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Abstract: Climatic impact on re-established ecosystems at reclaimed mined lands may have changed.
However, little knowledge is available about the difference in vegetation–climate relationships
between reclaimed and unmined lands. In this study, ecological responses to climatic variability
on reclaimed and neighbouring unmined lands were estimated using remote-sensing data at the
Pingshuo Mega coal mine, one of the largest coal mines with long-term reclamation history in China.
Time-series MODIS enhanced vegetation index (EVI) data and meteorological data from 1997 to
2017 were collected. Results show significantly different vegetation–climate relationships between
reclaimed and unmined lands. First, the accumulation periods of all climatic variables were much
longer on reclaimed mining lands. Second, vegetation on reclaimed lands responded to variabilities
in temperature, rainfall, air humidity, and wind speed, while undisturbed vegetation only responded
to variabilities of temperature and air humidity. Third, climatic variability made a much higher
contribution to EVI variation on reclaimed land (20.0–46.5%) than on unmined land (0.7–1.7%). These
differences were primarily caused by limited ecosystem resilience, and changed site hydrology and
microclimate on reclaimed land. Thus, this study demonstrates that the legacy effects of surface
mining can critically change on-site vegetation–climate relationships, which impacts the structure,
functions, and stability of reclaimed ecosystems. Vegetation–climate relationships of reclaimed
ecosystems deserve further research, and remote-sensing vegetation data are an effective source for
relevant studies.

Keywords: enhanced vegetation index; ecological response to climate; climate change; land reclama-
tion; reclaimed ecosystem; MODIS EVI; remote sensing; generalised additive model

1. Introduction

Surface mining is an unstoppable anthropogenic force for global land-use change
driven by modern society’s dependence on mineral resources [1]. It destroys or disturbs
biotic communities, and soil and rock strata overlying mineral deposits, leaving profound
adverse impacts on the local and surrounding ecosystems. A vast global area is thus
destroyed, and this anthropogenic footprint is growing. Taking mainland China as an
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example, the cumulative area disturbed by mining activities was 3.48 × 104 km2 by the
end of 2016, and this number grew to 3.90 × 104 km2 by the end of 2017 [2], which was
equivalent to 69.4% of all built-up areas in China in the same year [3]. To restore these
destructed lands, land reclamation or rehabilitation measures are legally compulsory in
many countries, and re-establishing or restoring stable and self-sustaining ecosystems on
postmining lands is a common requirement [4–6].

With the accumulated evidence from remote-sensing data and the knowledge of the
impact of climate change on terrestrial ecosystems [7–10], there has been growing concern
about the uncertain impact of future climatic conditions on re-established ecosystems by
land reclamation or rehabilitation (reclaimed ecosystems; e.g., [11–13]). Increasingly, recla-
mationists realise that future climatic impacts should be taken into account in reclamation
planning [14–18]. A key step towards predicting future climatic impacts on reclaimed
ecosystems and designing stable reclaimed ecosystems under future climatic conditions is
to identify and quantify climatic drivers of these ecosystems. In recent decades, studies
using remote-sensing data explored the vegetation–climate relationships of natural ecosys-
tems at different regions and scales [19–23]. However, those reclaimed ecosystems have
scarcely been studied.

Considering the drastically changed site biotic and abiotic components, reclaimed
ecosystems may respond differently to climatic variability compared to their undisturbed
analogues. Existing studies on natural ecosystems revealed that vegetation–climate rela-
tionships vary between different species combinations [24–27], vegetation types [21,28–30],
soil properties [20,31–33], topography [24,26,34,35], and bedrock lithology and groundwa-
ter levels [36–39]. In mineral-extraction processes, these elements are inevitably disturbed
and changed despite reclamation measures. First, re-established vegetation may differ
from its adjacent undisturbed analogues in terms of species combination and community
structure due to the radical changes in biotic and abiotic environment on mine sites [40,41].
Second, a reclaimed mine soil (RMS) layer is inferior to the original soil profile in terms of
soil-water-holding capacity. During mining and reclamation processes, only the topsoil is
salvaged and reused, and it usually suffers from considerable loss [42–44]. Moreover, soil
properties related to hydrological characteristics decline during topsoil handling processes,
e.g., soil porosity [45–48], soil fauna and organic matter [43,49–51], and these properties re-
main inferior to those of natural soil even decades after reclamation [43,45,46,49]. The RMS
thus dries more rapidly after rain events [43], which may make reclaimed ecosystems more
sensitive to rainfall variability. Third, apart from the topsoil, other vadose zone structures
(i.e., subsoil, bedrock lithology) and aquifers overlying mineral deposits are also disturbed
and permanently changed, which alters subsurface hydrological processes [52–55], and
influences plant water availability [56,57]. Fourth, surface mining activities permanently
change the original topography, further altering microclimatic [58,59] and hydrological
processes [53,60,61]. All four aspects of biotic and abiotic changes arising from surface
mining may make reclaimed ecosystems respond differently to regional climatic variability
from their adjacent remnant analogues.

