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Abstract

1.

Restoration of degraded ecosystems may take decades or even centuries.
Accordingly, information about the current direction and speed of recovery pro-
vided by methods for predicting time to recovery may give important feedback to
restoration schemes. While predictions of time to recovery have so far been based
mostly upon change in species richness and other univariate predictors, the novel
ordination-regression based approach (ORBA) affords a multivariate approach

based upon species compositional change.

. We used species composition data from four alpine spoil heaps in western

Norway, recorded at three time points, to predict time to recovery using ORBA.
This approach uses distances between restored plots and reference plots along a
successional gradient, represented by a vector in ordination space, to model linear
or asymptotic relationships of compositional change as a function of time. Results
from ORBA were compared with results from models of more generic univariate
attributes, that is total cover, species richness and properties of the physical envi-

ronment as functions of time.

. ORBA predictions of time to species compositional recovery varied from less than

60 years with linear models to 115-212 years with asymptotic models. The long
estimated time to recovery suggests that the restoration schemes adopted for

these spoil heaps are likely to be suboptimal.

. Much shorter time to recovery was predicted from some of the more generic univar-

iate attributes, that is species richness and total cover, than from species composi-
tion. Given the current rates of recovery, most spoil heaps will reach reference levels
for total cover and species richness within 50 years, whereas predictions indicate

that 67-111 years are needed to restore levels of soil organic matter and pH.

. Synthesis and applications. Species composition and soil conditions provide infor-

mation of generally higher relevance for evaluation of ecosystem recovery pro-
cesses than the most commonly used metric to assess restoration success, species
richness. Species richness is decoupled from species compositional recovery,

and likely to be a generally poor measure of restoration success. We therefore
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1 | INTRODUCTION

Prediction play a minor role in most branches of ecology (Houlahan,
McKinney, Anderson, & McGill, 2017), partly because of the com-
plexity of ecosystems (Byers, 2018). However, to respond to the rapid
changes in climate and ecosystems due to human activities (Ceballos
etal.,2015), ecology needs to become more predictive (Evans, Norris,
& Benton, 2012). This also applies to restoration ecology (Brudvig,
2017), since predictions of, for example time to recovery, are directly
relevant for evaluation of progress in ecological restoration (Urban,
2006). Until recently, restoration ecology has lacked proper methods
to predict time to recovery for informed evaluation of restoration
success. The novel ordination regression based approach (ORBA;
Rydgren, Halvorsen, et al., 2019b) facilitates prediction of time to re-
covery through modelling either linear or asymptotic trajectories of
compositional change over time. In particular, the asymptotic model
appears promising since it accounts for declining successional rates,
a common characteristics of successions (Anderson, 2007; Rydgren,
@kland, & Hestmark, 2004). Reliable predictions of time to species
compositional recovery are relevant for assessing success in res-
toration because species composition constitutes one of the most
important attributes of ecosystems, summarizing the outcomes of
all important ecological processes (cf. Clewell & Aronson, 2013).
Although species composition may provide indications of a much
wider range of ecosystem properties than aggregated, more generic
properties of vegetation such as total cover and species richness, the
latter are much more often used to assess restoration success (Ruiz-
Jaén & Aide, 2005; Waldén & Lindborg, 2016). Which metrics to use
is still vigorously debated (Abella, Schetter, & Walters, 2018; Brudvig
et al., 2017; Durigan & Suganuma, 2015; Reid, 2015). In general, we
expect species composition to recover more slowly than total cover
and species richness. Predictions of restoration success is therefore
expected to depend on the metrics considered (cf. Crouzeilles et al.,
2016). Still, the view that simpler measures (cover, richness) may be
appropriate as proxies for more complex properties such as species
composition is not uncommon (Brancalion & Holl, 2016; Suganuma
& Durigan, 2015). A closer examination of the idea that simpler mea-
sures can approximate species composition for assessing restoration
success by predicting time to recovery, is therefore needed.

