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reference ecosystems in 17 countries across four continents. In each experiment,
vegetation composition was recorded in response to soil translocation treat-
ments and the resultant vegetational changes (diversity and composition) were

quantified.

. We found that soil translocation leads to plant community development further

away from the control and more towards the reference plant communities com-
pared with treatments where only plant propagules were introduced. However,
the variability of effect sizes among experiments was large, suggesting strong
dependence of restoration success on restoration context. We found that resto-
ration success was more likely on loamy soils and when translocation treatments

were implemented over larger spatial areas (>180m?).

. Furthermore, we found that restoration success either consistently increased or

decreased over time depending on the experiment. Not only is this congruent
with positive feedbacks between plant and soil communities driving plant com-
munity development, but it also suggests that the composition of the translo-
cated plant and soil communities, and initial starting conditions, are critical for

long-term restoration success.

. Synthesis and applications. Our analysis highlights soil translocation can be a suc-

cessful restoration method across a broad range of ecosystems. However, its im-
plementation needs to depend on a thorough evaluation of local conditions and

the potential added value. Further refinement of soil translocation techniques is

KEYWORDS

1 | INTRODUCTION

Biodiversityisdecliningworld-wide due tohumanactivities, whichare
causing ecosystem degradation (IPBES, Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services, 2019). In
response, the UN launched the ‘Decade on Ecosystem Restoration’
to ‘prevent, halt and reverse’ ecosystem degradation, with one of
its main aims is to identify good restoration practices (UNEA, 2019).
Ecological restoration, however, remains a difficult and often unpre-
dictable process where success rates remain below expectations;
suggesting strong context dependence on specific starting points
and creating large recovery debts (i.e. the difference between res-
toration objective and result; Eviner & Hawkes, 2008; Van Diggelen
et al., 2001). Hence, there is an urgent need for both new and inno-
vative ecological restoration techniques as well as rigorous assess-
ments of the effectiveness of existing methods (Cooke et al., 2019;
Young & Schwartz, 2019). Traditionally, restoration techniques have
focussed on restoring above-ground communities with the aim of
bringing back a full complement of target species. Here abandonment
of degraded land with no further restoration measures remains one
of the most widely applied restoration strategies (Prach et al., 2021).

needed to increase success rates.

above-ground-below-ground interactions, degraded soils, environmental filters, meta-analysis,
restoration thresholds, soil inoculation, soil transfer

This approach, however, is not always effective. Ecological research
suggests that in terrestrial ecosystems there is an intimate link be-
tween above- and below-ground biodiversity (Bardgett & van der
Putten, 2014; Ohgushi et al., 2018) and restoration practises could
benefit from leveraging these interactions (Kardol & Wardle, 2010).

Plant community development is thought to depend on three
main community assembly filters (Grman et al., 2015; Hobbs &
Norton, 2004) that shape local species composition contingent on
the regional species pool. These filters are as follows: (1) dispersal,
(2) abiotic conditions (e.g. hydrology, soil type) and (3) biotic inter-
actions, such as competition, herbivory and facilitation (Aavik &
Helm, 2018; Zobel et al., 1998). It is increasingly clear that biotic
interactions, particularly plant-soil interactions, can strongly affect
community composition (Heinen et al., 2020; Ohgushi et al., 2018;
Radujkovic et al., 2020). Plants and their associated soil biota interact
via multiple feedback mechanisms and these plant-soil feedbacks
can be important drivers of community assembly (Bever et al., 2015;
Van der Putten et al., 2013). Plants interact directly with herbivores,
parasites and mutualists such as mycorrhizal fungi that affect estab-
lishment and maintenance in the community (Brown & Gange, 1990;
Neuenkamp et al., 2019), but there are also indirect feedbacks via
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soil structure and nutrient cycling (Wardle et al., 2004). After aban-
donment of agricultural land, early-successional plants were shown
to generate negative plant-soil feedback, whereas later-successional
species, the typical targets for restoration, generate more positive
feedback (Carbajo et al., 2011; Kardol et al., 2006). Hence, the re-
covery of plant-soil interactions may alleviate restoration thresh-
olds and effectively steer plant community restoration (Wubs
et al., 2016).

