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Abstract

The response of individual plants to coal mining subsidence disturbance reflects the micro-ecological mechanism implied 
in the macro-response, which is the basis of studying the rule of vegetation disturbance of large-scale coal mining. In this 
study, O–J–I–P chlorophyll a fluorescence analysis was used to diagnose the disturbance mechanism of typical individual 
plants by coal mining subsidence in a semiarid area. The results showed that the groundwater level and soil water content 
decreased due to the disturbance of coal mining subsidence and the plant growth was affected by drought stress. The rapid 
chlorophyll fluorescence induction curve of leaves was deformed, the stomatal limitation increased, and the photosynthetic 
electron transfer was inhibited. Stomatal conductance, photosynthetic rate, and transpiration rate decreased significantly. 
The spatial heterogeneity of soil water content after mining subsidence is the main reason for the differing degree of plant 
drought stress in different subsidence areas.
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et al. 2019a). With the shift in the focus of coal mining 
to the western region, high-intensity and large-scale 
underground coal mining inevitably cause the degradation 
of land quality, reduction of vegetation coverage, and 
intensification of surface deserts (Chiochetta et al. 2017, 
Karan and Samadder 2018, Yang et al. 2018a), which 
adds considerable pressure to the local eco-environment, 
and forms the contradiction between the environmental  
damage of coal mining and the sustainable utilization of 
mine land. Statistics indicate that the subsidence area of 
coal mining land in China is still increasing at the rate 
of 2.7–4.1 million ha per year, and with the continuous 
development of the coal industry and the gradual increase 
in coal production, the area of subsidence is increasing 
further (Sun et al. 2019). Surface subsidence, caused by 

Introduction

Coal, which serves as the primary energy source in 
China, contributes to more than 60% of the disposable 
energy production and consumption and will comprise 
approximately 90% of China's fossil energy resources by 
the end of 2020 (Wang et al. 2018a). The status of coal 
as the main source of energy will not change for a long 
time (Yuan et al. 2018). The major coal bases in China are 
primarily distributed in the western regions (Liu and Li 
2019). However, the water resources of the semiarid areas 
in Western China only comprise 8.3% of the total water 
resources in China owing to the geographical location 
and climate, which leads to a lack of water resources 
and an extremely fragile ecological environment (Liu 
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large-scale underground coal mining, affects the topo-
graphy, hydrology, soil physico-chemical properties, and 
other factors of plant habitats (Lechner et al. 2016, Yang 
et al. 2018a). Mining activity is one of the most important 
causes of the disturbance of land and vegetation in mining 
areas. Therefore, studying the disturbance mechanism 
of mining activities to plant growth in semiarid areas is 
strongly merited, and such studies can provide a basis for 
the sustainable management of the mining environment 
and the restoration of production capacity of mining land 
in Western China.

The impact of underground mining activities on the eco-
environment, particularly on vegetation in semiarid areas, 
such as the Loess Plateau, is a particular concern (Darmody 
et al. 2014, Lechner et al. 2016, Yang et al. 2018a, Hu et al. 
2020). One feature of the highly destructive anthropogenic 
activity of underground coal mining is that it often seriously 
disturbs the site surface conditions for plant growth (Wang 
and Zhao 2017, Jia 2018, Liu et al. 2019b). Underground 
mining usually raises public concern because this type of 
disturbance may insidiously and catastrophically result 
in consequences, such as the degradation of vegetation 
succession and the deterioration of ecosystems (Eckert  
et al. 2015, Lei et al. 2016, Yang et al. 2018a). Studies of 
the consequences of the disturbance of vegetation owing 
to underground mining began around 2000 in the semiarid 
area of the Loess Plateau (Yang et al. 2018b). Most of the 
relevant literature has involved monitoring and assessing 
the subsidence of land, degradation of land quality, and 
negative impacts on vegetation. Recent achievements 
in this field include the use of remote sensing and 
mathematical model-based methods to assess coal mining 
subsidence (Zhang et al. 2015, Rošer et al. 2018), the 
changes of soil physicochemical properties (Yang et al. 
2016, Wang et al. 2017, Ma et al. 2019), as well as the 
mitigation of subsidence influences (Luo 2008, Lv 2016) 
and the restoration of the disturbed land that resulted from 
mining (Clifford et al. 2019, Feng et al. 2019, Wang et al. 
2020). Some studies have focused on the broader changes 
of vegetation in the Loess Plateau coal mining area, where 
different scale observations derived from satellite imagery 
have determined that the vegetation coverage and biomass 
index is dynamic, and coal mining is one of the factors 
that drives the change in vegetation (Lei et al. 2016, Li 
et al. 2019, Liu et al. 2019a,c). On a local scale, namely, 
the area of an above underground mining operation, 
the mechanism of influence of underground mining on 
individual vegetation is not well understood. This limited 
the development of practical strategies and approaches 
used to achieve the goals of environmental protection and 
sustainable or green mining (Darmody et al. 2014). In this 
regard, more research is needed to reveal and sustainably 
manage the vegetation at underground mining areas (Liu 
et al. 2019a). 

