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Abstract
1. Human- induced disturbance has substantially influenced the structure and 

function of terrestrial ecosystems globally. However, the extent to which mul-
tiple ecosystem functions (multifunctionality) recover following anthropogenic 
disturbance (ecosystem recovery) remains poorly understood.

2. We report on the first study examining the temporal dynamics in recovery of 
multifunctionality from 3 to 12 years after the commencement of rehabilitation 
following mining- induced disturbance, and relate this information to changes in 
biota. We examined changes in 57 biotic (plants, microbial) and functional (soil) 
attributes associated with biodiversity and ecosystem services at four open- cut 
coal mines in eastern Australia.

3. Increasing time since commencement of rehabilitation was associated with 
increases in overall multifunctionality, soil microbial abundance, plant produc-
tivity, plant structure and soil stability, but not nutrient cycling, soil carbon se-
questration nor soil nutrients. However, the temporal responses of individual 
ecosystem properties varied widely, from strongly positive (e.g. litter cover, 
fine and coarse frass, seed biomass, microbial and fungal biomass) to strongly 
negative (groundstorey foliage cover). We also show that sites with more de-
veloped biota tended to have greater ecosystem multifunctionality. Moreover, 
recovery of plant litter was closely associated with recovery of most microbial 
components, soil integrity and soil respiration. Overall, however, rehabilitated 
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1  |  INTRODUC TION

Human- induced disturbance is altering the rates and stocks of mul-
tiple structural and functional properties of ecosystem globally 
(e.g. Doley & Audet, 2013 in the context of mine site rehabilitation). 
Many of these ecosystem disturbances arise from intensive local 
activities such as mining that occur within a defined timeframe. 
Following disturbance, ecosystem properties enter a period of re-
covery, often supported by a range of restoration or rehabilitation 
measures designed to accelerate this recovery. Investigating how 
and why ecosystem properties recover following disturbance is 
critical if we are to improve the effectiveness of various rehabili-
tation practices.

A rich literature illustrates how ecosystem properties 
change in response to anthropogenic disturbance. Yet much 
less is known about how structural and functional components 
of ecosystems recover following disturbance. Ecosystem reha-
bilitation following mining provides an excellent model system 
in which to investigate how structural and functional recovery 
are related, and evolve, following disturbance. Above- ground 
mining operations create considerable physical disturbance in-
volved in resource extraction such as topsoil removal, mixing of 
the regolith and stockpiling (Bell, 2001; Loch & Orange, 1997; 
Ngugi & Neldner, 2015). Rehabilitation techniques attempt to 
restore pre- mining conditions but often create novel ecosystems 
where biological activity is low, landscapes are unstable, and bi-
otic structure and activity are altered or suppressed (Doley & 
Audet, 2013; Erskine & Fletcher, 2013; Gould, 2012; Holl, 2002). 
Examining how different ecosystem components change in these 
substantially altered and simplified post- mining ecosystems 
gives us insights into the trajectories of ecosystem development 
at time- scales over which factors affecting landscapes are likely 
to develop.

Ecosystem functioning is associated with multiple ecosys-
tem processes that occur simultaneously (multifunctionality). 
Relatively little is known about the temporal dynamics of the re-
covery of ecosystem multifunctionality following human- induced 