However, climatic impacts on reclaimed ecosystems are generally assumed to be
identical with adjacent undisturbed ecosystems. This assumption may lead to a biased
estimation of the ecological response to climate. Quantitative studies are also limited in
identifying whether a reclaimed ecosystem and its adjacent remnant analogue have similar
vegetation–climate relationships.

This paper presents a case study at a large coal mine with long-term observations of
reclaimed vegetation. Seven reclaimed plots and two adjacent unmined plots were used for
comparison. For each plot, vegetation responses to six climatic variables (namely, rainfall,
temperature, relative humidity, sunshine hours, wind speed, and vapor pressure variabili-
ties) were explored by a generalised additive model (GAM) with time-series remote-sensing
data (135 periods, 1997–2017) of vegetation dynamics (MODIS enhanced vegetation index
(EVI)) and corresponding meteorological data. Distinctly different ecological responses to
climatic variability were found between reclaimed and unmined plots. Further, we propose
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possible causes of this phenomenon, i.e., changed site hydrological and microclimatic
regimes on reclaimed mine land, and the limited resilience of reclaimed ecosystems. Some
of these causes are ubiquitous on reclaimed mine lands, which means that the vegetation–
climate relationships of reclaimed ecosystems are commonly changed. This change impacts
the community structure and ecological processes of reclaimed ecosystems, and threatens
their long-term stability and sustainability. Lastly, implications for mine-land reclamation
research are discussed.

2. Materials and Methods
2.1. Study Area

The Pingshuo open-pit coal mine is a typical mega mining site with extensive mining
and reclamation activities. It is the earliest modern open-pit coal mine of China, where
reclamation practices began in 1992, providing long-sequence time-series remote-sensing
dataset of reclaimed vegetation. This coal mine is located in Pinglu district, Shuozhou city,
Shanxi province, China (112◦11′–112◦30′E, 39◦23′–39◦37′N, Figure 1). It covers an area
of 340 km2, and it is on the ecotone influenced by agriculture and animal husbandry on
the Loess Plateau of the region. This region is subject to a semiarid continental monsoon
climate [62]. Average annual precipitation is 400–450 mm (50–70% of which falls in July to
September and often in the form of heavy rainstorms), while annual potential evaporation
is more than 2000 mm. Average annual temperature is approximately 6.2 ◦C. The depth of
the groundwater table is 20 m, and atmospheric precipitation is the main water source for
vegetation. The altitude is 1000–2000 m, and the major soil type is Kastanozems according
to the World Reference Base for Soil Resources [63]. Zonal vegetation is temperate forest
(meadow) steppe (Resource and Environment Data Cloud Platform), but natural vegetation
in the whole region (Northwest Shanxi province) was destroyed by intensive human
activities (cultivation, logging, and war) persisting for millennia since the Qin dynasty
(221–207 BCE) [64,65]. In 1978, Pinglu was incorporated into the Three-North Shelter Forest
Program [66]. A large area of artificial forests was built for the purpose of water and soil
conservation in this district [66], and forest coverage increased from 0.01% in the 1950s to
38% in 2015 [67].

Figure 1. Study area and sample plots.

Pingshuo was constructed in 1985, and its proposed area mainly consists of farmland,
the aforementioned artificial forests, and several villages. From 1985 to 1989, a southern
dump (an outer dump) was formed in a terraced shape with 1.16 × 108 m3 mineral waste
(including coal gangue), covered with 1 meter thick loess as soil substitute on the surface.
Its platforms and 30 m high steps alternate, with a total height of 150 m and an area of
1.81 km2. The dump was revegetated in the early 1990s. After decades of recovery, the
vegetation cover is well-developed, with 207 wild plant species colonising this reclaimed
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area [68]. Soil properties improve with reclamation time, including soil bulk density [69],
soil porosity [45], soil organic matter [70], soil nutrient levels [69], soil enzyme activity, and
microbial diversity [71].

Seven reclaimed plots (coded S0 to S6) were selected on the southern dump (Figure 1).
Species combination and topography were homogeneous within each plot and different
between plots. These plots were revegetated with shrub and arbour species (Table 1) in
1993, and the planted woody species remain dominant after decades of recovery. Two
unmined plots (UD1 and UD2) were selected on the adjacent remnant land laying to the
north of the mining pit. They are monoculture stands of Populus simonii built in the early
1980s, and the stand structure and site conditions were also homogeneous within each plot.
Plot boundaries were delineated by field survey with GPS.

Table 1. Detailed information for sample plots.

Sample Plot Average
Elevation (m) Average Slope (◦) Terrain Type Species Code * Type Revegetation Year

S0 1362 13 Slope ROPS Arbour 1993
ULPU

S1 1345 13 Slope ROPS Arbour 1993
PITA

S2 1374 8 Platform PITA Arbour 1993

S3 1383 4 Platform
ROPS Arbour 1993
ULPU
AIAL

S4 1439 19 Slope ROPS Arbour 1993
PITA

S5 1436 2 Platform ROPS Arbour 1993
S6 1456 3 Platform C.K Shrub 1993

UD1 1479.12 3 Flat Ground POSI Arbour 1980s
UD2 1439.20 5 Flat Ground POSI Arbour 1980s

* Species codes: Robinia pseudoacacia (ROPS), Ulmus pumila (ULPU), Pinus tabuliformis (PITA), Ailanthus altissima (AIAL), Caragana korshinskii
(C.K), Populus simonii (POSI). Robinia pseudoacacia, an introduced species from North America, is wildly used in reclamation in North China.
Other species are local.

