cm soil water content decreased 
significantly (Fig. 5A), despite the impact of rainfall. 
Compared to the state before the mining collapse, the 
soil infiltration rate clearly increased (Fig. 5B) and soil 
compactness decreased by different degrees (Fig. 5C). 
Under the influence of coal mining subsidence, the water-

Fig. 4. Conventional parameters of 
leaves of Populus spp., Caragana 
korshinskii, and Artemisia ordosica 
were compared and analyzed in the 
collapse crack area (black column) 
and control area (red column). The 
means represent nine replications. 

Table 2. The correlation between plant photosynthetic physio
logical parameters and environmental factors. C(CO2) – 
concentration of CO2 in the environment; SWC – soil water 
content; OM – organic matter; TN – total nitrogen; TP – total 
phosphorus; AN – ammonia nitrogen. ** – significant at the 0.01 
level, * – significant at the 0.05 level.

Parameter C(CO2) SWC OM TN TP AN BD

Fv/Fm 0.47 0.55 0.48 0.62* 0.16 0.19 –0.32
PI 0.23 0.63* –0.56 –0.42 –0.61* –0.56 0.45
Mo –0.29 –0.27 0.61* 0.45 0.63* 0.46 0.21
ABS/RC –0.52 –0.79** 0.70* 0.57 0.34 0.66* 0.44
TR0/RC –0.54 –0.90** 0.52 0.33 0.37 0.71** 0.49
DI0/CS –0.61* –0.86** 0.65* 0.45 0.43 0.75** 0.25
ET0/RC –0.53 –0.39 0.11 0.17 0.15 0.07 0.37
E 0.19 0.60* –0.27 –0.05 0.03 –0.37 0.41
gs 0.47 0.78** –0.41 –0.17 –0.05 –0.50 –0.37
PN 0.59* 0.75** –0.20 0.11 0.05 –0.34 0.22
F0/Fm 0.49 0.70* –0.08 0.15 0.08 –0.31 0.37
ET0/ABS 0.72 0.72** 0.11 0.23 –0.05 –0.11 –0.40
TR0/ABS –0.14 0.08 –0.78** –0.83** 0.47 –0.56 0.29
ET0/TR0 0.62* 0.80** –0.47 –0.45 –0.30 –0.45 0.05
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holding capacity of soil decreased considerably. For yellow 
sand soil, the soil compaction was low and the infiltration 
rate was fast. However, the surface subsidence, caused by 
coal mining, resulted in the reduction of soil compactness 
and the acceleration of infiltration rate. 

Discussion 
Influence of collapse cracks on soil water content: From 
the previous part of the analysis, it can be concluded that 
the collapse cracks caused by underground mining had 
effects on the photosynthesis and Chl fluorescence of the 
leaves of the three kinds of plants, and posed a certain 
degree of stress on the growth of plants. However, the 
soil stress caused by the collapse cracks still needs to be 
further analyzed. The influence of coal mining subsidence 
cracks on plant photosynthetic physiology is mainly 
related to the change in the plant growth environment 
(including organic matter, nutrient elements). According 
to the correlation analysis results, SWC is closely related 
to the change of Chl fluorescence index, which is the main 
factor affecting the photosynthesis of plant leaves in the 
cracks area. According to Zheng’s (2000) research on the 
relationship between soil infiltration capacity and soil 
water content, the faster the soil infiltration rate, the worse 
the water-holding capacity. On the other hand, the surface 
subsidence area of non-continuous mobility produced a 
large number of cracks in the surface, which were difficult 
to heal. This increased the evaporation area and accelerated 
the evaporation of soil water. As the evaporation of soil 
water was very strong in the arid and semiarid areas. This 
was an important reason for the significant decrease in soil 
water. This conclusion was similar to the results of Wei et 
al. (2006) research on the influence of surface subsidence 
caused by coal mining on water characteristics of sandy 
soil. The existence of the collapse fracture would change 
the process and direction of surface runoff, which would 
then seep into the ground in the form of preferential flow, 
thus changing the water distribution in the soil (Qiang 
et al. 2008, Ma et al. 2014). In addition, intensive coal 
mining inevitably affected groundwater level. It usually 
resulted in the change of groundwater run-off conditions 
and the decline of groundwater level, especially in arid 

and semiarid mining areas, which leads to the decrease 
of surface water and wetland area, and finally affects the 
recharge of ground water by surface water (Ji et al. 2015, 
Ma et al. 2015). This is another important reason for the 
decrease of soil water content in the collapse crack area. 
Under the influence of coal mining collapse cracks, the soil 
water content was reduced. In arid and semiarid areas, water 
is an important limiting factor for plant growth (Ehleringer 
et al. 1998, Haile and Tsegaye 2002, Fensholt et al. 2012). 
Low soil water content was further reduced, indicating that 
plant growth was subjected to drought stress in different 
degrees. Under these conditions, photosynthesis and Chl 
fluorescence of plant leaves changed accordingly to cope 
with drought stress (Fig. 1S, supplement).