disturbances, although recent meta- analyses suggest that when 
single measures or attributes are used to guide the success of 
restoration efforts, only a part of lost functions and biodiversity 
may recover (Moreno- Mateos et al., 2020). Thus, restricting any 
assessment of recovery to single attributes hinders our ability to 
examine ecosystem- wide changes in recovery where synergies 
and trade- offs among different ecosystem attributes combine to 
provide a whole- of- system view of recovery. Similarly, we have a 
relatively poor understanding of how the recovery of soil biota, a 
major driver of ecosystem functioning, evolves after disturbance. 
A critical consideration is that there are different types of recov-
ery, for example, recovery of plants and microbes (biotic recovery) 
and recovery of functions (functional recovery). These different 
components of recovery provide different insights into the nature 
of the recovery process. Most studies have tended to focus on the 
recovery of the structure of biotic communities, simply because 
these are conceptually and often technically easier to assess (König 
et al., 2017). Structural recovery of the biota describes the extent 
to which the biological building blocks of ecosystems recover from 
disturbance, and functional recovery how quickly essential pro-
cesses and tasks are restored or move towards what we would 
expect in analogous but undisturbed environments. Structural 
recovery might describe, for example, how the physical arrange-
ment of tree and shrub cover, or microbial biomass improves over 
time. These different types of recovery likely vary over different 
time- scales so that recovery of biotic structure might precede 
functional recovery or vice versa (Scheffer et al., 2015). For exam-
ple, post- rehabilitation increases in soil microbial biomass might 
be expected to occur at a faster rate (greater recovery) than pro-
cesses that rely on the production of plant material that takes 
longer (e.g. measures of coarse woody debris). Furthermore, the 
recovery of these functional processes likely varies with the type 
of function (Berga et al., 2012). It is critical, therefore, that any 
studies of the recovery process consider both biotic structure and 
functional forms of recovery in an assessment of change, allowing 
us to demonstrate the interconnectedness of different attributes 
and functions as ecosystems recover from disturbance.

sites still differed from reference ecosystems a decade after commencement of 
rehabilitation.

4. Synthesis and applications. The dominant role of plant and soil biota and litter 
cover in relation to functions associated with soil respiration, microbial function, 
soil integrity and C and N pools suggests that recovering biodiversity is a criti-
cally important priority in rehabilitation programs. Nonetheless, the slow recov-
ery of most functions after a decade indicates that rehabilitation after open- cut 
mining is likely to protracted.

K E Y W O R D S
degradation, ecosystem recovery, functional attributes, mine site rehabilitation, mining, plant 
structure, soil nutrients
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Herein, we describe a study of the temporal dynamics in the 
recovery of multifunctionality from 3 to 12 years after the com-
mencement of rehabilitation following open- cut mining. Our study 
includes 57 soil, plant and microbial ecosystem properties asso-
ciated with biodiversity and ecosystem services. We considered 
ecosystem properties including the attributes of the structure of 
the biotic community that are typically regarded as ecosystem 
building blocks such as microbial richness and biomass, plant and 
litter cover. Our functional attributes were proxies of processes 
such as the mineralisation of organic matter, decomposition of or-
ganic material and plant biomass production. We expected that 
the recovery of multiple biotic structural and functional prop-
erties would increase with increasing time from the commence-
ment of rehabilitation, but that functional changes would precede 
structural changes. Our study is important because it can provide 
important insights into the relative importance of the recovery of 
different elements of biotic structure and function following major 
disturbance. This is important for guiding rehabilitation processes 
following major landscape disturbance and provides important in-
sights into the natural processes of ecosystem development fol-
lowing disturbance.

2  |  MATERIAL S AND METHODS

2.1  |  Study area and mine selection

The study was conducted at four open- cut coal mines (hereafter Mines 
1 to 4) across a distance of about 70 km in the Hunter Valley, eastern 
Australia (−32.25 and −32.74 to 151.97 and 151.47). There were 90 
sites in total: 42 that were in various states of rehabilitation (from 3 
to 12 years) and 48 reference sites spread across the four mines. Sites 
were chosen on each of the mines in order to get the widest possi-
ble gradient in time since rehabilitation. We attempted to select sites 
of different ages across the four mines in order to avoid confound-
ing mine location with time since rehabilitation. This was possible for 
three of the four mines, but due to a lack of suitable rehabilitation 
sites, older sites tended to be found at Mine 3 only.

Climate in the study area is predominantly temperate, mean annual 
rainfall ranges from 570 to 700 mm (Bureau of Meteorology, 2019), 
and is weakly summer dominant with about 50% more rain in the 
six warmer months (October to March) than the six cooler months. 
The geomorphology is predominantly Quaternary sandy and clayey 
calcareous sediments occurring on level to slightly undulating plains 
with slopes to 1%, often interspersed by areas of aligned west– 
east trending dunes of low relief (<4 m). The geology is a mixture of 
Quaternary Colluvium from the Narrabeen Group and the Singleton 
Coal Measures (comprising sandstones, shales, mudstones). The soils 
derived from these materials are red and yellow Chromosols and 
Sodosols (Australian Soil Classification; Isbell, 1996) or Acrisols (World 
Reference Base; IUSS, 2006) and are characterised by abrupt changes 
in texture from the loamy and sandy loam surfaces to clay loams and 
clays at depth.