Vegetation, the main body of terrestrial ecosystems, 
is the link between the atmosphere, soil, water, and other 
natural elements (Vereecken et al. 2016). Exploration of 
the disturbance mechanism of coal mining subsidence 
on typical plants in semiarid areas is the key to the 

sustainable development of the ecological environment 
of mines, a judgment of the benign succession of mine 
ecology, and guidance of the restoration of environments 
damaged by mining (Bian et al. 2018, Yang et al. 2018b). 
The response of individual plants to the disturbance from 
coal mining subsidence reflects the micro-ecological 
mechanism implied in the macro-response, which is 
the basis of studying the disturbance law of vegetation 
caused by large-scale underground coal mining (Yu et al. 
1997). But how does coal mining subsidence affect the 
individual growth of surface plants? What are the key soil 
environmental factors that affect the growth of vegetation 
in subsidence areas? The damage to individual plants in a 
subsidence area is closely related to the disturbance of the 
root environment by collapse, which shows that the growth 
of the plant is subjected to the stress of environmental 
disturbance (Liu et al. 2019a). As a classical monitoring 
method of photosynthesis, chlorophyll (Chl) fluorescence 
induction technology has become one of the most 
powerful and widely used technologies in the field of plant 
ecological research (Gray et al. 2006, Carstensen et al. 
2019). It is known as an effective probe for the state of 
plant stress and can quickly obtain the information on 
photochemical activity and electron transfer of PSII and 
analyze the kinetic curve of Chl fluorescence induction 
(JIP-test). Thus, it has become a powerful tool to study 
the effects of stress on plant photosynthesis (Mehta et al. 
2010). Dąbrowski et al. (2016) used Chl a fluorescence to 
quickly diagnose the changes of PSII structure in ryegrass 
under salt stress. Zushi and Matsuzoe (2017) used Chl a 
fluorescence O–J–I–P transients to analyze salt stress in 
the leaves and fruits of tomato (Solanum lycopersicum).

In summary, understanding how underground mining 
results in disturbance and stress on surface plants is a 
current scientific and practical issue that strongly merits 
further study, particularly in arid and semiarid areas such 
as the Loess Plateau. However, at the individual scale, 
empirical studies on the response and sustainability of sur-
face plants in underground mining areas are still lacking. 
The process of underground mining and the factors 
that cause the disturbance of plant growth are not well 
understood. This paper examined a semiarid mining area 
that is experiencing underground mining. The goals of 
this paper were: (1) to diagnose the disturbance of plants 
in the subsidence area using O–J–I–P Chl a fluorescence 
analysis, (2) to screen the physicochemical properties of 
the main soil that affect the individual growth of plants in 
the subsidence area, and (3) to reveal the transfer process 
of mining subsidence disturbance to individual plants, 
provide insights into sustainable management and guide 
the restoration for vegetation in the mining area.