In the crack area, under drought stress, despite a series 
of changes in leaf photosynthesis and Chl fluorescence 
characteristics, three kinds of plants could grow well, 
and did not die. It indicated that the three species had 
the capacity of drought resistance. This was also an 
important reason why the three plant species had been 
chosen as ecological restoration species in the mining 
area. According to Wei et al. (2014) research on the 
influence of coal mining subsidence on soil characteristics 
in the aeolian sandy area, there was no obvious difference 
between the surface and shallow soil nutrient elements in 
the short term in the subsidence area, which has also been 
confirmed by our experiments. No significant difference 
was found in OM, TN, TP, or AN after mining subsidence 
(data not shown). Because of the low rainfall after the 
collapse, the soil erosion was not serious, but the changes 
in OM, TN, TP, AN were mainly related to the soil erosion 
caused by rainfall.

Photosynthesis response: The decrease in PN caused 
by the subsidence crack was mainly attributed to the 
closing of stomata and nonstomatal factors (Pezeshki 
2001, Li et al. 2007, Herrera et al. 2008). We found a 
close relationship between PN and gs in three plant species  
(Fig. 6). Particularly in A. ordosica and Populus spp., the 
PN increased with the increase of gs, although this pattern 
was not significant in C. korshinskii. In addition, the PN 
and gs obtained from SA plants were lower than those from 

Fig. 5. The soil water content  
(0–100 cm) (A), soil infiltration 
characteristics (B), and soil 
hardness (C) change in the crack 
area after coal mining.
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CK (Fig. 6). This different response indicated that stomatal 
limitation, caused by coal mining subsidence, may be the 
critical factor which affected photosynthetic rate of plants. 
This result was similar to the response of alfalfa (Wan et 
al. 2009), although similar data have rarely been reported 
to interpret the effects of collapsed cracks on plants.

As expected, the photosynthetic characteristics of 
Populus spp., C. korshinskii, and A. ordosica showed 
different responses to drought stress, caused by mining 
collapse cracks. Drought stress can significantly inhibit 
plant photosynthetic rate (Hu et al. 2010). In this study, 
the PN was drastically reduced in all three kinds of plants. 
Based on their overall response, all three species were 
sensitive to drought stress, although Populus spp. and  
C. korshinskii were more sensitive than A. ordosica. This 
discordance may be partially explained by the wider 
ecological fitness and stronger drought resistance of  
A. ordosica. The gs followed the same pattern of change 
as PN (Fig. 6). The decrease of PN was accompanied by 
a pronounced reduction of gs. Moreover, the gs and PN in 
SA were lower than those in CK. This indicated that the 
reduction of PN after drought stress could be attributed 
mainly to stomatal limitation, although it may also have 
been affected by nonstomatal factors. In many studies, the 
stomatal response was closely related to photosynthetic 
rate and water shortage (Bennett et al. 1987, Mielke et 
al. 2003, Gómez del Campo 2007). This suggested that 
stomatal limitation was the critical factor reducing PN 
of plants under the influence of mining collapse cracks, 
which resulted in decreased soil moisture.

Stomata are important channels for the exchange 

of gas and water between plant leaves and the external 
environment, and play a key role in regulating the water 
status of plants (Leonhardt et al. 1997, Chaerle and 
Straeten 2007). Transpiration played an important role 
in maintaining water balance in plants, while soil water 
content was one of the most important factors affecting 
plant transpiration rate (Zhu et al. 2015). Part of water was 
absorbed by plant roots was lost through leaf transpiration, 
and part of them were involved in plant physiological 
activities (Waring and Running 1976). Generally, the 
main factor affecting plant transpiration rate was light 
intensity when soil moisture was sufficient. In the semiarid 
area, under the condition of consistent illumination, the 
soil water content was obviously insufficient, and the 
subsidence associated with coal mining has aggravated 
the soil water stress in the subsidence area. Under this 
condition, the stomata were closed, in order to reduce 
the water loss and improve the WUE in plants (Bao et al. 
2016, Li et al. 2014). This was the main reason for the 
decrease of E and the increase of WUE in plant leaves.

Chl fluorescence response: The cracks of coal mining 
subsidence aggravated soil moisture loss, and affected 
the Chl fluorescence response in plant leaves (Figs. 3, 4). 
Through OJIP curve, the photochemical information about 
plant PSII can be provided (Li et al. 2013), accurately and 
rapidly reflecting the electron redox state at the PSII donor 
side, acceptor side, and reaction center in the light reaction, 
so as to ascertain the effect of mining subsidence on the 
photosynthetic mechanism of the plant leaf (Strasser et al. 
2004, Li et al. 2013). The OJIP-test parameters were the 
indexes to test the degree of plant damage (Ma et al. 2010).