Soil conditions may play an important role in successful res-
toration of species composition (Piqueray et al., 2011; Rydgren,
Halvorsen, Auestad, & Hamre, 2013). Because abiotic and biotic
ecosystem components mutually influence each other, both have

to be taken into account in restoration of ecosystems. In harsh

encourage further improvement of methods like the ordination-regression based

approach that use species compositional data to predict time to recovery.

ORBA, Ordination-Regression Based Approach, restoration ecology, soil conditions, species
composition, species richness, spoil heaps, time to recovery

environments, such as alpine environments where the majority of
hydropower spoil heaps are found, soil processes are slow (Kidd,
Streever, & Jorgenson, 2006). Accordingly, alpine spoil heaps have
low levels of soil organic matter even after eight decades (Rydgren
etal., 2013), and slower recovery of soil properties than of univariate
biotic ecosystem properties such as species richness and total cover
is therefore expected.

In this study, we use ORBA with both linear and asymptotic mod-
els to analyse data from three censuses of species composition and
environmental conditions of alpine spoil heaps and their undisturbed
surroundings, over a period of 24 years, 7-41 years after the ini-
tial disturbance, to predict time to recovery of species composition.
ORBA results are compared with parallel analyses of time-to-re-
covery predictions for selected properties of the physical envi-
ronment, total cover and species richness. The studied spoil heaps
consist of surplus rock material resulting from tunnel construction
for hydropower plants. In alpine areas, such spoil heaps pose seri-
ous restoration challenges due to the harsh environment (Rydgren
et al., 2013). Previously, full species compositional recovery of the
four alpine spoil heaps addressed in the present study was predicted
to be achieved in less than 50 years (Rydgren, Halvorsen, Odland,
& Skjerdal, 2011). However, the analyses of Rydgren et al. (2011)
were based upon time-to-recovery predictions derived from a linear
model of compositional change over time between two time-points.
The resulting predictions are likely to be over-optimistic as constant
successional rates are unrealistic (Rydgren et al., 2011). The present
study is based on three censuses. Since we expect successional rates
to decrease with time, we hypothesize that (a) species compositional
recovery will be slower than indicated by (Rydgren et al., 2011) (hy-
pothesis 1) and we further expect (b) species compositional recovery
to be slower than the recovery of functionally less specific proper-
ties such as total cover or species richness (hypothesis 2). Finally, we
expect (c) that recovery of the physical environment will be slower
than recovery of total cover and species richness (hypothesis 3).

2 | MATERIALS AND METHODS
2.1 | Field sites

We studied four low alpine spoil heaps in western Norway, situated
from 1,000 to 1,360 m a.s.l., within an extent of 30 km (Figure 1,
see Figure S1, all of which were also included in a previous study

(Rydgren et al., 2011). The climate is relatively wet and cold with
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Kleadalen

FIGURE 1 The four studied alpine spoil heaps in western Norway and their surroundings. All pictures were taken in 2015 except for the

@ydalen picture which was taken in 2017

annual precipitation in the range 1,500-1,900 mm and mean July
temperatures of 6.6-8.8°C for the period 1971-2000 (NVE, 2018).

The spoil heaps were constructed between 1974 and 1984, and
vary in size from 2.7 to 4.1 ha. They consist of blasted rocks, except
Kleddalen which consists of finer-grained substrate (Rydgren et al.,
2011). The spoil heaps are made up by bedrock material similar to
that of their surroundings, mainly consisting of gneisses, granites,
phyllite and other metamorphosed rocks (Skjerdal & Odland, 1995).

Shortly after construction, compound fertilizer was added to
all spoil heaps, followed by seeding with commercial seed mixtures
annually for at least 3 years (Skjerdal & Odland, 1995). Additional
fertilization and seeding also took place later years (see Appendix S1
for details). All spoil heaps have been sporadically grazed by sheep
since construction.