If certain abiotic or biotic thresholds have been crossed
to such an extent that simple abandonment of degraded land
will no longer develop towards restoration objectives (Harris
& van Diggelen, 2008), active intervention is needed (Perring
et al., 2015; Suding et al., 2004). This includes active restoration
of abiotic conditions such as increasing water-tables and topsoil
removal to reduce excessive nutrient levels (Emsens et al., 2015;
Geissen et al., 2013). Dispersal limitation can be overcome by
introducing plant propagules through seeding or hay addition
(Edwards et al., 2007; Freitas et al., 2019). Soil translocation as a
restoration technique also seems to have originated mainly as a
way of transferring plant propagules (Partel et al., 1998; Pywell
et al., 1995). Soil translocation consists of transferring an amount
of topsoil (either intact as turfs or broken up as spreadable crumbs
or soil slurry) from a donor site to a restoration site, combining
the transfer of plant propagules (defined here as any plant mate-
rial that functions in propagating an individual, that is, seeds and
resprouting structures such as rhizomes, bulbs, etc.) with con-
comitant transfer of soil biota (Harris & van Diggelen, 2008). It,
therefore, incorporates the potential benefits of a functional soil
community because it co-introduces plant propagules and their
associated soil organisms. Soil translocation has been used as a
restoration tool in a variety of habitats, with varying degrees of
success and across a broad set of goals, ranging from restoring
vegetation cover on heavily degraded soils (e.g. former mine and
quarry waste; Chenot et al., 2017; Ferreira et al., 2015) to inocu-
lating soil biota and plant propagules for restoring rare and highly
protected plant communities such as lowland Nardus-grasslands
(Loeb et al., 2017). However, a thorough assessment of field stud-
ies testing the impact of soil translocation on vegetation has been
lacking up to now.

Here, we report on a synthesis of soil translocation experi-
ments from a wide range of environments (boreal to tropical, grass-
lands to forests) across four continents using plant-propagule-only
treatments (hay addition and seeding) as a frame of reference
with which to compare the effects of soil translocation. We asked
the following questions: (1) Does soil translocation accelerate
vegetation development away from the control and towards the
reference communities in terms of diversity and composition?
(Figure 1) (2) Is soil translocation more effective than introduc-
ing plant propagules without soil (i.e. seeding and hay addition)?
(3) How does effectiveness of soil translocation vary across envi-
ronments, time since intervention and translocation method? We
tested the following hypotheses: (1) soil translocation results in
plant communities that are distinct from the control in terms of
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FIGURE 1 Conceptual figure of the analyses used for analysing
the available vegetation data. We distinguish control plots

(blue), treatment plots (yellow) and reference (green) plots that
differ in vegetation composition. For each study, we calculated
the compositional dissimilarity between control and treatment
plots as the Bray-Curtis distance (BC_C). For those studies that
had data from reference plots, we also calculated the similarity
between treatment and reference as 1 - Bray-Curtis distance
(BC_R). Reference plots can be either plots in the soil donor area
or in nearby vegetation that is the desired community. Typically,
restoration treatments are expected to shift the vegetation in the
direction of the reference vegetation (blue arrows), compared with
the controls. It is also expected that with time, treatment plots will
develop towards reference vegetation types (yellow arrows).

their species composition and have become more similar to their
respective donor plant communities than the controls; (2) because
both plant propagules and their associated soil organisms are co-
introduced, we expected soil translocation to be more effective
than hay or seed addition, and more effective when soil was trans-
located as intact turfs (turfing) than as crumbs (spreading) and (3)
effects of soil translocation were expected to be stronger when
larger volumes of soil were introduced (deeper layer or larger area)
due to higher probability of survival of translocated species. For
all three questions, we expected that differential effectiveness
would be amplified over time due to positive plant-soil feedback.
This means that vegetations could develop either in the direction
of their reference communities (‘hit’) or alternatively develop in
another direction (‘misfit’). We also explored if initial misfits could

turn into hits later on and vice versa.