2.2  |  Minesite rehabilitation practices

Rehabilitation practices were similar among the four mines, al-
though there were some differences in plant species sown. In 
general, prior to mining, topsoil was removed and stockpiled, for 
short periods of up to 6 months. Mined surfaces and dumps were 
reshaped, including backfilling of any open- cut voids, and surfaces 
ripped, to 600 mm deep, depending on slope. Large rocks were 
then formed into piles and removed. Following surface reshap-
ing, stockpiled topsoil was spread to depths of 100 to 200 mm, 
and gypsum added, where appropriate, at 5 t/ha to assist in soil 
remediation. A mixture of tree, shrub, grass and forb seed, repre-
sentative of the natural vegetation types in the area (Table S1) was 
direct seeded into the newly formed topsoils, without fertiliser, 
sometimes using a hydroseeding procedure. Structurally, the natu-
ral vegetation communities can be characterised as dry sclerophyll 
open forest and woodland and were dominated by Eucalyptus spp. 
or Corymbia maculata trees with a grassy understorey (Appendix 
S1).

2.3  |  Plant and soil sampling

Within a 20 m by 20 m Biodiversity Assessment Method (BAM; 
DPIE, 2020) floristics plot we recorded the foliage cover of all na-
tive and exotic vascular plant species, the length of logs (>0.1 m 
diameter), the cover of litter (detached leaves, sticks, bark) and 
characteristics of the soil surface. Within each BAM plot we also 
established eight 25 × 25 cm quadrats; four beneath trees and four 
in the open. All litter was collected from each quadrat and pooled 
to obtain one tree and one open sample per plot. Litter was air 
dried and sorted in the laboratory into the following categories: 
sticks and bark, tree and shrub leaves, grass and forb leaves, 
coarse frass (>4 mm diameter and <40 mm long), fine frass (lit-
ter fragments <4 mm but >2 mm diameter), reproductive material 
(seeds/seedpods, fruits and flowers), woody material (woodchips 
and mulch) and vertebrate dung. Following litter collection, a sin-
gle soil sample (0– 5 cm depth) was collected from the centre of 
each of the eight quadrats and pooled by quadrat type (beneath 
trees or open) to obtain one composite sample of each type. For 
each composite sample, a small subsample was immediately sepa-
rated and frozen (−18°C) and later freeze- dried for DNA-  and 
phospholipid- based microbial analyses.

We used a field- based protocol (Landscape Function Analysis, 
hereafter ‘LFA’ Tongway, 1995) to assess the characteristics of the 
soil surface within the BAM plot. Within the plot we measured 
12 surface attributes: surface roughness, crust resistance, crust 
brokenness, surface stability, surface integrity (cover of uneroded 
surface), cover of deposited materials, biocrust cover, plant foliage 
cover, plant basal cover, litter cover, litter origin and the degree 
of litter incorporation (Appendix S2). These 12 surface features 
provide a measure of the health of the soil surface. Indices derived 
from these measures have been shown to be highly correlated 
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with ecosystem functions related to soil stability, nutrient cycling 
and infiltration (Maestre & Puche, 2009; Eldridge et al., 2019; 
Appendix S2).

2.4  |  Soil chemical and microbial analyses

Extractable phosphorus (Colwell- P) and pH (1:5 soil water ex-
tract) were determined following standard procedures (Rayment & 
Lyons, 2011). Total nitrogen and soil carbon fractions (total organic 
carbon, particulate organic carbon, humic organic carbon, resistant 
organic carbon) were estimated using mid- infrared (MIR) spectros-
copy techniques (Baldock et al., 2013; Baldock et al., 2014; Appendix 
S3).