2.2 | Sampling design and data collection

Data on the physical environment (soil organic matter and pH), total

cover (vascular plants, and bryophytes and lichens), species richness

(vascular plants, bryophytes and lichens), and species composition
were collected at all sites in the early 1990s (Skjerdal, 1993; Skjerdal
& Odland, 1995), in 2008 (Rydgren et al., 2011) and in 2015. In the
early 1990s (1991 in Svartavatn, Fossane and Kleadalen and 1994
in @ydalen), 10-20 non-permanent sample plots (0.5 x 0.5 m each)
were placed on each spoil heap by stratified random sampling (64
plots in total), using a baseline approach (Skjerdal, 1993). In 2008, we
selectively placed 8 blocks per spoil heap (5 blocks on the heap and 3
in their undisturbed surroundings), each 5 x 10 m. Within each block,
three permanent sample plots (0.5 x 0.5 m) were placed at random,
with the extra condition that plots had to be separated by at least
1 m (Rydgren et al., 2011). All permanent plots were re-analysed in
2015 except one block at the Kleadalen spoil heap, which was lost
due to deposition of rock material. The resulting dataset comprised
253 sample plots with 239 recorded taxa (107 vascular plants, 86
bryophytes and 46 lichens; see Appendix S2 for nomenclature).

The species composition of the plots was recorded in July-
September at the three sampling occasions. We divided each plot into
16 equally sized subplots and recorded the abundance of vascular

plants, bryophytes and lichens as the frequency in 16 subplots. We
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also visually estimated the total percentage cover of vascular plants,
bryophytes and lichens in each plot. Species richness variables (the
number of species of vascular plants, bryophytes and lichens respec-
tively) for each plot were derived from species composition data.

Soil samples were collected from the upper 5 cm soil layer at the
three sampling occasions, and analysed for soil organic matter in %
and pH (see Appendix S3 for details).

2.3 | Data analyses

All statistical analyses were performed in R versions 3.2.2 or 3.5.3 (R
Development Core Team, 2019).

We used ORBA to predict time to species compositional recov-
ery (Rydgren, Halvorsen, et al., 2019b). This entailed first extracting
the gradient structure of a species compositional dataset by parallel
use of detrended correspondence analysis (DCA; Hill & Gauch, 1980)
and global non-metric multidimensional scaling (GNMDS; Minchin,
1987) as implemented in the vegan package version 2.3.3 (Oksanen
et al., 2016), see Appendix S4 for specification details. Axis1 of all
ordinations revealed a successional gradient of species composition,
running from spoil-heap plots analysed in the 1990s via plots anal-
ysed in 2008 and in 2015, to plots from the surroundings (Figure 2;
Table S1). Second, we calculated successional distance (djt,O) along
these gradients, that is the distance between a restoration plot and
its reference, using the mean position of plots from the surroundings
at a given time point as our dynamic reference. Since 2008 was the
first year plots from the surroundings were censused, we used the
2008 plots as references also for plots from the 1990s, implicitly
assuming that the reference vegetation was as stable between these
years as it was between 2008 and 2015 (Table S1).

Finally, we modelled successional distance as a function of time
since disturbance with generalized linear mixed models (GLMMs;
Bates, Maichler, Bolker, & Walker, 2015) with identity-link and
Gaussian error distribution, by fitting two types of responses, a lin-
ear relationship (M, ), and a log-linear, asymptotic relationship (M,).
From the models we derived three different time-to-recovery pre-
dictions for each spoil heap: TR, (linear model; restoration target:
predicted successional distance = 0), TR (asymptotic model;
restoration target: predicted successional distance = +1 S.D. off the
centroid of reference plot scores) and TR, o, (@symptotic model;
restoration target: predicted successional distance = 0.01).