2.2. Vegetation and Meteorological Data

The MODIS enhanced vegetation index (EVI) was analysed as an indicator of vegeta-
tion activity. The index is strongly correlated with chlorophyll content and photosynthetic
activity [72], and is a normalised ratio of the red, near-infrared, and blue spectral reflectance
bands. EVI can have values from −1 to +1. The EVI equation is as follows:

EVI = 2.5
ρNIR − ρRed

ρNIR + 6ρRed − 7.5ρBlue + 1
, (1)

where ρNIR, ρRed, and ρBlue are reflectance in the near-infrared, red, and blue bands, respec-
tively. We chose EVI to measure vegetation dynamics because most plots were covered
with thick vegetation, and this vegetation index is sensitive over high-biomass regions [73].

Calibrated top-of-atmosphere reflectance data from Landsat 5 and 8 were used to
calculate the EVI in the Google Earth Engine (2012). We selected images without cloud
cover during the growing season (May to September) from 1993 to 2017 (except for 2012),
and 152 EVI images were obtained (Appendix A shows four examples). For each image,
the EVI of a given plot was calculated by averaging the pixel values in that plot. EVI
variation with the day of year and reclaimed year over each plot is depicted in Figure 2. In
the first 4 years following reclamation (1993 to 1996), EVI increased quickly due to the rapid
seedling growth after transplant, which is distinct from the following trend of fluctuating
with climatic variability. EVI data during this period were thus removed from analysis to
reduce the potential impact of noisy data, and 135 EVI records (1997 to 2017) remained.
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Figure 2. (A) MODIS enhanced vegetation index (EVI) variation with day of year over field plots; (B) annual maximal
MODIS EVI over field plots, and average annual temperature and annual rainfall from meteorological stations.

Regional daily meteorological data (Youyu weather station, 112◦27′ E, 40◦00′ N) from
1997 to 2017 were collected from China’s Meteorological Data Sharing Service System [74].
The data included six meteorological elements, namely, precipitation, temperature, relative
humidity, sunshine hours, wind speed, and vapor pressure. The raw data were used to
calculate the values of the climatic variables listed in Table 2.

2.3. Methods

Vegetation responses to climatic variability on both reclaimed and undisturbed plots
were explored using a three-step approach (Figure 3A): (i) evaluating the temporal (ac-
cumulated and lagged) effects of climatic variables on vegetation, (ii) selecting variables
(correlation and multicollinearity analyses), and (iii) investigating contributions of explana-
tory variables.

Figure 3. (A) Exploration processes of potential variables and their contributions on vegetation variations; (B) illustration of
accumulation periods (climatic variables) and time lags (climatic variables vs. EVI).



Remote Sens. 2021, 13, 1100 6 of 20

The explanatory variables of EVI variations consisted of main explanatory and aux-
iliary variables (Table 2). Main explanatory variables were climatic in six categories:
variabilities of rainfall, temperature, relative humidity, sunshine hours, wind speed, and
vapor pressure. Auxiliary variables were the year of reclamation or restoration (to measure
the contribution of vegetation development with time) and the day of year (to measure
seasonal vegetation rhythms).

2.3.1. Evaluating Temporal Effects of Climatic Variables on Vegetation

Climatic influences on vegetation are often with temporal effects (i.e., lagged and
accumulated effects) that should be considered when exploring vegetation–climate relation-
ships [28,30]. In this study, correlation analysis was used to assess the period over which
each climatic variable was best correlated with EVI [20,53,75] in each plot. Specifically,
correlation coefficients between the EVI of each plot and a climatic variable with different
accumulation periods (varying from 0 to 70 days with a 5 day increment, illustrated in
Figure 3B) and different time lags (varying from 5 to 60 days with a 5 day increment) were
compared to identify the effective period of the climatic variable, i.e., the temporal effect
and corresponding value of the parameters (mR, nR . . . and nV in Table 2). For example,
correlations between rainfall accumulated over various periods and EVI were analysed,
and the period over which rainfall had the highest correlation with EVI was selected.

Table 2. Summary of explanatory variables of the EVI variations.