DNA was extracted from 0.25 g of freeze- dried soil using the 
DNeasy PowerSoil Kit (Qiagen) according to the manufacturer's in-
structions. Amplicons targeting the bacterial 16S rRNA gene (341F- 
805R; Herlemann et al., 2011) and the fungal ITS region (FITS7- ITS4R; 
Ihrmark et al., 2012) were sequenced at the Ramaciotti Centre for 
Genomics, University of New South Wales (Sydney, Australia), on 
the Illumina MiSeq platform (Appendix S4). Raw sequencing data can 
be accessed at the NCBI Sequence Read Archive under BioProject 
PRJNA817003. DNA sequence processing methods, including as-
signment of DNA sequencing reads to operational taxonomic units 
(OTUs) are described in Appendix S4. The OTU abundance tables 
were rarefied to an even number of sequences per sample (6,677 
and 9,073 sequences for bacteria and fungi, respectively; the mini-
mum number of sequences observed). Alpha diversity metrics were 
then calculated using the ‘vegan’ package (Oksanen et al., 2019) in R 
statistical software.

Three methods were used to derive proxies of microbial ac-
tivity: (a) potential soil enzyme activity, (b) soil respiration and (c) 
phospholipid- derived fatty acids (which is a surrogate of active 
microbial biomass). We measured the potential activity of six en-
zymes (Appendix S5, Table S5) as proxies for carbon, nitrogen 
and phosphorus degradation using fluorometry with, as described 
in Bell et al. (2013) with some modifications (Appendix S5). The 
MicroResp™ technique was used to determine substrate- induced 
respiration rates using seven substrates: fructose, glucose, maltose, 
raffinose, sucrose, threonine and xylose. Basal respiration was as-
sessed with filtered sterile deionised water. Thirty microlitres each 
of filtered sterile substrate and deionised water were added to the 
pre- incubated soil in deep- well plates. Absorbance was measured 
at 570 nm immediately before and after the 24 hr incubation period 
using a microplate reader (SpectraMax M2e) (Burton et al., 2007; 
Campbell et al., 2003). The rate of CO2 respiration per gram of 
dry soil was calculated according to the formula as described in 
MicroResp™ manual (MicroResp™, James Hutton Ltd). Microbial 
phospholipid fatty acids (PLFAs) were assessed as indicators of total 
microbial biomass in soil and the relative abundance of general mi-
crobial functional groups such as bacteria (gram negative, gram posi-
tive), Actinobacteria, fungi, mycorrhizae, as well as of protists, which 
are soil microfauna (Appendix S6).

2.5  |  Statistical analyses

Here we report on the recovery of 57 attributes described above 
for 90 sites (Appendix S7). Of the 90 sites, 42 ranged in time since 
the commencement of rehabilitation treatments from 3 to 12 years 
(hereafter ‘Rehabilitated’), and 48 were largely intact communities 
that may have been altered slightly but represent highly functional 
(hereafter ‘Reference’) sites that showed various levels of distur-
bance or change typical of the remaining remnants for these veg-
etation communities (Table S1.2). Our attributes were classified as 
either biotic structural attributes (n = 22), that is, they represent 
biological components such as the plant cover or microbes, or func-
tional (n = 35), that is, they contributed to resource and/or energy 
flows, for example, soil respiration (Table S7.1). We also had infor-
mation on pH, which we used to explore downstream relationships 
with microbial biomass and diversity. Prior to statistical analyses, we 
scaled all quadrat- level data to the plot level using the relative cover 
of trees at each site.

First we standardised (z- transformed) the value of each attribute, 
for each of the 42 rehabilitation sites, and arranged the 57 biotic/
functional attributes into seven categories (soil carbon sequestra-
tion, decomposition, microbes, plant productivity, plant structure, 
soil stability and soil nutrients, Appendix S7). The multifunctionality 
values for the seven categories were calculated as the mean stan-
dardised value for those attributes within a given category. The mul-
tifunctionality approach allows us to compare attributes that might 
vary markedly in their mean and range by bringing the value of all at-
tributes to a common scale with a mean = 0 and SD = 1. For example, 
the soil stability multifunctionality index was calculated as the mean 
standardised values of six attributes (soil brokenness, deposited ma-
terials, soil integrity, surface resistance, soil surface roughness and 
crust stability). This is possible because increasing values of each 
attribute represent increasing function. We then explored whether 
the multifunctionality index of the seven categories changed in rela-
tion to time since rehabilitation.