2 | MATERIALS AND METHODS

We conducted a meta-analysis of soil translocation experiments for
biodiversity restoration and conservation. Here, we provide a con-

densed description of our methods, full details can be found in the
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Supplementary Methods. Using Web of Science, Scopus and other
sources we found 1377 unique records. Records were screened for
the following selection criteria: studies had to report (1) field ex-
periments where the goals were nature restoration or conservation;
(2) topsoil from another location was introduced in some form; (3)
experiments had to have onsite controls and (4) the entire vascu-
lar plant community composition was recorded (i.e. not only a few
target species). This filtering produced a selection of 39 studies
(Figure S1). To assess the treatment effects on plant community
composition, we asked the original authors to provide their primary
species composition data collected during field trials. We obtained
data from the authors of 32 studies, providing data from 46 experi-
ments for inclusion in the meta-analysis (Data S1).

For each experiment, we compared the vegetation in treated plots
with controls (Figure 1). Controls were those experimental plots that
were equal to the treatments in all respects but the treatment itself
(that is soil or plant material addition) so that we examined the addi-
tional effect of the treatments. When there were other treatments (e.g.
topsoil removal, liming), or blocks in the experimental set-up, com-
parisons were conducted within these groupings. Where records were
available, the vegetation of the donor (i.e. the plant community at the
site where the donor soil material came from) or reference (i.e. plant
community that serves as a reference for where the treatment ideally
develops itself into) sites were also compared with the treated plots
and controls (Figure 1). Plots were compared in terms of total plant
abundance (cover or biomass), diversity (Shannon index), and compo-
sition (using Bray-Curtis distances). We distinguished between two
forms of soil translocation (Bullock, 1998): (1) soil spreading, that is, the
transfer of fragmented and homogenized donor topsoil material and
(2) turfing, that is, the transfer of intact turfs (monoliths). For experi-
ments that also included treatments where plant material was translo-
cated, we made the same comparisons as for soil translocation. Here,
we classified these treatments as (3) hay addition, that is, introduction
of above-ground plant material that contains seeds and (4) seeding,
that is, addition of specific reference seed material.

For each study, we extracted information on a range of experi-
ment meta-data (see Data S1) directly from published papers or via
primary authors. We recorded the initial and target habitats, the cli-
mate, hydrology, soil acidity and texture as environmental metadata
(Table S1). In addition, we recorded the treated area and amount of
soil that was translocated and whether topsoil was removed prior
to soil translocation as methodological factors. While we consid-
ered more factors (e.g. soil fertility), these were the variables that

we could consistently extract across the wide range of experiments.

2.1 | Data analysis

The experiments form time series that were observed over differ-
ent lengths of time (<1-30years, median = 3) and in which records
were made for a different number of years (range 1-21years, me-
dian = 3years, not necessarily consecutive). To deal with this hetero-
geneity, we created three datasets. First, we took only the final year

of observation post-treatment from each study (final year dataset,
46 experiments). In this way, we could include all studies (largest
coverage spatially and ecosystem types) and assess the longer-term
effects of soil translocation. For the second dataset, we selected
all observations made 2years post-treatment (2-year dataset, 37
experiments), so we could assess the restoration effectiveness at a
fixed time-scale. Finally, for the third dataset, we selected studies
that monitored the vegetation in at least three different years (time-
series dataset, 14 experiments) to study temporal plant community
dynamics in response to soil translocation.

All three datasets were analysed with linear mixed models ac-
counting for hierarchical and repeated sampling designs as appro-
priate. We linked the effects of environmental and methodological
predictors (Table S1) with changes in plant community composition
using boosted regression trees (BRTs), a form of machine learning. We
then assessed the relative influence for each predictor as a percentage
of the total variance explained. We fitted linear mixed models with
the predictors that had a relative influence >15% to evaluate their
statistical significance. Since BRTs produce nonlinear response curves
for continuous variables, we simplified those into categorical variables
based on visually observed cut-off points in the fitted curves.