Category Variable Unit

Day of year Day of year /
Year of reclamation or restoration Year of reclamation or restoration /

Rainfall Accumulated rainfall during past mR days * 0.1 mm
nR days lagged 10 day accumulated rainfall 0.1 mm

Accumulated nonrunoff rainfall (≤20 mm) during past mR1 days ** 0.1 mm
nR1 days lagged 10 day accumulated nonrunoff rainfall (≤20 mm) 0.1 mm

Temperature Mean temperature during past mT days 0.1 ◦C
nT days lagged 10 day mean temperature 0.1 ◦C

Mean minimal temperature during past mT1 days 0.1 ◦C
nT1 days lagged 10 day mean minimal temperature 0.1 ◦C
Mean maximal temperature during past mT2 days 0.1 ◦C

nT2 days lagged 10 day mean maximal temperature 0.1 ◦C
Relative humidity Mean relative humidity during past mH days 1%

nH days lagged 10 day mean relative humidity 1%
Sunshine hours Mean sunshine hours during past mS days 0.1 h

nS days lagged 10 day mean sunshine hours 0.1 h
Wind speed Mean wind speed during past mW days 0.1 m/s

nW days lagged 10 day mean wind speed 0.1 m/s
Maximal wind speed during past mW1 days 0.1 m/s

nW1 days lagged 10 day maximal wind speed 0.1 m/s
Vapour pressure Mean vapour pressure during past mV days 0.1 hPa

nV days lagged 10 day mean vapour pressure 0.1 hPa

* mR determined using steps in Section 2.3.1, as are nR, mR1, nR1 . . . and nV in the following. ** In this mining area, runoff is generated
when rainfall exceeds 20 mm in a single rainfall event [76]. This variable was to test the effect of nonrunoff rainfall.

2.3.2. Selecting Variables

Climatic variables of which the correlations with the EVI were significant (p < 0.05)
and two auxiliary variables (year of reclamation or restoration and day of year) were
taken as the initial variables. Variable selection consisted of two steps. First, for each
plot, the variable with the highest correlation coefficient within a variable category was
selected. For instance, temperature-related variables were significantly correlated with
each other; then, the variable having the highest correlation coefficient with EVI variations
was selected among the temperature variables. Second, multicollinearity analysis was
performed to remove closely correlated variables of which the variance inflation factors
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(VIF) were higher than 10, and to determine those explanatory variables that had relatively
weak collinearities. The selected variables were used in the final modelling.

2.3.3. Exploring Contributions of Explanatory Variables

In the last step, the generalised additive model (GAM) was used to investigate the
contributions of explanatory variables to EVI variability. It is a widely used nonparametric
statistical model that can describe both linear and nonlinear associations between response
and explanatory variables.

3. Result
3.1. Temporal Effects of Climatic Variables

Pearson correlation analysis showed that the accumulated effects of all climatic vari-
ables were dominant (Figure 4). For each climatic variable of which the correlation with
EVI was significant (p < 0.05), the period over which its accumulated values had the highest
correlation with EVI of each plot was selected as its accumulation period (Table 3). For
example, rainfall over the past 60 days had the strongest correlation coefficient with the
EVI of S0 (0.510, Figure 4), so the accumulation period of rainfall for plot S0 was 60 days
(Table 3).

Figure 4. Comparison between accumulated and lagged effects for climatic variables. Correlation
was significant at p < 0.05. (A) Accumulated rainfall; (B) accumulated nonrunoff rainfall (≤20 mm);
(C) mean temperature; (D) mean minimal temperature; (E) mean maximal temperature; (F) mean
relative humidity during the past days; (G) mean sunshine hours; (H) mean wind speed; (I) mean
vapor pressure.
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Table 3. Accumulation periods of each variable in each plot.

Variable Unit
Days of Accumulated or Mean Values for Each Sample Plot

S0 S1 S2 S3 S4 S5 S6 UD1 UD2

Accumulated rainfall 0.1 mm 60 60 60 60 60 60 60 30 / *
Accumulated nonrunoff rainfall (≤20 mm) 0.1 mm 60 60 60 60 60 60 60 30 /

Mean temperature 0.1 ◦C 45 50 45 50 45 65 65 15 10
Mean minimum temperature 0.1 ◦C 30 45 45 45 30 60 45 10 10
Mean maximum temperature 0.1 ◦C 45 50 45 50 45 65 65 15 15

Mean relative humidity 1% 10 10 10 10 10 25 10 / /
Mean sunshine hours 0.1 h 10 25 30 25 25 30 30 / /

Mean wind speed 0.1 m/s 20 20 35 20 15 35 35 / /
Mean vapour pressure 0.1 hPa 25 25 25 25 25 35 30 10 10

* Slash: correlation between variable and EVI was not significant (p < 0.05).

Figure 4 shows distinct differences between reclaimed and undisturbed plots in the
aspects of correlation coefficients and temporal effects, while the plots within each group
showed similarity: (1) Rainfall, temperature, and vapor pressure showed positive correla-
tion with EVI in both reclaimed and undisturbed plots, but correlation coefficients in the
reclaimed plots were much higher. Relative humidity variability had positive correlations
with EVI in the reclaimed plots, but no significant correlations in undisturbed plots. Sun-
shine hours and wind speed were negatively correlated with EVI in the reclaimed plots,
but showed no significant correlation with EVI in the undisturbed plots. (2) Reclaimed and
undisturbed plots had very different temporal-effect patterns. The accumulation periods of
all climatic variables in the reclaimed plots were especially significantly longer than those
in the unmined plots. For example, the accumulation period of mean temperature was as
long as 45–65 days in the reclaimed plots, but only 10–15 days in the unmined plots.