We modelled the physical environmental variables and the bi-
otic variables as functions of time since disturbance (year of spoil-
heap construction). Soil organic matter, vascular plant cover and
bryophyte and lichen cover were expressed as percentages, that is
as strictly bounded but non-binomial data. We therefore logit-trans-
formed these variables (Warton & Hui, 2011) before modelling them
with identity-link and Gaussian errors. The species richness vari-
ables were modelled with log-link and Poisson errors, whereas pH
was modelled with identity link and Gaussian errors. Finally, we used
the models to predict the number of years before reference levels

(mean values in the undisturbed surroundings) are reached.

All models were parameterized using the r package LME4, ver-
sion 1.1.21 (Bates et al., 2015), accounting for repeated measure-
ments and the spatially nested sampling structure by specifying plot
nested within site with block as random effects in the models. The
fact that the spoil-heap plots were not set up in a block design in the
censuses of the 1990s was handled by allocating the 1990s plots
randomly to blocks to fit the structure of the model. For the species
richness variables the mixed-effects models did not converge, even
when the random effect was reduced to only consist of sites. The
preliminary estimates from these models showed that the random
effects hardly contained any variation. Therefore, we used general-
ized linear models without random effects for the species richness
variables. Time to recovery estimates from these models therefore
have to be interpreted more conservatively.

3 | RESULTS

3.1 | Species compositional change during
restoration

The first axis of the DCA and GNMDS ordinations represented the
restoration successional gradient (Table S1), showing similar displace-
ment patterns for plots from all four sites over time in direction of
the reference plots (Figure 2). The compositional turnover along the
first axes, that is their gradient lengths, were 5.34 standard deviation
(S.D.) units for DCA and 2.93 half change (H.C.) units for GNMDS, re-
spectively, indicating that considerable shifts in species composition
took place during restoration succession at all spoil heaps.

In the early phase, the species composition of all spoil heaps was
dominated by pioneer species like Bryum spp., which decreased rap-
idly over time both in frequency and abundance (Table S2). Other
pioneer species, like Ceratodon purpureus, experienced a slower
population decline, and some, exemplified by Sagina saginoides,
maintained relatively stable populations. Some species, for example
Sanionia uncinata, that were common in the surroundings, estab-
lished early on the spoil heaps and increased further to frequencies
higher than in the surroundings. Empetrum nigrum, which with the
exception of the seeded grasses was the most frequent vascular
plant species on the spoil heaps in 2015, also established early on
the spoil heaps and increased considerably over time until approach-
ing frequencies equal to those of the surroundings.

Most species that were common in the surroundings established
slowly on the spoil heaps and were still infrequent there in 2015, for
example ericacean species such as Vaccinium myrtillus, V. uliginosum
and V. vitis-idaea, forbs such as Bistortia vivipara and Hieracium alpi-
num, graminoids such as Anthoxanthum odoratum, Avenella flexuosa
and Carex bigelowii, and bryophytes such as Hylocomium splendens
and Barbilophozia floerkei. Lichens established slowly as well, but
several lichen species that were common in the surroundings oc-
curred regularly on the spoil heaps in 2015, for example Cetraria is-
landica agg., Cladonia arbuscula, C. gracilis, C. rangiferina, C. squamosa

agg. and Stereocaulon spp.
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Time-to-recovery predictions for the spoil heaps, obtained by
ORBA, were between 43 and 60 years for linear models (TRLO) and
in the ranges 41-105 and 115-212 years for the asymptotic models
TR g1 and TR 5, o1 Fespectively (Figure 3; Table 1). Generally, longer
time-to-recovery predictions were obtained by use of successional
distances obtained from DCA than from GNMDS ordination, but the
differences between ordination methods were generally small (two
of the predictions based upon TR, o, excepted). The shortest and
longest predictions were most often obtained for the Kleadalen and

Svartavatn spoil heaps respectively (Table 1).

3.2 | Dynamics of total cover

Patterns of change in vascular plant cover over time differed con-
siderably among the four spoil heaps (Figure 4). Significant increase
over time was observed only at Kleddalen and Svartavatn where ref-
erence levels were predicted to be reached in 43 and 55 years after
disturbance respectively (Table 2).