We used graphical methods to assess publication bias
(Supplementary Methods) and model assumptions (normality and
homoscedasticity of errors).

3 | RESULTS
3.1 | Overall analyses

Reference plant communities had on average greater plant abun-
dance (cover or biomass), species richness, but not diversity
(Shannon) than the respective controls (Table S2). Of the restora-
tion treatments, only soil spreading and turfing led to greater plant
abundance and species richness (log-response ratios >0). Only turf-
ing significantly increased plant diversity (Shannon).

We found that all four experimental treatments strongly im-
pacted vegetation composition relative to the control (Figure 2a,
Table S3a,b), with mean Bray-Curtis dissimilarities in the range
0.48-0.58 (possible range 0-1). The reference plant communities
were vastly different from the controls (Bray-Curtis dissimilar-
ity = 0.88, 95% ClI: [0.83:0.92]), as is to be expected in restoration
studies. On average turfing led to the largest changes in vegetation
composition and hay addition to the smallest changes. Seeding and
soil spreading were intermediate and not significantly different from
either turfing or hay addition (Table S3a,b).

In terms of similarity to the reference vegetation (Figure 2b,
Table S3c,d), turfing was the most similar, followed by soil spreading
and hay addition. The controls were less similar to the reference veg-
etation, and seeding had the lowest similarity. When comparing only
those experiments where both hay addition and soil spreading treat-
ments were implemented (n = 9), soil spreading led to a higher similar-
ity to the reference vegetation (Figure 2c, mean difference = +40.4%,
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FIGURE 2 Mean effect sizes for treatments in the final year dataset. Shown are Bray-Curtis distances relative to control (a), and Bray-
Curtis similarity (1-BC) to the reference vegetation (b). Shown are means (dots), 95% confidence intervals (error bars) and observed data
(violin plots). Post-hoc comparisons are given by different letters (see Table S3). (c) Log-ratio of similarity to reference in soil spreading
relative to hay addition treatments per experiment where both treatments were implemented (boxplot). A log-ratio of zero (vertical black
line) indicates both treatments were equally similar to reference. The black dot and line indicate the model mean+95% ClI. (d) Vegetation
similarity to the reference vegetation relative to the mean similarity among reference vegetation plots (i.e. 100% relative similarity, dotted
line at 1, equals the mean similarity among plots surveyed in the reference vegetation).

95% ClI = [+23.9%:+58.9%], t; =6.27, p = 0.0002). However, there
was a large degree of variation among experiments (range -40% to
+175%). Overall, the mean similarity in each treatment was still well
below complete similarity (Bray-Curtis similarity = 1), covering a range
of 0.10-0.28, indicating that none of the restoration treatments led to
a good degree of rehabilitation of the intended reference vegetation
within the duration of the experiment. When rescaling the similarity
to reference plant community by the mean similarity among reference
vegetation plots, this range increased to 0.19-0.42 (Figure 2d).
Compared with the final year dataset, in the second year, the vege-
tation had changed much more strongly away from the control in seed-
ing treatments (Table S3b). Other treatments showed less pronounced
changes relative to final year data. In terms of similarity to the refer-
ence vegetation, the effect sizes were on average slightly smaller than
in the final year dataset, and there was no longer a significant differ-
ence between control and seeding treatments (Table S3d). The overall
results were robust to publication bias (Supplementary Methods).

3.2 | Time series

In the 14 experiments in the time-series dataset, the analysis con-
firms that both soil translocation and plant material addition can
have strong effects on plant community composition and that these
effects can persist for years to decades (Figure S2). However, the
analyses showed that the temporal patterns for both dissimilarity
from the control and similarity to the reference vary significantly
across experiments (Table S4).