3.2. Climatic Drivers and Contributions to EVI Variation

The selected variables following the steps in Section 2.3.2 and their relative contri-
butions explored by GAM are shown in Table 4. Again, reclaimed and unmined plots
distinctly differed in terms of climatic drivers and their relative contributions, while the
plots within each group were similar. There were mainly two differences. First, reclaimed
and remnant vegetation responded to different climatic variables. The former responded
to variabilities in temperature, rainfall, air humidity, and wind speed, while the latter only
responded to variability in two climatic factors, namely, temperature and air humidity.
Rainfall variability especially constrained vegetation variation in all reclaimed plots, but
not that in unmined plots. Second, climatic variability made a greatly higher relative con-
tribution to EVI variation in reclaimed plots (19.95% to 46.46%) than that in unmined plots
(0.7% to 1.74%). In particular, temperature variability explained as much as 12.89–40.26%
EVI variation in the reclaimed plots (except S5), while the number was only 0.7–1.17% in
the unmined plots. Another common climatic driver for reclaimed plots, rainfall variability,
explained 0.21–6.20% variation of reclaimed vegetation, but exerted no significant influence
on unmined plots.
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Table 4. Selected explanatory variables for EVI variations in each sample plot, their correlation coefficients with EVI, and
contributions quantified by variance explained by variables.

Number of Sample Plots Variable Correlation Coefficient Explained Variance (%)

S0 Reclaimed years 0.351 49.66
Accumulated nonrunoff rainfall (≤20 mm) during

past 60 days 0.559 1.26

Mean minimal temperature during past 30 days 0.696 23.99
Mean relative humidity during past 10 days 0.581 2.10

Total variance explained by variables (%) 77.02

S1 Reclaimed years 0.285 43.72
Accumulated nonrunoff rainfall (≤20 mm) during

past 60 days 0.601 2.37

Mean minimal temperature during past 45 days 0.704 23.18
Mean relative humidity during past 10 days 0.598 1.84

Total variance explained by variables (%) 71.12

S2 Reclaimed years 0.629 66.45
Accumulated nonrunoff rainfall (≤20 mm) during

past 60 days 0.509 1.53

Mean minimal temperature during past 45 days 0.609 12.89
Mean relative humidity during past 10 days 0.505 2.00

Mean wind speed during past 35 days –0.365 3.53
Total variance explained by variables (%) 86.40

S3 Reclaimed years 0.368 36.81
Accumulated nonrunoff rainfall (≤20 mm) during

past 60 days 0.589 0.21

Mean minimal temperature during past 45 days 0.736 38.92
Total variance explained by variables (%) 75.94

S4 Reclaimed years 0.252 28.47
Accumulated nonrunoff rainfall (≤20 mm) during

the past 60 days 0.585 6.20

Mean minimal temperature during past 30 days 0.731 40.26
Total variance explained by variables (%) 74.94

S5 Reclaimed years 0.259 50.56
Accumulated nonrunoff rainfall (≤20 mm) during

past 60 days 0.646 6.01

Mean wind speed during past 35 days –0.471 9.38
Mean vapour pressure during past 25 days 0.677 12.75
Total variance explained by variables (%) 78.71

S6 Reclaimed years 0.478 61.92
Accumulated nonrunoff rainfall (≤20 mm) during

past 60 days 0.570 0.81

Mean minimal temperature during past 45 days 0.630 13.32
Mean relative humidity during past 10 days 0.559 1.17

Mean wind speed during past 35 days –0.376 4.84
Total variance explained by variables (%) 82.07

UD1 Day of year –0.324 12.84
Restored years 0.660 70.60

Mean temperature during past 15 days 0.441 0.70
Total variance explained by variables (%) 84.13

UD2 Day of year –0.418 17.36
Restored years 0.532 69.28

Mean temperature during past 10 days 0.504 1.17
Mean vapor pressure during past 10 days 0.265 0.57
Total variance explained by variables (%) 88.37

4. Discussion

This study presents quantitative analysis about a reclaimed ecosystem response to
climatic variability compared with its adjacent remnant analogue. Results showed dis-
tinct vegetation responses to climatic variabilities between reclaimed and unmined lands
(Figure 5). First, reclaimed and unmined ecosystems were subject to different climatic
drivers. The former responded to variability in temperature, rainfall, air humidity, and
wind speed, while the latter only responded to variability in temperature and air humidity.
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Second, reclaimed vegetation was much more sensitive to climatic variability than that
on adjacent unmined land (climatic variability contributed as much as 19.95–46.46% EVI
variation to the former and only 0.70% to 1.74% to the latter). Third, the temporal-effect
patterns of all climatic variables were markedly different between reclaimed and unmined
lands (Figure 4), and the accumulation periods of all climatic variables were much longer
on reclaimed mining land (Table 3). Vegetation responses to climatic variability were simi-
lar between the two land categories (i.e., reclaimed and unmined lands) in all three of the
above-mentioned aspects regardless of species combinations, vegetation types (including
shrub, and coniferous, broad-leaved, and mixed broadleaf-conifer stands), and topography.