The cover of bryophytes and lichens increased rapidly after
disturbance at all spoil heaps and had reached reference levels at
all sites in 2015, 31-37 years after disturbance (Figure 4, Table 2).

O Fossane FIGURE 2 Ordinations (DCA and
o Kleadalen GNMDS) of the 253 sample plots from
A @ydalen the four spoil heaps (closed symbols)

< Svartavatn and their corresponding surroundings,

analysed in the early 1990s (only spoil-
heap plots), 2008 and 2015 (spoil heap
and surroundings). The separate lines

for the four sites, each ending with an
arrow connect the mean positions (larger
symbols) of spoil-heap plots from the
early 1990s via 2008 to 2015 positions
(continuous lines), to plot means for the
surroundings in 2015 (broken lines)

Particularly rapid recovery of bryophyte and lichen cover was ob-
served at Kleadalen, where the reference level was reached already

at the first census in 1991, 10 years after disturbance.

3.3 | Dynamics of species richness

The number of vascular plants (species richness) increased significantly
over time at all spoil heaps except @ydalen (Figure 5). Predictions from
the significant models indicated that the reference levels would be
reached in 36-58 years after disturbance in these spoil heaps (Table 2).
The number of bryophyte species increased more rapidly than vascu-
lar plant species numbers and reached reference levels at the second
census, 13-28 years after disturbance (Figure 5). The number of lichen
species followed the same pattern as bryophytes; reference levels

were reached at the second or third census (Figure 5).

3.4 | Dynamics of the physical environment

Soil organic matter increased significantly over time at all four

spoil heaps (Figure 6), but was still far below reference levels at
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FIGURE 3 Models for successional distance [distance along the successional gradient represented by the first DCA axis (upper panel) and

the first global non-metric multidimensional scaling (GNMDS) axis (lower panel)] as a function of time since disturbance, obtained separately for
each of the four spoil heaps by ordination-regression based approach (ORBA). The fitted linear models are represented by black lines, asymptotic
models by red lines. The 95% confidence intervals are indicated by grey and red shading respectively. The green dotted horizontal line represents
the centroid of reference plot scores along the successional gradient in 2015 with +1 standard deviation indicated by light green shading

TABLE 1 Predicted time to species compositional recovery, measured in years, as obtained from three different ordination-regression
based approach (ORBA) models: TR, (linear model; restoration target: predicted successional distance = 0), TR, (asymptotic model;
restoration target: predicted successional distance = +1 SD off the centroid of reference plot scores) and TR, o, asymptotic model;
restoration target: predicted successional distance = 0.01)

DCA GNMDS
Site TR, TR po11 TR 0,01 TR, TR po1 TR p+0.01
Fossane 46 85 165 45 85 140
Kleadalen 51 41 179 43 43 115
@ydalen 60 105 199 51 82 128
Svartavatn 56 89 212 60 85 205

Note: Successional distance, the response variable in the models, was calculated from results of DCA and GNMDS ordinations.

all sites in 2015, 31-41 years after disturbance. For most sites c.

100 years was predicted to be required after disturbance before 4 | DISCUSSION

reference levels are reached (Table 2). Shortly after disturbance,

pH was much higher at the spoil heaps than in their surroundings 4.1 | Time to recovery estimation using ORBA

but, with the exception of the Svartavatn spoil heap, decreased

significantly over time (Figure 6). For these three spoil heaps Our results show that successional rates in the four studied spoil heaps
pH was predicted to reach reference levels 67-92 years after decline over time, a common characteristic of successions (Chang et
disturbance. al., 2019; Foster & Tilman, 2000; del Moral, Saura, & Emenegger,
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FIGURE 4 Models for the cover of vascular plants (upper panel) and bryophytes and lichens (lower panel) as functions of time since
disturbance, obtained separately for each of the four spoil heaps. Model predictions are represented by black lines; continuous lines
indicate significant (p < .05), whereas dotted lines indicate nonsignificant models. Grey shaded areas indicate 95% confidence intervals. The
green dotted horizontal line represents the mean values for plots from the spoil heap's surroundings in 2015, with +0.5 standard deviation