For most experiments, control plots became more similar to the
reference plots over time (Figure 3a,c,e-g,i,j), but in two experi-
ments, controls became less similar (Figure 3d,k). In eight out of 11
experiments, soil translocation increased the similarity to reference
(Figure 3a-h). Plant material addition had a positive effect in four out
of eight experiments (Figure 3a,c,e,f). In four out of eight experiments,
soil translocation led to a greater similarity to the reference vegetation
than plant material addition (Figure 3a,e,f,i,j), and it reduced similarity
to the reference vegetation in one experiment (Figure 3k).

Soil translocation often led to higher similarity to the ref-
erence vegetation than the controls early on in the time series
(Figure 3a,e,f,g,h) and sometimes to a higher similarity than addi-
tion of plant material (Figure 3a,e,f). Later on, plant-only addition
treatments tended to catch up after about 10years (Figure 3a,e,f),
although turfing was typically the best treatment over the entire
period of monitoring (Figure 3a,c,e). In two cases, soil translocation
initially increased similarity to the reference vegetation but was sub-
sequently overtaken by the control treatments (Figure 3g,j). In two
other cases, soil translocation lowered the similarity to the reference

for long periods of time (Figure 3i,k).

3.3 | Predictors of effectiveness

Notwithstanding the average differences in vegetation changes re-
ported above, for both dissimilarity from control plots and similarity
to the reference vegetation, we found large variations among experi-
ments (Figures S3 and S4, Table S3). The application of BRT helped
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FIGURE 3 Temporal patterns of similarity to the reference in 11 experiments (panels a-k, experiment IDs on the vertical bars, their
colours refer to the reference habitat of the experiment) with 23 post-treatment years of observations. Shown are raw data (small dots) and
model output (Table S4) shown as treatment means (large dots) with their 95% confidence intervals (only accounting for uncertainty in fixed

effect parameters).

to reveal which variables (Table S1) were the best predictors of plant
community responses (Figure S5). The BRT models explained a sig-
nificant part of the variation (Table S5), with the model for similarity
to reference (R2 =62.5%) doing better than the model for dissimilar-
ity from control (R? =27.7%). We found for the linear mixed models
with predictors that had a relative influence >15% in the BRT models
(Figure S5a,b), that for dissimilarity from the control, a thicker layer of
donor soil led to a larger change in vegetation composition (Figure 4a;
Figure Sé6a). However, the model marginal R? was quite low (<2%).
For similarity to the reference vegetation, the mixed model had a
higher marginal R? (25.4%), and both predictors identified with BRT
were significant (Table 1). Experiments with larger treatment plot sizes
(>180m?) had a higher similarity to the reference than smaller ones
(Figure 4c; Figure Séc). In addition, responses differed by soil texture
of the recipient site, with loamy soils leading to higher similarity to the

reference plant community (Figure 4b; Figure Séb).

4 | DISCUSSION

Our results show that soil translocation was on average a more ef-
fective restoration technique compared with plant propagule-only
treatments, supporting our hypothesis on the augmentative role of
soil (biota) transfer in restoration outcomes (Figure 5). However, this
synthesis also clearly shows that soil translocation, as well as the plant
propagule-only treatments, led to strong compositional restoration of
plant communities in only a few cases. Similarity to reference in most
cases remained well below 50%, meaning that large recovery debts
remained at the end of experiments. Moreover, despite significant
differences in the mean effect sizes of plant community develop-
ment between treatments, studies varied widely in the similarity of

the resultant vegetation to its reference. This variation was strongly
experiment-driven, that is, the effect size of treatments differed across
experiments much more than within experiments, suggesting strong
site-specific conditionality on restoration success.