Next, we allocated the seven categories to either a biotic or 
functional category and averaged the functional attributes (soil car-
bon, decomposition, nutrients, plant productivity and soil stability) 
to form an average value of ecosystem multifunctionality and did 
the same for the microbes and plant structure to create an average 
measure of biotic structure. This averaging is possible because the 
values are standardised and therefore bounded. The relationship be-
tween biotic structure and multifunctionality allowed us to explore 
whether rehabilitation of the average functional effect was associ-
ated with changes in the average biotic effect.

We then used a relative interaction intensity (RII) index (Armas 
et al., 2004) to explore how the raw values of the 57 individual 
attributes changed with time since restoration after accounting 
for values at their relevant reference (control) site. The RII index is 
calculated as (XR − XC)/(XR + XC), where X is the value of the attri-
bute, R = Rehabilitated and C = Control (Reference). This relativi-
sation process results in an index that is bounded by −1 and 1, with 
RII values >0 indicating relatively greater values in rehabilitated 
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sites. The control (reference) sites used in this index were those 
from the same mine. The significance of any relationships between 
biota structure and multifunctionality, time since commencement 
of rehabilitation or RII and any individual attributes was tested 
using linear and nonlinear (quadratic) regressions, with mine iden-
tity as a random effect. Akaike's information criterion (AIC) was 
used to decide the model that provided the best fit in each case. 
We then visualised Pearson's correlation, among the 22 relativised 
biotic attributes and the 35 relativised functional attributes in a 
heat map.

3  |  RESULTS

3.1  |  Coupled recovery of biota and ecosystem 
functions

Our study provides evidence that increases in biotic structure and 
ecosystem multifunctionality are significantly positively related, and 
tend to increase with increasing time since commencement of reha-
bilitation (Figure 1). We also detected evidence of coupling among 
certain plant and microbial biota and specific aspects of ecosystem 
functioning (Appendix S8, Figure S8.1). For example, the recovery 
of carbon pools, biomass of fine litter fractions (e.g. frass and seeds) 
and soil respiration was associated with microbial recovery, particu-
larly bacterial biomass and plant litter cover (Figure S8.1). The re-
covery of arbuscular mycorrhizal fungal (AMF) biomass was strongly 
positively associated with recovery of all carbon sources. Despite 
the many weak negative correlations among different attributes, 
few were strongly negative. Notable, however, was that the recov-
ery of groundstorey plant cover was negatively correlated with the 
recovery of coarse litter fractions. Similarly, a greater degree of soil 
surface cracking (surface brokenness) and surface roughness was 
negatively correlated with most measures of biotic recovery, except 
groundstorey plant cover (Figure S8.1).

3.2  |  Temporal dynamics in biota structure and 
ecosystem functioning after disturbance

Overall multifunctionality tended to increase with increasing time 
since commencement of rehabilitation (Figure 2a). For individual 
ecosystem categories, increasing time since rehabilitation was as-
sociated with linear increases in decomposition (Figure 2b), micro-
bial biomass (Figure 2c), plant productivity (Figure 2d) and plant 
structure (Figure 2e), but there were no significant changes in soil 
stability, carbon or nutrient pools (Figures 2f– h). We also found 
some strong positive relationships among our biotic measures. In 
particular, the recovery of different measures of microbial biomass 
(total microbial biomass, Gram+ biomass, bacterial biomass and 
AMF biomass) was strongly positively correlated with increases in 
both the cover (p < 0.002, R2 = 0.19– 0.24, n = 42) and incorporation 
(p < 0.002, R2 = 0.26– 0.40, n = 42) of litter (Figure S8.2).

3.3  |  Individual changes in ecosystem 
properties and biota

We also examined changes in the post- mining recovery of mul-
tiple, individual ecosystem properties and found a wide range of 
responses from strongly positive to strongly negative changes in 
ecosystem recovery with time (Figures 3– 5). For example, there 
were strong positive temporal relationships for the recovery of na-
tive plant cover, litter cover, litter origin, litter incorporation and 
biocrust cover (Figure 3), the biomass of most plant components 
(Figure 4) and measures of bacterial and fungal biomass (Figure 5). 
The only significant negative relationship was related to the recov-
ery of groundstorey plant foliage cover (Figure 3) and its biomass 
(groundstorey leaves; Figure 4). There were no significant changes 
in most soil nutrients, soil carbon or measures of soil stability 
(Figure S8.3) and measures of decomposition (respiration and soil 
enzymes (Figure S8.4) with time since rehabilitation.