indicated by light green shading

TABLE 2 Predicted time (in years) to the reference level (mean values for plots from the undisturbed surroundings) after disturbance
(the year each spoil heap was constructed), measured in years, as obtained from LMM or GLM (for species richness) models, for the physical

environment, total cover and species richness variables

Cover of Cover of bryophytes  Number of
Site vascular plants and lichens vascular plants
Fossane n.s. 31 58
Kleadalen 43 n.s. 36
@ydalen n.s. 37 n.s.
Svartavatn 55 33 44

Number of

bryophytes Number of lichens  Soil organic matter pH
13 NA 111 87

n.s. 22 61 92

28 31 94 67

19 NA 95 n.s.

Note: n.s.: nonsignificant models; NA: not modelled due to sparse data. Note that some predictions were beyond the range spanned by the data, and

that some of the models were nonsignificant.

2010; Myster & Pickett, 1994). Furthermore, we obtain a promi-
nent successional gradient along the closely similar first axes of the
GNMDS and DCA ordinations which justifies their use for predicting
time to recovery (Rydgren, Halvorsen, et al., 2019b) and ensures that
the basic assumption of the ordination-based approach for predicting
time to recovery (ORBA), that a proxy for the successional gradient is
available, is satisfied (Rydgren, Halvorsen, et al., 2019b).

Seven years after the previous census (in 2008) none of the spoil

heaps are close to recovery, and full recovery within 1-15 years from

2015, as suggested by earlier linear predictions (Rydgren et al., 2011),
is most unlikely. The time-to-recovery predictions obtained by lin-
ear models using ORBA extend previous predictions by 8-17 years;
full compositional recovery is now predicted to take place between
43 and 60 years after construction. This confirms hypothesis 1.
Inclusion of more time points gives more realistic time-to-recovery
predictions which explains part of the difference between the linear
predictions reported here and the results of Rydgren et al. (2011).

However, the fact that taking declining successional rates with
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FIGURE 5 Models for species richness of vascular plants (upper panel), bryophytes (middle panel) and lichens (lower panel) as functions
of time since disturbance, obtained separately for each of the four spoil heaps. Model predictions are represented by black lines; continuous
lines indicate significant (p < .05), whereas dotted lines indicate nonsignificant models. Grey shaded areas indicate 95% confidence intervals.
Bryophyte species richness was modelled by a quadratic function. Models were not fitted for spoil heaps in which the species group in
question was absent from most plots at the first census. The green dotted horizontal line represents the mean values in the spoil heap's
surroundings in 2015, with 0.5 standard deviation indicated by light green shading

time into account by applying asymptotic models of successional
distance, obtaining predictions for time to full compositional recov-
ery from 115 to 212 years, indicates that the major reason for the
difference is that successional rates decrease over time (Foster &
Tilman, 2000; Myster & Pickett, 1994; Rydgren, Halvorsen, et al.,
2019b; Rydgren, Halvorsen, Topper, & Njgs, 2014). Although it is
not possible from our data to conclude which of the models, linear
or asymptotic, that gives the most accurate predictions, two strong
arguments point in favour of the asymptotic models. First, only the
asymptotic models account for decreasing successional rates over
time, that is that successions stand out as logarithmic processes.
Second, older spoil heaps in the region are still far from full recovery
and more than 100 years seem to be needed for full recovery due to
the common construction practice of using a coarse top substrate
(cf. Rydgren et al., 2013). The definition of recovery also influences
predictions of time to recovery. To reach near-zero successional dis-
tance from the reference state (TR, o, in this study) will of course
take longer time than to satisfy a more relaxed criterion (TR, in
this study). In fact, full recovery in the sense defined here may not
be possible, feasible or even relevant in all cases (McDonald, Gann,

Jonson, & Dixon, 2016). Therefore, adopting a relaxed criterion like

+1 standard deviation off the centroid of reference plot scores may
sometimes be appropriate.