Soil translocation treatments showed higher plant abundance as
well as species richness than their respective controls. For heavily de-
graded sites, for example, mine tailings or construction sites, higher
plant abundance in the soil translocation treatments could be due to
the fact that the added soil provides a substrate for plant establish-
ment and growth. The translocated soil adds organic matter, as well as
other chemical and physical properties (e.g. water retention) necessary
for germination and survival of plants. Turfing had significantly greater
similarity to reference plant communities than soil spreading, presum-
ably because of the transfer of more intact root systems as well as soil
mycelial networks due to lower physical disturbance compared with
soil spreading (Bullock, 1998). Physical soil disturbance is known to
affect soil meso- and macrofauna (Cole et al., 2006) and soil microbes
(e.g. tillage effect on fungi; Tsiafouli et al., 2015). In addition, turfing
also translocates adult plants that are already established in the vege-
tation, thereby bypassing the vulnerable seedling stage.

We studied the experiment-level factors influencing restoration
effectiveness. The results showed larger spatial treatments to be a
strong predictor, leading to greater similarity to the reference veg-
etation. This might be explained by the fact that a larger treatment
surface leads to more soil organisms and/or plant propagules that
survive the translocation, leading to a higher chance of establish-
ment and survival, but may also be explained by edge effects playing
a larger role in smaller treatment plots. In contrast, while the thicker
the soil layer (range 0.02-45cm) that was added did increase the
dissimilarity to the control, it increased the similarity to the refer-
ence only marginally (Bulot et al., 2014). Note, however, that donor
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functions (Figure S6).
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TABLE 1 Mixed model results for the effects of selected predictors on plant community responses to soil translocation.

Dissimilarity from control

Rzmarginal 0.020
2
R conditional 0.746
Predictor d.f. F p
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FIGURE 5 Synthesis of results. (a) Both plant material addition and soil translocation lead to strong changes in plant community
composition away from the controls that develop more slowly. Soil translocation methods cause more rapid changes, but plant material
transfer plots can catch up over time. However, both plant and soil treatments generate long-term plant community trajectories t either
develop in the direction of the reference vegetation (the hits) or away from it (the misfits). These compositional legacies (orange arrows)
can persist for years to decades and can be positive or negative from a restoration perspective. (b) Data from the final year dataset showing
the relationship between the similarity to reference and the dissimilarity from the control. Treatments are generally effective in moving
vegetation away from the controls, but many stay very different from the reference plots as well (purple part of the gradient area, misfits
from a). Others move away from the controls and become more similar to the reference in proportion (green part of the gradient area, hits

from a). The black line is the 1:1 relationship.

soil volume does not explain the higher success rate of turfing, since
turfing was done over smaller spatial areas and thus used less net
volume than soil spreading. Contrary to our expectation soil texture,
but not habitat type, was a strong predictor for restoration effective-
ness. It is known that soil texture affects soil restoration trajectories
and plant-soil interactions (Bach et al., 2010), and our data suggest
this translates into different amenability to soil translocation. Finally,
our dataset had substantial missing values for soil acidity and our
analysis may thus have underestimated its importance.

4.1 | Time series

We found evidence for strong directionality in the restoration tra-
jectories, with steady gradual temporal developments in a particular

successional direction that persisted in most experiments and even
on the decadal scale, and in both types of treatments (soil transloca-
tion and plant propagule-only). Trajectories were either successful,
what we call ‘the hits’, developing on a trajectory towards reference
plant communities, or unsuccessful, termed ‘the misfits’, remain-
ing on a divergent trajectory relative to their reference vegetation
(Figure 5). We had expected to see curvilinear successional develop-
ments, where the initial establishment of target plant communities
was successful and subsequently diverged away from the reference,
or, alternatively, initial slow establishment of target species acceler-
ating after a certain period (Matthews & Spyreas, 2010). However,
comparisons of AIC scores for linear and nonlinear (additive) models
strongly favoured linear models.

There are strong indications that restoration of target plant
communities can take decades to centuries (e.g. Nerlekar &
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Veldman, 2020; Rozendaal et al., 2019). Therefore, it was import-
ant to analyse successional development in the long-term studies
contained in the dataset. Our analyses of plant community develop-
ment after restoration showed that, most often, both the restored
communities as well as the controls increased in similarity to refer-
ences over time. This was most likely due to controls ‘catching up’
with the treatments, partly due to natural colonization (Matthews &
Spyreas, 2010). However, this convergence between treatment plots
and their controls in the experiments could in part also result from
the exchange of plant propagules between spatially-close treatment
and control plots. This suggests that the differences we report be-
tween treatments and control are likely to be underestimated over

longer time-scales.