Figure 5. Comparison of vegetation response to climatic variables between reclaimed and unmined lands.

4.1. Factors of Changed Vegetation Responses

The wide differences between groups and similarity within each group indicate that
mining disturbances significantly changed vegetation–climate relationships, overwhelming
other influencing factors found in natural ecosystems (i.e., species combinations, vegetation
types, and topography). This was caused by multiple legacy effects of mining activities,
mainly changed hydrological and microclimatic site regimes, and impaired ecosystem
resilience. In the following, possible causes are proposed.

4.1.1. Rainfall

Unmined plots did not exhibit a response to rainfall variability; however, all reclaimed
plots were more or less constrained by this climatic variable (0.21–6.20%), even including
plots covered with species of low transpiration and high drought tolerance (S2 and S6),
and the plot receiving baseflow runoff from its upper slop (S4). There are mainly three
possible causes. First, reclaimed land was covered with only a 1 meter thick loess layer on
overburden materials (mainly coal gangue and rocks), while unmined land had several
meters’ thick loess beneath a well-developed soil profile. As tree root systems can stretch
to several meters’ depth, the limited thickness of RMS layer may restrict available water
for trees. Second, the interface between soil substitute layer and coal gangue might act as a
capillary barrier and restrict upward water movement into the soil layer [54] in dry days.
Third, reclaimed mining land had higher overall plant biomass and consumed more water
than unmined land did.

4.1.2. Wind Speed

Vegetation in unmined plots did not respond to variability in wind speed, while
vegetation in three reclaimed plots (namely, S2, S5, and S6) did. The main cause was that
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wind speed is accelerated by the prominent terrain of the dump (Figure 6), especially in
these three reclaimed plots. Wind can be sped up along the windward slope and reaches its
maximum at the ridge [77–80]. In that area, westerly winds are dominant throughout the
year [81] except for August, when southeasterly winds blow. The dump is 120–150 m higher
than the surrounding area, which accelerates airflow. This was particularly pronounced on
platform plots S2, S5, and S6.

Figure 6. Terrain of study area (2003; generated from image ASTGTM2-N39E112. Terrain of southern dump and unmined
plots has been unchanged since late 1990s).

4.1.3. Temperature

Low temperature is a regional climatic constraint, and temperature variability was
positively correlated with EVI in all plots (Figure 4). However, it made a much higher
relative contribution in reclaimed plots (12.89–40.26%, except S5) than in unmined plots
(0.7–1.17%), indicating that the temperature in reclaimed plots was lower than that on
unmined ones. This was confirmed by the retrieval of land-surface temperature (see
Appendix B, Figure A2). There may have been two causes. First, the hill-like terrain of the
dump accelerated wind speed on the platform and reduced net radiation reaching the plots
on the shady slope. More specifically, the shady slope of the dump where S0, S1, S3, and S4
are located received lower solar irradiation than unmined plots did. Although S2 and S6
received similar levels of solar irradiation as those of the undisturbed plots, high winds
increased heat loss by turbulent heat flux in these two plots. Second, reclaimed land had
higher plant density, which led to a larger amount of evapotranspiration and latent heat
flux. As an exception, S5 was the only plot that did not exhibit a response to temperature
variability, probably due to warming up by the spontaneous combustion of the nearby coal
gangue (Figure A2).

4.1.4. Air Humidity

Overall, variability in air humidity (relative humidity or vapor pressure) made a
higher relative contribution on reclaimed vegetation (1.17–12.75%, except S3 and S4) than
that on unmined vegetation (0% and 0.57%, respectively). This may have mainly been
due to a higher fragmentation of reclaimed vegetation, which led to lower air humidity
in the microclimate of the reclaimed sites. Many studies showed that a forest edge has
lower relative humidity [82–84] and higher vapor pressure deficit [85,86] than those of the
interior. Reclaimed plots had smaller fragments and were surrounded by built-up land or
land with sparse vegetation (Figure 1), and were thus exposed to a microenvironment with
lower air humidity.
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4.1.5. Impaired Resilience of Reclaimed Ecosystem

Another important cause of the high sensitivity of reclaimed vegetation to climatic
variability was the limited resilience of the reclaimed ecosystem, which further ampli-
fied climatic constraints. The temporal pattern widely varied between reclaimed and
unmined plots, while it was highly similar within each of these two groups (Figure 4).
More specifically, the accumulation periods of all climatic variables in the reclaimed plots
were significantly longer than those in the unmined plots (Table 3), which could be in-
terpreted that reclaimed vegetation recovered much slower from climatic perturbations
(unfavourable climatic and weather events) than vegetation on unmined land did. For ex-
ample, unmined vegetation was influenced by mean temperature over the past 10–15 days;
however, reclaimed vegetation was constrained by mean minimal temperature over the
past 30–45 days. This indicates that the influence of temperature fluctuation over the past
16–45 days had subsided in undisturbed plots, while it still existed in reclaimed plots. This
slow recovery rate from environmental perturbations is a sign of the low resilience of an
ecosystem, in the sense that small disturbances could easily tip the ecosystem through
a critical transition into a contrasting state [87–90]. The low resilience of the reclaimed
ecosystem may be due to an unsuitable biotic or abiotic environment on reclaimed land,
which changed the ecophysiological traits of plants. This led to the accumulation of
negative impacts of climatic perturbations, thereby aggravating climatic constraints on
reclaimed vegetation.