Materials and methods

Study area: This study was conducted at the 52302 coal 
mining working face of the Daliuta Coal Mine at the 
northern edge of the Loess Plateau, Shenmu City, Shaanxi 
Province, Western China (110°12'23'' to 110°22'54''E and 
39°13'53'' to 39°22'32''N, Fig. 1). The study area, dominated 
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by annual grasslands, deciduous broad-leaved shrubs, 
and other desert plants, covers a total area of more than  
376 km2. This environment is characterized by a typical 
arid and semiarid continental climate of a plateau with 
a dry climate and low rainfall. The average annual 
rainfall and evaporation are 413.5 mm and 2,111.2 mm, 
respectively. The main soil types are loess and aeolian 
sandy soil that have a loose structure, poor resistance 
to erosion, and vulnerability to wind erosion. Human 
production activities in the mining area have led to the 
destruction and replacement of the original vegetation 
with artificial restoration species (Liu et al. 2019a). The 
area was first mined 10 years ago and is currently being 
subjected to a second mining operation. The working 
face, with a coal seam depth, which is approximately 
220 m long and 7 m wide with a speed of advancement 
of 12 m per day, belongs to a typical high-intensity and 
extremely large working face mining area. Under these 
conditions, the surface of the earth is sinking violently, and 
the deformation is concentrated. The subsidence cracks or 
sinking basins form rapidly on the ground surface. Mining 
subsidence theory (He 1991) indicates that the subsidence 
basin is divided into a stretch zone (SZ), compression 
zone (CZ), and neutral zone (NZ). The area, which is not 
disturbed by coal mining and has the same topography and 
landform, was established as the control area (CK). 

Selection of typical plants: Artemisia ordosica Krasch. 
(semi-shrub), Caragana korshinskii Kom. (shrub), and 
the dominant species Populus spp. (arbor) were selected 
as typical plant species to monitor in this area. The 
vegetation at the 52302 working face consists primarily of 
deciduous bushes, hay prototypes, and desert species, with 
A. ordosica, C. korshinskii, and Populus spp. as the main 
representatives of the vegetative growth of psammophytes 

in semi-fixed sand, fixed sand, and sand dune lowlands. 
Populus spp. has an obvious quantitative advantage 
among trees in the mining subsidence areas because their 
population is denser than those of other plants.

Chl fluorescence and JIP-test parameters: To eliminate 
the influence of plant age, leaf position, temperature, 
light intensity, air humidity, measurement time, and other 
factors on Chl fluorescence, three plants (A. ordosica,  
C. korshinskii, and Populus spp.) with the same growth 
status, terrain, and elevation and complete root system  
were selected as the research objects. The plant leaves 
without overlapping each other were selected for deter-
mination. The Chl fluorescence and JIP parameters of 
the first three mature leaves in the vertically downward 
direction of the main stem were measured, and each 
selected leaf was measured three times. Three replicates 
of each plant were determined in four plots (SZ, CZ, NZ, 
and CK). 

Field measurement of Chl a fluorescence was carried 
out from 13 August 2018 to 25 August 2018, when the 
cracks in ground subsidence were forming in the study 
area. Chl fluorescence measurements were performed 
using a Handy PEA continuous excitation plant efficiency 
analyzer (Hansatech Instruments, Ltd., Norfolk, UK) from 
8:30 to 12:00 h. The light source was red light with a 
wavelength of 650 nm, and the intensity of illumination 
was 3,500 μmol(photon) m–2 s–1. The fluorescence signal 
was recorded with a maximum frequency of 105 points s–1 

(each 10 μs) within 0–0.3 ms (Brestic et al. 2012, Liu  
et al. 2019a), after which the frequency of recording 
gradually decreased, resulting in the collection of 118 
points within 1 s. The Chl fluorescence induction curve 
was measured shortly after the selected leaves were 
maintained in the dark for 20 min. 

Fig. 1. The location of the study area 
and the plan of field plant monitoring 
and investigation. (A) The geographic 
location of Daliuta coal mine; (B) the 
geographic location and vegetation 
cover of 52302 working face; (C) field 
plant monitoring and investigation 
point; (D) division of stretch zone 
(SZ), compression zone (CZ), neutral 
zone (NZ) above working face surface.
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Chl a fluorescence transient data were used to calculate 
basic parameters and the parameters required for the  
JIP-test. The main fluorescence parameters (Fv/Fm, Fv/F0, 
PIABS, M0, ABS/RC, ET0/RC, DI0/RC, ET0/TR0, DF(abs), and 
TR0/RC) were calculated, and the specific meanings are 
described in detail by Strasser et al. (2004), Dąbrowski 
et al. (2015), Kalaji et al. (2018), and Singh and Prasad 
(2015). The parameters of Chl a fluorescence transient 
are summarized in ‘Abbreviations’. The relative variable 
fluorescence intensity (Vt) and the difference of relative 
variable fluorescence intensity (ΔVt) were calculated 
as described by Su et al. (2013): Vt,i = (Ft,i – F0,i)/(Fm,i – 
F0,i), ΔVt,i = Vt,i – Vt,CK, where i indicates fluorescence 
parameters in different study plots (SZ, CZ, NZ, and CK). 
The ΔK-band, ΔJ-band, and ΔI-band were measured for 
300 μs, 2 ms, and 30 ms, respectively, to determine the 
ΔVt (Su et al. 2013).