Our results show that ORBA predictions are influenced by the
robustness of ordination methods (DCA and GNMDS), which in
turn depends on properties of the data (Eilertsen, @kland, @kland,
& Pedersen, 1990; Minchin, 1987; @kland, 1990; Rydgren, 1993)
such as the distribution of species” frequencies. In particular, species
that occur in few plots are known to influence the ordination result,
and especially so in species-poor or otherwise deviant sample plots
(@kland, 1990). We therefore encourage studies on the robustness
of ORBA to differences in dataset properties. So far, ORBA has only
been tested on a boreal forest dataset (Rydgren, Halvorsen, et al.,
2019b). Also in that case, asymptotic models were superior to linear
models, and the asymptotic GNMDS-based models fitted the data
better than the asymptotic DCA-based models (Rydgren, Halvorsen,
et al., 2019b). More studies using ORBA are, however, needed before
eventual final conclusions about choice of ordination method can be
drawn. A likely outcome of further tests is, however, that no method
is consistently better than the other (as for ordination of species data;
@kland, 1990; van Son & Halvorsen, 2014) and that two methods

should always be used in parallel to secure robustness of the results.
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FIGURE 6 Models for soil organic matter (upper panel) and pH (lower panel) as functions of time since disturbance, obtained separately
for each of the four spoil heaps. Model predictions are represented by black lines; continuous lines indicate significant (p < .05), whereas
dotted lines indicate nonsignificant models. Grey shaded areas indicate 95% confidence intervals. The green dotted horizontal line
represents the mean values in the spoil heap's surroundings in 2015, with +0.5 standard deviation indicated by light green shading

4.2 | Time to recovery using univariate metrics

Predictions of time to recovery based upon more generic, univariate
metrics are substantially lower than those obtained from ORBA pre-
dictions of compositional recovery. Furthermore, the uncertainty of
estimates based upon these metrics is larger, confirming hypothesis
2. This result may be due to (a) insufficient understanding of the eco-
logical processes, (mis)leading us to opt for too simplistic models, or (b)
that the relevant processes do not follow a simple monotonic pattern.
While both species richness and total cover of bryophytes and lichens
increase relatively fast after disturbance, reaching reference levels
within 13-58 years after disturbance, recovery of soil organic matter
and pH is predicted to take up to 111 years. The relatively fast recovery
of species richness, particularly for bryophytes, is due to the appear-
ance of pioneer species as well as species typical of established vegeta-
tion relatively soon after disturbance. Later, as seen at the last census
in 2015, bryophyte species richness drops when pioneer species go lo-
cally extinct. This shows that recovery of species richness is decoupled
from species compositional recovery and, accordingly, that richness re-
covery does not imply recovery of an ecosystem with functions and a
species composition in dynamic equilibrium with its environment.

The two cover variables follow a similar pattern; in two of the four

spoil heaps the reference level is predicted to be reached relatively

fast, within 55 years. The reason is that the cover of pioneer and estab-
lished species follow the same pattern as species richness with shifts
in the species groups that contribute to cover over time. In addition,
the highly persistent seeded grass species contribute considerably to
the total cover over the entire time period (Rydgren et al., 2016).

Our results indicate that univariate metrics for the physical en-
vironment (here: soil organic matter and pH) are more relevant for
modelling the recovery process than properties of the biotic en-
vironment. There are two reasons for this: (a) that environmental
conditions known to be important for the species composition are
important in their own right when the recovery status is assessed;
and (b) that the physical properties seem to follow a monotonic
trajectory (e.g. continuously increasing soil organic matter content
and decreasing soil pH). Based upon metrics for the physical envi-
ronment, recovery is predicted to take place many years later than
predicted from the univariate, biotic variables, and closer to the pre-
dicted recovery of the species composition, confirming hypothesis 3.
This accords with ecological theory, e.g. the gradient analytic per-
spective (Halvorsen, 2012; Whittaker, 1967), according to which the
species composition of an ecosystem in dynamic equilibrium reflects
the environmental conditions closely.