F I G U R E  1  Relationship between 
biota and ecosystem multifunctionality 
for 42 sites ranging in 3– 12 years since 
commencement of rehabilitation. The 
multifunctionality value for biota is 
calculated as the average standardised 
values for the 11 microbial categories and 
the 11 plant structural categories
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4  |  DISCUSSION

Our study provides novel insights into the temporal dynamics of 
ecosystem recovery following human- induced disturbance, using 
mining as a model system. We found that the recovery of multi-
functionality increased with time since the commencement of reha-
bilitation (Figure 2), but ecosystem properties showed contrasting 
rates of recovery. These results apply specifically to rehabilitation 
in a temperate environment following open- cut mining associated 
with extensive landscape disturbance, surface reshaping, ripping 
and topsoil amendment. Furthermore, the relationships between 
the recovery of biotic structure and that of functional components, 
and time since the commencement of restoration, were always posi-
tive or neutral, but there was no evidence that recovery of the biota 
structure preceded functional recovery. Even so, our analyses, using 
the relative interaction index, permitted direct comparisons with 
reference ecosystems, and suggested that our ecosystems are still 
markedly different from the reference state, at least in the initial 
6– 9 years following commencement of rehabilitation. Overall, our 

results demonstrate the complex changes in biotic and functional 
measures of recovery using mining as a suitable model. By linking 
multiple biota and multifunctional approaches, they illustrate the 
complex trajectories of change in biotic and abiotic ecosystem vari-
ables as they recover from substantial mining- induced disturbance.

4.1  |  Recovery of ecosystem structure and 
function increases with rehabilitation age

Recovery of both biotic structure and function increased with time 
since commencement of rehabilitation, consistent with prediction. 
Despite the wide spectrum of functional and biotic attributes 
(Appendix S7) we still found a positive relationship between the 
structural recovery of biotic structure and its function. However, 
this significant correlation was relatively weak (R2 = 0.21), with 
early and mid- aged sites showing a wide range of both biotic struc-
ture and multifunctionality, suggesting the importance of other 
unmeasured site- specific effects, and indicating that recovery of 

F I G U R E  2  Relationship between (a) average multifunctionality, and multifunctionality of (b) decomposition, (c) microbial biota, (d) plant 
productivity, (e) plant structure, (f) soil stability, (g) soil carbon sequestration and (h) nutrients, in relation to time since the commencement 
of rehabilitation. # indicates linear model significant at p < 0.05. Points refer to 42 sites ranging in 3– 12 years since commencement of 
rehabilitation
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one does not necessarily lead to recovery of the other. Apart from 
soil stability, carbon and nutrients, all categories of multifunction-
ality increased over time, and the response was best represented 
as a linear relationship. The strongest effects for functions were 
for plant productivity and plant structure. Individual attributes 
associated with the production of plant biomass (all but coarse 
woody debris, Figure 4) and litter cover and native plant cover 
(Figure 3) showed the strongest positive response to restoration 
age. Plant productivity reflects different biomass compartments 
associated with woody and groundstorey biomass, and closely 
parallels that of plant structure. A relatively small number of at-
tributes responded positively to rehabilitation (i.e. rehabilitation 
winners: microbes, plant productivity, plant structure, decomposi-
tion) but a larger suite were rehabilitation losers (e.g. soil nutrients, 

carbon, soil stability) 12 years after gross landscape disturbance 
associated with open- cut coal mining.