Photosynthetic parameters: The field measurement of 
photosynthetic parameters was conducted simultaneously 
with the measurement of Chl fluorescence, and three 
replicates for each selected leaf. The photosynthetic 
CO2 assimilation rate (PN), stomatal limitation (Ls), 
stomatal conductance (gs), and transpiration rate (E) of 
selected leaves were measured using an LCI-SD portable 
photosynthesis measurement system (Li-Cor, Lincoln, 
NE, USA) under natural solar irradiance (PPFD of 1,500–
1,600 μmol m–2 s–1). The temperature of the leaf chamber 
was 20–25°C. The environmental CO2 concentration 
was 385–400 μmol mol–1. After removing dust from the 
leaf surface and induction for 30 min at saturation light 
intensity, parametric measurements were collected on 
mature and fully expanded leaves.

Soil physico-chemical properties: To analyze the influence 
of soil physico-chemical properties on the JIP-test and 
photosynthetic parameters of plant leaves, it was necessary 
to collect synchronously the root soil of selected plants in 
four plots (SZ, CZ, NZ, and CK) when measuring Chl 
fluorescence and photosynthetic parameters. The location 
of sampling points was recorded using a portable global 
positioning system (GPS) (eTrex Venture, Garmin, Lenexa, 
KS, USA). Litter on the surface of the soil was removed 
before sampling, and then 0–30 cm of soil was collected. 
Three samples were collected from each sampling point, 
and the values of the three samples were averaged. The 
collected soil samples (approximately 50 g) were stored in 
sealed bags, marked, and taken back to the laboratory for 
testing. The physico-chemical properties of soil primarily 
include the soil water content (SWC), soil organic 
matter (OM), total nitrogen (TN), total phosphorus (TP), 
ammonium nitrogen (AN), nitrate nitrogen (NN), and 
soil bulk density (BD). The soil moisture was determined 
as described in Chen et al. (2017), and the soil nutrient 
contents were determined as described by Liu et al. 
(2019a).

Statistical analysis: Statistical analyses of the data were 
conducted using Microsoft Excel 2013 (Microsoft, Inc., 
Redmond, WA, USA). The data analysis software 

OriginPro, v. 9.0 (OriginLab, Inc., Northampton, MA, 
USA) was used to compare the differences of the Chl 
fluorescence induction curve, the parameters of the  
JIP-test, and photosynthetic performance in four survey 
plots (SZ, CZ, NZ, and CK). The relationship between soil 
physicochemical properties and JIP-test parameters, as 
well as that of the photosynthetic parameters, was analyzed 
using Matlab software, v. 2017b (The MathWorks, Inc., 
Nedick, MA, USA). The transfer process of coal mining 
subsidence on plant growth in semiarid areas was drawn 
using Microsoft PowerPoint 2013 (Microsoft, Inc.). Four 
photosynthetic parameters (PN, Ls, gs, E) were executed to 
the study of variance (ANOVA) to determine the significant 
differences between four different subsidence locations 
using software OriginPro, v. 9.0.

Results and discussion

Rapid Chl fluorescence induction curve: The fluores-
cence response characteristics of Populus spp., C. kor- 
shinskii, and A. ordosica in SZ, CZ, NZ, and CK 
were monitored using an O–J–I–P Chl a fluorescence  
analysis. The rapid Chl fluorescence induction kinetic 
curve (O–J–I–P) can provide the information on PSII 
photochemistry, accurately and quickly reflect the redox 
state of the PSII donor side, acceptor side, and PSII 
reaction center in the light reaction. The O–J–I–P curves 
of Populus spp., C. korshinskii, and A. ordosica in the 
subsidence of SZ, CZ, NZ, and CK are shown in Fig. 2. 
The O–J–I–P curves in the leaves of three plants exhibited 
spatial heterogeneity in different subsidence areas of the 
working face. Compared with the CK, different degrees 
of heterogeneity were observed in the O–J–I–P curves of 
Populus spp., C. korshinskii, and A. ordosica leaves in SZ, 
CZ, and NZ. The degree of variation of the SZ curve was 
the largest, followed by CZ, and that of the O–J–I–P curve 
in NZ was much smaller compared with those of CZ and 
SZ. This indicated that coal mining subsidence caused 
disturbance to the O–J–I–P curves of plant leaves, and the 
effects of disturbance in SZ and CZ were more noticeable 
than those in the CK.