In summary, the changed vegetation response to climatic variability on reclaimed
mining land was caused by the multiple negative impacts of mining activities, mainly
including changed hydrological and microclimatic site regimes, and impaired ecosystem
resilience (Figure 7). First, the available water for reclaimed vegetation may have been
limited due to the thin RMS layer and capillary barrier between the RMS layer and the
overburden materials below. Reclaimed vegetation had higher plant density and hence
higher water consumption. These factors made the reclaimed vegetation more dependent
on rainfall. Second, the on-site microclimate was altered due to the changed terrain,
vegetation biomass and fragmentation. Third, the low resilience of the reclaimed ecosystem
made the reclaimed vegetation recover more slowly from climatic perturbations, which
amplified the climatic constraints on reclaimed vegetation.

4.2. Changed Ecological Response to Regional Climatic Pattern—A Common Phenomenon on
Reclaimed Mining Lands

Among the aforementioned causes, some are not common on reclaimed mining lands.
For example, not always are there such huge topographic differences between reclaimed
and original landforms like the Pingshuo mining area, which means that surface mining did
not necessarily lead to big changes in on-site wind speed and solar irradiation. Especially
when geomorphic reclamation is applied, which mimics the geomorphic function of the
natural landscape [60,61,91], the topography is similar with that of the natural landscape.

However, other factors, such as the changed site hydrology and low ecosystem re-
silience, are ubiquitous on reclaimed mining lands. In general, mining activities can bring
about multiple permanent changes to the local biotic and abiotic environment that alter
on-site vegetation–climate relationships (Figure 7). Mineral extraction processes eliminate
original biotic communities, permanently change the topography, and drastically and
permanently disturb natural soil profiles and geological structures [40,41,92]. These dis-
turbances cause multiple impacts on hydrological site functions, including altered surface
runoff and infiltration rate due to changed topography and soil properties, decreased soil
water holding capacity due to a reduced soil layer, disturbance to vadose zones, and destruc-
tion of aquifers [52,53] Given that many terrestrial ecosystems are water-limited [93,94],
deteriorated site surface and subsurface hydrological conditions on reclaimed mine lands
commonly exacerbate water stress and vegetation sensitivity to rainfall pattern. More-
over, the radically changed biotic and abiotic environment by mining activities inevitably
limits the resilience of reclaimed ecosystems, which amplifies their response to climatic
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perturbations. Therefore, reclaimed ecosystems commonly respond to climatic variability
differently than how their adjacent undisturbed analogues do.

Figure 7. How surface-mining impacts changed ecological site response to climatic variability.
1© Limited soil layer on reclaimed land restricted water availability of plants; 2© reconstructed

geologic structure changed subsurface hydrological processes; 3© deteriorated hydrological site
function made vegetation rely more on regular rainfall; 4© higher plant density led to quicker water
depletion; 5© greatly changed topography altered wind regime on sites; 6© ecological response to
regional wind variability was changed due to changed wind speed in site microclimate; 7© changed
topography altered site temperature regime by influencing solar irradiation reaching the site surface;
8© accelerated air flow increased heat loss by turbulent heat flux; 9© higher plant density led to

greater evapotranspiration and hence latent heat flux; 10© ecological response to regional temperature
regime was changed due to altered temperature regime on sites; 11© high fragmentation led to lower
air humidity in the microclimate; 12© attributes of re-established ecosystem were different from those
of the original ecosystem due to drastically and permanently changed biotic and abiotic elements
by mining; 13© low ecosystem resilience reduced recovery rates from climatic perturbations. Note:
Dashed arrow, factors not common for other reclaimed areas.