Mine restoration often focusses initially on seeding and plant-
ing in order to stabilise overburden and reduce sediment move-
ment (Ward & Koch, 1995; Feng et al., 2019). We acknowledge 
that similar seeding and planting practices on mines located on 
different substrates or under different environmental conditions 
will likely result in different rehabilitation outcomes, and part of 
these effects could have been due to different mixes or sown spe-
cies. Significantly more native plant species were used in the seed-
ing mixtures at Mine 3 (19 ± 1.3 species, M ± SE) than the other 
mines (nine species; F3,44 = 12.03, p = 0.001), but this was unre-
lated to the number of species sown during the rehabilitation pro-
cess (Table S1). Direct seeding and planting of grasses and woody 

F I G U R E  3  Changes in the relative effect of rehabilitated compared with the reference sites (RII) in relation to time since commencement 
of rehabilitation for plant cover and litter components. # indicates significant linear relationship at p < 0.05. Points refer to 42 sites ranging in 
3– 12 years since commencement of rehabilitation
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plants (e.g. eucalypts, acacias) for mine restoration results in rapid 
recovery of biotic structure (Grant, 2006), and increases in organic 
material (leaves, reproductive structures, woody material) associ-
ated with rapid vegetative growth (plant productivity function). 
These changes could help explain the rapid recovery in microbial 
biomass and measures of litter cover. Symbiotic nitrogen fixation 
by Acacia spp., which are early pioneering species in minesite res-
toration (Jasper, 2007), has marked effects on soil microbial com-
munities and nutrient availability (Banning et al., 2011; Revillini 
et al., 2016). Reduced groundstorey plant cover might be respon-
sible for the generally poor temporal response of different car-
bon fractions to rehabilitation. Furthermore, an extensive cover 
and incorporation of litter could immobilise nitrogen in microbial 
biomass, although this was not reflected in lower levels of total 
nitrogen. Differences will likely depend on whether the commu-
nity is dominated by woody plants, which varied markedly among 
different mine sites, and therefore recalcitrant forms of carbon, or 
herbaceous material, where decomposition rates are much greater 
(Fornara & Tilman, 2008).

The accumulation of plant material is critically important for 
the maintenance of soil functions and services following mining- 
induced disturbance. While there were no clear relationships 
among recovery of functions and measures of the standing plant 
community (e.g. richness, native plant cover), we found strong 
relationships for different litter components. Specifically, litter 
cover and whether it is local or transported from elsewhere (lit-
ter origin) were strongly positively correlated with measures of 
soil respiration, the four carbon fractions, and to a lesser extent, 
total nitrogen (Figure S8.1). Strong links between litter and soil 
multifunctionality are not unexpected. Litter has been shown to 
be a strong predictor of global dryland soil multifunctionality, re-
lated specifically to carbon, nitrogen and phosphorus cycling and 
storage (Eldridge et al., 2019). Surface litter can reduce the loss 
of soil moisture by moderating variability in soil temperature (e.g. 
Hobbie, 2015; Montana et al., 1988; Wallwork et al., 1985). Litter 
also improves habitat for litter- active micro- microfauna (Cepeda- 
Pizarro & Whitford, 1989), thus resulting in greater soil multifunc-
tionality (Eldridge et al., 2019).

F I G U R E  4  Changes in the relative effect of rehabilitated compared with the reference sites (RII) in relation to time since commencement 
of rehabilitation for different plant biomass components. # indicates significant linear relationship at p < 0.05. Points refer to 42 sites ranging 
in 3– 12 years since commencement of rehabilitation
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Surface integrity, a measure of the stability of the soil surface and 
expressed as the cover of uneroded soil surface, would be expected 
to increase with increasing age of rehabilitation, in line with studies 
of open- cut coal mines (Li et al., 2020). However, despite the upward 
trend, we failed to detect significant increases in integrity with reha-
bilitation (Figure S8.3). This is likely due to the high degree of spa-
tial variability across the four mine sites, particularly at intermediate 
times since rehabilitation (Figure S8.3). We did, however, detect strong 

positive correlations between soil integrity and the cover and origin 
of litter (Pearson's r = 0.66– 0.72, p < 0.001; Figure S8.1) consistent 
with the notion that litter increases the capacity of the surface to re-
sist raindrop impact (Li et al., 2014) and increases the threshold wind 
speed required to mobilise particles, thereby resulting in greater soil 
integrity. Strong correlations between soil integrity and the biomass of 
Gram+ (r = 0.52, p < 0.001) and Gram− bacteria (r = 0.40, p < 0.001), 
microbial biomass (r = 0.43, p = 0.004) and AMF biomass (r = 0.42, 

F I G U R E  5  Changes in the relative effect of rehabilitated compared with the reference sites (RII) in relation to time since commencement 
of rehabilitation for different microbial biomass and diversity components. BIOM = biomass, # indicates significant linear relationship at 
p < 0.05. Points refer to 42 sites ranging in 3– 12 years since commencement of rehabilitation
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p = 0.006) are likely related to increases in soil aggregate structure 
and thus microbial habitat, reinforcing the importance of microbes for 
stabilising surface aggregates (Rillig et al., 2017).