As shown in Fig. 2, different plant species varied in 
their resistance to the disturbance caused by coal mining 
subsidence. The rapid Chl fluorescence induction curve 
of different plant leaves was deformed, and the relative 
fluorescence value of the K–J–I segment increased 
differently. The change in the relative fluorescence for  
A. ordosica was the smallest, and that of Populus spp. 
was the largest. Therefore, A. ordosica and C. korshinskii, 
which have small leaves and deep roots, resist stress more 
strongly and are better suited to serve as alternative species 
for mine vegetation restoration. ΔK can be used as a special 
marker for damage to the oxygen-evolving complex 
(OEC) on the donor side of PSII (Bussotti 2004). The high 
value of fluorescence intensity at point J indicated that 
the electron transfer from the primary quinone acceptor 
QA

– to the secondary quinone acceptor QB was inhibited, 
resulting in a significant accumulation of QA

– (Strasser 
and Srivastava 1995). Compared with the CK, the value of 
fluorescence intensity at K-step in the O–K–J–I–P curves 
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of Populus spp., C. korshinskii, and A. ordosica leaves 
increased significantly in SZ and CZ, indicating that the 
OEC of three plants in SZ and CZ was damaged under the 
disturbance of coal mining subsidence, and the degree of 
damage was higher than those in NZ and CK (Fig. 2). The 
value of fluorescence intensity at J step in the O–K–J–I–P 
curves of three plants increased significantly in SZ and 
CZ (Fig. 2), indicating that the photosynthetic electron 
transfer from QA

– to QB was inhibited, which led to the 
accumulation of QA

– and finally affected the photosynthetic 
efficiency of the three plant leaves in SZ and CZ.

JIP-test parameters: In this study, the JIP-test parameters 
of Populus spp., C. korshinskii, and A. ordosica leaves 
in SZ, CZ, NZ, and CK were compared and analyzed, 
including parameters, such as ABS/RC, TR0/RC, DI0/RC, 

ET0/RC, ET0/TR0, ET0/ABS, F0/Fm, Fv/Fm, PIABS, M0, and 
DF(abs), to provide additional evidence for the profound 
influence of coal mining subsidence on the structure and 
function of the photosynthetic apparatus of typical plant 
leaves. Since the parameter values described above are 
in different orders of magnitude, the original data require 
standardization to eliminate the influence of magnitude 
among the parameters. The data all belonged to [0, 1] after 
processing. The results of the standardization of JIP-test 
parameters of plant leaves in SZ, CZ, NZ, and CK are 
shown in Fig. 3 (regarding the CK). 

In the JIP-test parameters, ABS/RC, TR0/RC, DI0/RC, 
and ET0/RC, were used to indicate the energy trans-
formation in the PSII reaction center. ET0/TR0, ET0/ABS, 
Fv/Fm, and F0/Fm were used to indicate the distribution of 
energy at the PSII acceptor side. Fig. 3 shows that, based 

Fig. 2. The relative variable fluorescence induction 
kinetic curve and relative variable fluorescence 
difference curve of Populus spp. (A,D), Caragana 
korshinskii (B,E), and Artemisia ordosica (C,F) in 
CK (green line), NZ (cyan line), CZ (blue line), 
and SZ (red line). The means represent nine 
replications. CK – control area; CZ – compression 
zone; NZ – neutral zone; SZ – stretch zone.

Fig. 3. Radar plots representing the changes in the values of 11 
selected chlorophyll a fluorescence parameters from the JIP-test 
for Caragana korshinskii (A), Populus spp. (B), and Artemisia 
ordosica (C) in SZ (red line), CZ (blue line), NZ (cyan line), 
and CK (green line). The means represent nine replications.  
CK – control area; CZ – compression zone; NZ – neutral zone; 
SZ – stretch zone.
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on the RC, the absorbed light energy (ABS/RC), captured 
light energy (TR0/RC), and thermally dissipated light 
energy (DI0/RC) on the unit of active center increased 
significantly under the disturbance of coal mining 
subsidence compared with those of the CK, while the 
energy used for electron transfer (ET0/RC), the probability 
of electron transfer to electron acceptor downstream of QA

– 
in the electron transfer chain (ET0/TR0) and the transfer 
of electrons increased significantly. The quantum yield 
(ET0/ABS) decreased significantly. This indicated that the 
electron transfer was inhibited, the light reaction activity 
was reduced, and the excess light energy was accumulated, 
which led to the decrease of the energy share of electron 
transfer in plant leaves. Therefore, it was necessary to 
reduce the stress damage caused by coal mining subsidence 
by increasing the dissipation by heat.