The presence of K and J points means that the oxygen-
evolving complex (OEC) of the PSII donor side in collapse 
crack area was damaged and electron transfer from the 
primary quinone receptor (QA

-) to the secondary quinone 
receptor (QB) was inhibited. It led to a large accumulation 
of QA

-, and the emergence of ΔI, which were mainly 
associated with the inactivation of the oxidoreductase of 
ferredoxin in PSI. This leads to a decrease of QB

2- synthesis 
in A. ordosica (Strasser et al. 2002, 2004, 2008; Bussotti 
2004). In this study, both ΔK and ΔJ were higher than 0, 
compared to CK (Fig. 3), suggesting that OEC suffered 
significant damage, and the transfer of electrons at the 
donor side and the recipient side of PSII was blocked, 
which resulted in an increase in QA

- accumulation under 
drought stress. The reduction of ETo/TRo and ETo/ABS also 
showed that the electron transport ability of PSII receptor 
decreased continuously (Fig. 4). Under the stress caused by 
collapse cracks, ABS/RC, TRo/RC, and DIo/CS of the unit 
reaction center increased significantly and ETo/RC was 
reduced markedly, compared with CK. This suggested that 
plant leaves lowered the energy used for electron transport 
and increased the heat dissipated energy to reduce the stress 
damage caused by collapse cracks. Fv/Fm can indicate the 
response of plants to stress (Mi 2009) and the decline of 
Fv/Fm is an important indicator of photoinhibition in plants 
(Meng et al. 1996, Wang et al. 2004). Normally, Fv/Fm 
after dark adaptation was greater than 0.8, however, when 
Fv/Fm was less than 0.8, it was an indication that plants 

Fig. 6. The relationship between photosynthetic rate (PN) and leaf 
stomatal conductance (gs) for three plant species in SA and CK. 
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were stressed, leading to photoinhibition (Demmig and 
Björkman 1987, Johnson et al. 1993). This indicated that 
plant leaves in mining subsidence crack area were affected 
by photoinhibition, and the maximum photochemical 
efficiency was reduced, which resulted in plant growth 
under stress. But many studies found that Fv/Fm was not 
very sensitive to stress (Appenroth et al. 2001, Strasser et 
al. 2002, Mi 2009, Qiu et al. 2012). The PI indicator is a 
performance index based on the absorption of light energy, 
which can accurately reflect the overall state of the plant 
photosynthetic apparatus (van Heerden et al. 2004). In this 
study, under drought stress, the reduction of PI and Fv/Fm 

was lower than 0.8 (Fig. 4), suggesting that the function 
of plant photosynthetic apparatus was harmed, which 
reduced the efficiency of light energy transformation and 
limited the normal progress of photosynthesis. 

To sum up, the coal mining subsidence formed cracks 
in the surface, which led to the decrease of soil moisture 
content in the semiarid mining area, and thus resulted 
in drought stress on plants. Under such conditions, the 
activity of the PSII reaction center in leaves decreased, and 
the transfer of electrons at the donor side and the acceptor 
side of PSII was limited. Finally, the photosynthetic abi-
lity of plant leaves was reduced. In addition, coal mining 
subsidence may lead to root strain and microbial community 
equilibrium disruption (Fig. 1S). In this paper, the effects 
of coal mining subsidence on plant photosynthesis and 
Chl fluorescence were analyzed from the point of view 
of the decrease in soil water content at the surface soil. 
The effects of plant root strain and root microbial balance 
damage on photosynthesis and Chl fluorescence in plants 
should be further studied.

Conclusion: The impact of coal mining on the ecological 
environment has attracted widespread attention. In this 
paper, photosynthesis and chlorophyll fluorescence 
characteristics of typical plants under the influence of coal 
mining subsidence cracks were studied. The profound 
effect of ground cracks, caused by coal mining, on plant 
photosynthetic physiology was revealed. The results 
showed that compared with the control area, stomatal 
conductance, photosynthetic rate, and transpiration rate 
of the three plants were significantly reduced. The rapid 
chlorophyll fluorescence induction curve was deformed 
and changed from O-J-I-P to O-K-J-I-P. The reason was 
that the existence of cracks in the coal mining subsidence 
area increased the evaporation surface for soil moisture, 
reduced the soil water-holding capacity, and reduced 
the ground-water level, which limited the recharge of 
ground water to the soil water content. Eventually, further 
reduction in soil water content, which was very low in the 
arid area, resulted in drought stress. Under drought stress, 
stomatal conductance and the activity of PSII reaction 
center decreased, and the electron transport at the donor 
and acceptor sites was limited. Finally, the photosynthetic 
capacity of plant leaves was reduced. These finding 
provide a theoretical basis for ecological protection and 
ecological restoration of vegetation in arid mining areas.
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