4.3. Negative Impacts on Reclaimed Ecosystems

The legacy effects of mining overwhelmed the influence of species combinations, veg-
etation types, and topography, and made reclaimed vegetation suffer from much greater
constraints by climatic variability than unmined vegetation did. First, climatic variability
made a much higher relative contribution to variation in reclaimed vegetation (collec-
tively 19.95% to 46.46%) than to unmined vegetation (collectively 0.7% to 1.74%). Second,
unmined vegetation was only constrained by temperature and air-humidity variability;
however, reclaimed vegetation was subjected to variability in four climatic factors, namely,
wind, temperature, rainfall and air humidity. In particular, temperature variability made
much greater constraints on the reclaimed vegetation (12.89–40.26%) than on the unmined
vegetation (0.7–1.17%). In addition to impact on ecosystem productivity, spring phenol-
ogy on reclaimed land was markedly delayed, leading to a shortened growing season
(Figure 2A). Moreover, reclaimed vegetation had an additional constraint by rainfall vari-
ability (0.21–6.20%), which exerted evident influence on unmined vegetation, and the EVI
of the former greatly fluctuated with annual rainfall (Figure 2B), indicating that reclaimed
vegetation suffers much greater drought stress than its adjacent unmined analogue does.
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Generally, as stated in Section 4.2, due to the deteriorated site hydrology and impaired
ecological resilience, reclaimed ecosystems are expected to suffer from greater climatic
constraints. These constraints both constrain ecosystem productivity and have other
ecological impacts. First, it may be a long-neglected cause for differences in species
composition and community structure between reclaimed and undisturbed ecosystems.
Aggravated climatic constraints may limit some species’ development or even exclude
reclaimed mining land from its bioclimatic envelope, and turn reclaimed vegetation into
intrazonal vegetation (i.e., bearing the imprint of the zone in which it is located, but
distinguished from zonal vegetation [95–97]). Second, it may impact ecological processes
that underpin ecosystem health and integrity. For example, deteriorated site hydrology
and changed temperature regimes may influence microbial activity, and further influence
decomposition and nutrient cycling. Third, the high sensitivity and low resilience of
reclaimed vegetation to climatic variability raise doubts about the long-term stability and
self-sustainability of reclaimed ecosystems under both current and future climatic regimes.

4.4. Implications

This study demonstrated that vegetation–climate relationships can widely differ
between a reclaimed ecosystem and its adjacent unmined analogue. This has important
research implications.

First, future climatic impact on a reclaimed ecosystem should be simulated with its
own response to climatic patterns instead of that of adjacent unmined analogues. Cur-
rently, the vegetation–climate relationships of reclaimed ecosystems have been studied
little, and the future climatic impacts on these ecosystems are generally simulated using
vegetation–climate relationships derived from natural ecosystems. Some studies calibrated
the influence of the limited water hold capacity of RMS (e.g., Welham and Seely [15]).
However, this still cannot ensure the reliability of the prediction results because our results
showed that the low resilience of reclaimed ecosystems is another ineligible influencer of
vegetation–climate relationships, and it was not considered. As calibrating its influence
may be laborious and time-consuming, and there could be other factors altering climate–
vegetation relationships on reclaimed lands, the most reliable method is directly deriving
the vegetation–climate relationships of reclaimed ecosystems.

Second, attention should be paid to the vegetation–climate relationships of reclaimed
ecosystems, and these relationships can be effectively revealed with remote-sensing veg-
etation data and meteorological data. Identifying and quantifying climatic drivers of
ecosystem productivity is the basis for predicting the impact of climatic changes. Climatic
drivers are not limited to the climatic variability on which this study focused, but also
include climatic mean and extreme events, which have important influence on ecosystem
structure and functioning [98–101]. In addition to ecosystem productivity, the changed
hydrological and microclimatic site regimes may also impact species composition, com-
munity structure, ecological processes, and ecosystem stability. Understanding all these
ecological consequences allows for understanding both current and future climatic impacts
on reclaimed ecosystems.

Lastly, efforts are required on revealing the mechanisms of how surface mining or
reclamation processes change climatic constraints or drivers on reclaimed lands. Although
we analysed possible causes in this study, i.e., changed hydrological and microclimatic
site regimes, and impaired ecological resilience, these causes require further confirmation,
and their mechanisms need to be revealed. Relevant research would enable us to min-
imise changes in vegetation–climate relationships through optimising surface mining or
reclamation technologies.

5. Conclusions

This study demonstrated that the legacy effects of surface mining can significantly
change on-site vegetation–climate relationships, and their influence can overwhelm gen-
eral influencing factors for vegetation–climate relationships found in natural ecosystems
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(namely, species combination, vegetation type, and topography). These legacy effects
are complex, mainly including changed hydrological and microclimatic regimes, and
impaired on-site ecosystem resilience. These factors are expected to aggravate climatic
constraints on reclaimed ecosystems, which may impact ecosystem structure and func-
tioning, and threaten long-term ecosystem stability and self-sustainability. Our findings
suggest that future climatic impacts on a reclaimed ecosystem should be projected with its
own vegetation–climate relationships instead of those derived from the natural ecosystem.
Further research should be conducted on the extent, causes, and ecological impacts of
changed vegetation–climatic relationships on reclaimed mining lands. Understanding
these issues is the basis for predicting climate-change impact on re-established ecosystems,
and designing stable and self-sustainable reclaimed ecosystems under both current and
future climatic regimes.
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Appendix A

Figure A1. EVI data sample.
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Appendix B

Figure A2. Land-surface temperature (LST, ◦C) in May and August 1993, 2005, and 2016. LST in 1993
and 2005 calculated using the land-surface-temperature retrieval method by Sobrino et al. [102]. LST
in 2016 calculated with Bands 10 and 11 in Landsat 8 using split-window algorithm [103,104].
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