The basic principle of using the rapid Chl fluorescence 
induction kinetic curve to diagnose plant damage indicates 
that when the maximum photochemical efficiency (Fv/Fm) 
is less than 0.80, the plant is under stress, with declining 
values of Fv/Fm indicating that the degree of stress is 
more serious (Björkman and Demmig 1987). The results 
of the JIP-test parameter analysis showed that the Fv/Fm 
of Populus spp. leaves in SZ, CZ, and NZ was 0.727, 
0.746, and 0.785, respectively; the Fv/Fm of C. korshinskii 
leaves was 0.753, 0.783, and 0.798, respectively, and the 
Fv/Fm of A. ordosica leaves was 0.779, 0.787, and 0.801, 
respectively. These results lead to the conclusion that 
compared to the plant species in the CK and NZ, Populus 
spp., C. korshinskii, and A. ordosica in the SZ and CZ were 
disturbed to a greater degree by coal mining subsidence. 
An analysis of the Fv/Fm value under the same degree of 
stress indicates that the resistance of the three plants to 
stress is as follows: A. ordosica > C. korshinskii > Populus 
spp. Simultaneously, it also proves that the destruction 

of soil site conditions caused by coal mining subsidence 
indeed disturbed the growth of surface plants.

Photosynthetic parameters: Differences in photosynthetic 
parameters of three types of plants in different mining 
subsidence areas were analyzed and are shown in Fig. 4. 
The gs sensitivity is an important characteristic of 
stress in plants (Liu et al. 2018). By comparing 
the gs and Ls of three plants in different subsidence 
locations, the Ls of the three plants increased from 
CK to NZ and CZ and SZ in turn, while gs decreased 
in turn. The stomata are the main channel for water  
vapor exchange between plants and the atmosphere, and 
they are the site at which CO2 is absorbed from the air 
and the main outlet for water vapor to escape from leaves.  
The opening degree of stomata directly affects the PN and 
E of plants (Wang et al. 2018b). Fig. 4 shows that the leaf 
E and PN of three plants from NZ to CZ and SZ decreased 
in turn compared with those of the CK, and this change 
was closely related to the degree of opening of the leaf 
stomata. Part of the water absorbed by the plant roots 
is lost through leaf transpiration; E plays an important 
role in maintaining the balance of water in plants (Brito 
et al. 2018). The results showed that to maintain normal 
physiological activities and reduce the loss of water in 
plants, Ls increased and gs decreased, which led to the 
decrease of E in plant leaves, also indicating that the plants 
in the coal mining subsidence area were likely to suffer 
from drought stress. The intensity of photosynthesis can be 
accurately reflected by Normalized Difference Vegetation 
Index (NDVI, Yuan et al. 2016). The decrease of gs in 
plants in the coal mining subsidence area not only reduced 
the water loss of leaves but also reduced the absorption 
of CO2 from the air. As one of the essential sources for 
reactions in plant photosynthesis, the long-term reduction 

Fig. 4. Comparison of photosynthetic para-
meters of Populus spp. (A,D,G,J), Caragana 
korshinskii (B,E,H,K), and Artemisia ordosica 
(C,F,I,L) leaves in SZ (red), CZ (blue), NZ 
(cyan), and CK (green), respectively. Different 
underlined lowercase letters indicate a signi-
ficant difference between four different study 
plots (p<0.05). The means represent nine 
replications. E – transpiration rate; gs – 
stomatal conductance; Ls – stomatal limitation; 
PN – photosynthetic CO2 assimilation rate. 
CK – control area; CZ – compression zone; 
NZ – neutral zone; SZ – stretch zone.
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of the concentration of CO2 would directly affect the PN of 
plant leaves, and then affect the biomass and NDVI in coal 
mining subsidence areas.