4.2 | Choosing the right technique

Soil translocation, and especially turfing, is a drastic and destruc-
tive technique for the donor ecosystems (Pywell et al., 1995; Von
Brackel, 2010). Furthermore, it can be logistically complicated and
expensive, especially at large scales. The results from our synthe-
sis indicate that soil translocation is not always necessary for suc-
cessful restoration. In fact, there are many scenarios when less
far-reaching techniques are an effective approach to ecological res-
toration (Lohbeck et al., 2021), that is, when the abiotic conditions
are appropriate and source populations of the target vegetation are
found close to the restoration site. The added value of soil translo-
cation clearly is case-dependent. Therefore, a thorough assessment
of goals, risks and potential benefits must be made before decid-
ing whether or not to implement soil translocation into restoration
plans. When the goal is to restore functionality (i.e. restoring vegeta-
tion cover) and large volumes of donor material would be needed,
sacrificing well-developed donor vegetation is probably not a worth-
while strategy. However, when one is trying to rescue rare habitats
from extinction (Bullock, 1998; Le Stradic et al., 2016) and the objec-
tive is to recreate intact phytosociological plant communities then
the effort and cost that comes with turfing might well be justified.
Soil translocation, in particular, will be more effective than plant
propagule-only techniques for vegetation types in which seed- and
bud-banks contain starch-storing stems, rhizomes, tubers or roots,
which are major mechanisms of persistence and regeneration in
certain ecosystems. In tropical grasslands, for instance, resprouting
from underground structures by plants after disturbance events is
a much more common ecological strategy than re-establishment
from seed. In fact, a large percentage of seeds in these seedbanks
are dormant or infertile (Pilon et al., 2021; Salazar et al., 2012).
Furthermore, both availability and requirement of soil material can
be hugely different and dependent on case-specific circumstances.
Typically, turfing schemes have been implemented where infrastruc-
tural developments would anyhow have destroyed the donor vege-
tation. The amount of topsoil that is needed is similarly variable. In

case of restoring soil in former quarries or road embankments, large

amounts are needed. When adding soil biota is the main purpose of
soil translocation, small volumes of soil crumbs may suffice.

Our synthesis clearly shows a need for further refinement
and testing of soil transfer techniques. For instance, it will be im-
portant to test the efficacy of donor material collected via non-
destructive methods (e.g. raking). Furthermore, the resilience of
donor vegetation to soil collection should be better studied. Some
evidence suggests that sod extraction is not invariably detrimental
to donor vegetation (Pilon et al., 2019), and some vegetations re-
cover rapidly from this disturbance, but others do not. An import-
ant goal of the UN Decade on Ecosystem Restoration is expanding
the restoration of degraded ecosystems to much larger surface
areas. This means that the possibilities of scaling-up soil translo-
cation programmes need to be tested, for example, by exploring
the potential for ex situ cultivation of soil inocula (FAO, ITPS, GSBI,
SCBD and EC., 2020).

5 | CONCLUSIONS

This quantitative synthesis shows that soil translocation can be an
effective technique for restoring plant community diversity and
composition. In addition, soil translocation was more effective than
plant-propagule-only treatments, such as sowing and hay addition.
However, there was a large variation in the effectiveness across ex-
periments. Based on our data, we highlight that loamy soils are more
conducive to soil translocation treatments than others. Moreover,
soil translocation had a substantially higher chance of success when
applied to larger spatial areas. Nevertheless, more research into the
environmental and technical factors for success is needed to achieve
the goals of the UN Decade of Ecosystem Restoration. Particularly
important are estimating and minimizing the impact on donor eco-
systems and scaling up the area of application. In addition, decision-
support frameworks should be developed to help determine which
restoration techniques are to be used for different restoration end
goals.
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