Apart from components of microbial biomass, very few of the indi-
vidual attributes achieved levels equivalent to those of the reference 
sites within 12 years of rehabilitation. Microbial biomass is known to 
decline rapidly after mining- induced disturbance but can increase rel-
atively quickly, consistent with the results of chronosequence studies 
of reclaimed mine soil (e.g. Sourkova et al., 2005). The magnitude of 
increase is related to substrate (litter) quantity and quality (Insam & 
Domsch, 1988); hence the strong positive relationships between cover 
of litter and microbes (0.50– 0.57 for microbial biomass, and G+ bac-
teria). Our models of the relatively rapid recovery of microbial biomass 
suggest that they could reach levels equivalent to reference soils by 
about 9 years after commencement of rehabilitation (Figure S8.2).

4.2  |  Limited recovery of biotic and functional 
attributes relative to reference sites

Most individual attributes showed either no significant change, that is, 
they either increased but failed to exceed values at the reference sites, 
or showed a non- significant downward trend. Two variables, however, 
foliage cover and the biomass of groundstorey leaves, exhibited sig-
nificant declines whereas six of the 11 measures of microbial biomass 
and diversity attained levels greater than reference. These changes in 
microbial diversity and biomass could be related to soil pH. Soil pH is a 
strong driver of soil microbial community processes (Fierer et al., 2007; 
Glassman et al., 2017), particularly in topsoils (Waymouth et al., 2020). 
The mean value of soil pH across the chronosequence was signifi-
cantly greater at rehabilitated (6.85 ± 0.13; M ± SE) than reference 
(5.95 ± 0.06) sites. Increased soil pH under rehabilitation would favour 
fungal over bacterial decomposition (Angel et al., 2013; Tedersoo 
et al., 2014), which accords with both the greater fungal biomass with 
time since rehabilitation (Figure S8.2) and the increase in AMF biomass 
with increasing pH (Figure S8.5). We also found that fungal diversity 
was greater in soils at reference (1,088 ± 134, M ± SD) than rehabili-
tated (974 ± 210) sites, unlike studies from other mine site restoration 
studies (Ngugi et al., 2019). Fungi are critically important in the restora-
tion process because they recycle organic matter, improve soil struc-
ture, ameliorate metal tolerance in plants, and enhance water holding 
capacity (Delgado- Baquerizo et al., 2019; Ngugi et al., 2019). Future 
work needs to further investigate how to trigger the restoration of soil 
microbial diversity, a major driver of ecosystem functioning, to help 
in achieving maximum levels of ecosystem recovery after disturbance.

5  |  CONCLUSIONS

Our study identifies the preeminent role of microbial and plant biota, 
and its links with various plant and microbial compartments, in driving 
functions related to soil respiration, microbial function, soil integrity, 
soil carbon and to a lesser extent, nitrogen pools. This suggests that 

the selection of plant species for reseeding during rehabilitation is 
critical for promoting important ecosystem functions. A richer seed 
mix during seeding would have many rehabilitation advantages such 
as more varied litter with different leaf chemistries and decay times 
(e.g. C:N ratios, phenol, cellulose and lignin concentrations; Bardgett 
et al., 1998) and therefore a more varied substrate quality capable of 
supporting a richer microbial community (e.g. Osanai et al., 2013). A 
greater emphasis on plants functional type might mean using tech-
niques combining both soil stabilisation, and the addition of organic 
matter and seeds (e.g. hydromulching, O'Brien et al., 2018), and using 
local species that are adapted to local conditions and indigenous mi-
crobial species. Nonetheless, the fact that many functions failed to 
establish levels comparable to reference sites even 12 years after the 
commencement of rehabilitation, indicates that the process of reha-
bilitation after gross landscape changes associated with open- cut coal 
mining is likely to protracted.
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