Correlation analysis: The relationship between soil phy-
sico-chemical properties (SWC, OM, TN, TP, AN, NN, and 
BD), JIP-test parameters (Fv/Fm, Fv/F0, PIABS, M0, ABS/RC, 
ET0/RC, DI0/RC, ET0/TR0, DF(abs), and TR0/RC) and 
photosynthetic gas-exchange indices (PN, Ls, gs, and E) 
are shown in Fig. 5. The SWC significantly negatively 
correlated with ABS/RC, TR0/RC, and DI0/RC, with 
correlation coefficients of –0.789, –0.902, and –0.786, 
respectively. A significant positive correlation was 
observed among the SWC and PIABS, F0/Fm, Fv/Fm, gs,  
ET0/ABS, ET0/TR0, E, and PN with correlation coefficients 
of 0.636, 0.704, 0.754, 0.778, 0.717, 0.798, 0.601, and 
0.746, respectively. Also, other soil physico-chemical 
factors correlated with the photosynthetic parameters of 
individual plants to some degree. For example, the OM 
positively correlated with the M0 and ABS/RC, with 
correlation coefficients of 0.607 and 0.70, respectively. The 
TN negatively correlated with ET0/TR0, with correlation 
coefficient of –0.468. The TP negatively correlated with 
PIABS and ET0/TR0, with correlation coefficients of –0.509 
and –0.296, respectively. However, in general, these soil 
factors only correlated with one or a few photosynthesis 

indices, and the correlation coefficients were low. These 
low degrees of correlation indicate that the SWC is 
one of the key soil physico-chemical factors that affect 
plant JIP-test parameters and photosynthesis indices 
in semiarid mining subsidence areas. The results are 
consistent with many studies on the relationship between 
vegetation growth and soil environmental factors in coal 
mining areas in the Loess Plateau (Lei et al. 2016, Wang  
et al. 2017, Yang et al. 2018b, Liu et al. 2019c).

Analysis of the transfer process of coal mining
subsidence to individual plant damage

Strata breaking and movement to soil subsidence and 
deformation above the goaf: Underground coal mining 
forms a large area of goaf, which destroys the equilibrium 
state of rock stress, causes the redistribution of stress in 
rock masses, and leads to rock fracture and movement. The 
redistribution of the blocks formed after the breakage and 
movement of hard rock strata inevitably changes the initial 
state of the overlying strata in the goaf. The overlying 
movement of the strata eventually forms the mining 
overburden movement profile dominated by the key layers 
as shown in Fig. 6. Typically, curved subsidence, fracture, 
and collapse zones are formed above the goaf. When the 
movement of rock strata tends to be stable again after the 
breakage of the key strata, the fissures of rock strata are 
closed again, forming a recompaction area; for the violent 
movement of rock strata, the areas with drastic changes in 
ground pressure, fractures and collapse are called fracture 
development areas.

From soil subsidence deformation to plant growth site 
condition changes: With the process of soil subsidence 
and deformation in the goaf, the conditions for plant 
habitats on the surface have changed, which primarily 
manifests in changes in topography (Blachowski and 
Milczarek 2014), groundwater depth (Lei and Bian 
2014), surface SWC (Liu and Li 2019), and soil physical 
and chemical properties (Feng et al. 2019). On the one 
hand, the impact of underground coal mining usually 
results in the pumping and draining of groundwater 
to prevent water inrush accidents in the working face 
during the preparation stage before mining (Ma et al. 
2019), which inevitably reduces the groundwater level of 
working face and affects the recharge of groundwater to  
the SWC. When the depth of groundwater level 
increases, the recharge of surface soil by capillary water 

Fig. 5. Correlation between JIP-test parameters, photosynthesis 
indexes, and soil physico-chemical properties. Red means 
positive correlation, blue means negative correlation, the deeper 
the color, the higher the correlation.

Fig. 6. Movement division of overlying strata in 
the goaf of underground mining.
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decreases, and the soil water rapidly evaporates, leading 
to the decrease in SWC. When the SWC cannot meet the 
needs of plant physiological activities, it causes drought  
stress on plant growth (Lei 2010). Therefore, the ground-
water depth also has an important impact on the SWC, 
which is another key determinant to control the growth of 
surface vegetation in semiarid mining areas.