The long recovery time for soil properties found in this study re-

flects a major challenge in ecological restoration (Aradottir & Hagen,
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2013; Becker & Pollard, 2016; Dobson, Bradshaw, & Baker, 1997;
Fagan, Pywell, Bullock, & Marrs, 2008; Jorgenson & Joyce, 1994). At
the studied spoil heaps, persistently unfavourable soil conditions are
probably the main obstacle to re-establishment of many of the local
vascular plant species (Rydgren et al., 2013, 2011). This also accords
with results of Gretarsdottir, Aradottir, Vandvik, Heegaard, and
Birks (2004) and Alday, Marrs, and Martinez-Ruiz (2011). Generally,
soil development on newly formed land proceeds more slowly than
indicated by the changes in soil organic matter and pH. Like soil de-
velopment in alpine glacier forelands (Matthews, 1992), re-estab-
lishment of fully developed soils on spoil heaps may take centuries.

Typically, dominant species in the surroundings such as the
Vaccinium spp. prefer soils with high content of organic matter and
high moisture retention capacity for successful recruitment (Eriksson
& Froborg, 1996). For these species, conditions for establishment
and growth at spoil heaps are still rather unsuitable 40 years after
spoil heap construction. Soil development therefore appears as a
major bottleneck for recovery (Rydgren et al., 2013, 2011) of the
species composition on alpine spoil heaps, emphasizing why knowl-
edge about soil development is crucial for understanding recovery
processes (Forbes, Ebersole, & Strandberg, 2001).

4.3 | Time to recovery—which metric to use?

The four categories of metrics used to predict time to recovery in
this study give widely different results. The relatively fast recovery
of species richness and total cover contrasts the slow recovery of
properties of the physical environment and the species composi-
tion. Although species richness is the most commonly used metric
to assess restoration success (Waldén & Lindborg, 2016), it is not
regarded as a core metric for evaluating restoration outcomes (SER,
2004). Our study clearly demonstrates that species richness and total
cover may reach pre-disturbance levels and suggest successfully ac-
complished restoration, whereas the succession of plant species and
re-establishment of environmental conditions are still in relatively
early stages. In contrast, the plant species composition is an indica-
tor of the basic properties of the ecosystem and should therefore
be regarded as ‘the principal obligation of restorationists’ (Clewell &
Aronson, 2013). We advocate using species compositional data and
soil conditions to predict time-to-recovery, and advise against using
species richness and total cover as unique metrics of successful res-
toration (cf. Piqueray et al., 2011). However, we acknowledge that
species richness and other generic variables may be valuable metrics
shedding light on the restoration process when restoring the spe-
cies composition is not feasible (Halpern, Antos, Kothari, & Olson,
2019). For example when ecosystems are considerably degraded,
appropriate reference systems do not exist and full recovery will
neither be attainable or desirable (McDonald et al., 2016). Another
promising development for estimating time-to-recovery may be to
use functional-trait based metrics, which may serve as indicators of
ecosystem function (cf. Funk et al., 2017) and, therefore, also pro-

vide relevant indicators of recovery status.

The ordination-regression based approach (ORBA) used for pre-
dicting time to species compositional recovery in this study provides
promising results, but further exploration, most notably of later
phases of restoration successions, is needed to generalize about the
precision of the predictions. Anyway, our results clearly support the
view that, to advance restoration ecology, we should move beyond
simple biodiversity measures (Brudvig, 2017) and develop methods
for predicting time to recovery that take the full plant species com-
position into account (cf. Urban, 2006).
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