The influence of underground coal mining on the SWC 
results in spatial heterogeneity in different subsidence 
locations. The NZ is located in the center of surface sub-
sidence basin. Along the mining face, the terrain tends to 
be high on both sides and low in the middle. This terrain 
is conducive to the collection of surface runoff, resulting 
in higher SWC in the NZ than that in the CZ and SZ.  
The soil in the CZ is compressed, and the porosity, 
hardness and capacity of the soil for infiltration are 
reduced, which is not conducive to the conservation of 
soil water. Therefore, compared with the NZ, the SWC 
in CZ is generally lower. There are permanent cracks 
on the surface of the SZ, which changes the direction of 
surface runoff and catchment conditions to some extent. 
When the surface cracks are directly connected with the 
goaf, the surface runoff will flow directly into the goaf. In 
addition, permanent cracks will lead to the increase in the 
surface area of the evaporation of soil water, which also 
increases the speed of the evaporation of soil water and its 
dissipation.

From disturbance of growth site conditions to photo-
synthesis changes in plant leaves: The photosynthetic 
gas exchange of plant leaves changes in parallel with 
the growth site conditions of the plants. The deformation 

process and final form of existence of the soil in SZ, CZ, 
and NZ areas differ. After mining subsidence, the habitat 
conditions above show some spatial heterogeneity in 
these ‘three areas’, and the response of plant growth 
to habitat change also differs spatially. The SWC is 
undoubtedly the most important limiting factor for plant 
growth in the semiarid mining area of the Loess Plateau 
(Liu et al. 2018). Wang et al. (2010) studied the water 
source of plants in the Shendong mining area using the 
principle of stable isotope fractionation. The results 
showed that the water needed for plant growth in this area 
primarily originates from soil water. The photosynthetic 
parameters of plants respond to the changes in SWC.  
In this study, the Chl fluorescence and photosynthetic 
gas-exchange parameters of A. ordosica, C. korshinskii, 
and Populus spp. leaves in the ‘three areas’ and CK were 
comprehensively compared and analyzed. The Ls of the 
three plants increased in turn from the NZ to the SZ, and 
gs, PN, and E were lower in turn. The fast Chl fluorescence 
induction curve changed from O–J–I–P to O–K–J–I–P. 
The analysis of the JIP-test parameters under the influence 
of coal mining subsidence indicated that the share of 
energy of plant leaves for electron transfer was reduced, 
and the transfer of electrons was gradually inhibited. Thus, 
the photosynthetic efficiency of plant leaves decreased. 
Wang et al. (2014) found that the K-step appeared in 
the Chl fluorescence induction kinetics curves of plants  
under drought stress. The changes in the photosynthetic 
gas-exchange parameters in this study are consistent 
with the changes of SWC in the ‘three areas’. The results 
showed that the disturbance of coal mining subsidence led 
to a decrease in SWC, and the three plants were subjected 

Fig. 7. Schematic diagram of the transmission process of 
influence of coal mining subsidence on plant growth in 
semiarid region. 
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to different degrees of drought stress. The degree of plant 
drought stress in the SZ was higher than that in the CZ 
while it was the lowest in the NZ.

The transfer process of disturbance of coal mining sub-
sidence on plant growth in a semiarid area is summarized 
in Fig. 7.

Conclusions: In this study, the response of the disturbance 
of surface plants in underground coal mining was diagnosed 
and analyzed at an individual scale. The micro-ecological 
mechanism implied in the macro-response of vegetation 
disturbance in underground coal mining was revealed 
using O–J–I–P chlorophyll a fluorescence analysis. The 
rapid chlorophyll fluorescence induction curve of different 
plant leaves was deformed when the plants were disturbed 
by coal mining subsidence; the Ls of leaves increased; gs, 
PN, and E decreased significantly, and the plant leaves 
reduced their share of energy for electron transfer, which 
also led to the inhibition of photosynthetic electron 
transfer and the decrease in photosynthetic efficiency of 
the plants. Correlation analysis indicated that the SWC 
was the key soil physico-chemical factor that affects the 
physiological characteristics of the photosynthesis of 
plant leaves in a subsidence area. The analysis of three 
important processes of the influence of mining subsidence 
disturbance on the physiological characteristics of the 
photosynthesis of individual plants led to the conclusion 
that the deformation process and the final existence of the 
form of soil in the stretch, compression, and neutral zones 
differ, which leads to the spatial heterogeneity of the SWC 
after mining subsidence. This is the reason for the spatial 
difference of the photosynthetic physiological response of 
plants in different subsidence areas. These results provide 
a methodological basis for the restoration of vegetation in 
disturbed areas for this mining area and similar areas.
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