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Abstract
Questions: Globally, ecological restoration is required to restore degraded land-
scapes and to contribute to biodiversity conservation. Ecological theory suggests 
that manipulating dispersal, abiotic and biotic filters limiting plant re-establishment 
will improve restoration outcomes. Here, we manipulated spread depth of soil con-
taining a salvaged soil seedbank (dispersal filter), soil compaction (abiotic filter) and 
herbivore grazing (biotic filter) in a topsoil transfer experiment to test their effects 
on restoration success.
Location: Banksia woodland of the Swan Coastal Plain, Western Australia.
Methods: Topsoil (upper ~7 cm) with its seedbank was removed from a donor site 
(20 ha) of recently cleared native vegetation and transferred to six recipient restora-
tion sites (16 ha). Deep (10 cm thick) and shallow (5 cm thick) layers of topsoil were 
applied in a fully factorial experiment, with and without soil ripping and fencing, re-
spectively. We analysed emergence, survival and functional types (alien/native, life 
form, fire response) of all vascular plant species for two consecutive years after top-
soil transfer.
Results: The most successful restoration treatment was deep topsoil with a mean 
density of 14.3  m−2 native perennial germinants in year one and 7.3  m−2 in year 
two. Application of deep topsoil increased native seedling emergence by 34% and 
decreased weed density by 21% compared with shallow topsoil. Overall seedling 
survival across the two-year period was unaffected by filter treatments (range 0.6%–
5%). After two years, the resulting plant community was 6%–38% weed species and 
of native perennial species, 12%–48% were capable of resprouting.
Conclusions: Manipulation of the dispersal filter alone, that is deep topsoil applica-
tion, can lead to near-equivalent native species number emerging on restoration sites 
as compared to pre-cleared woodland. However, more research is required to test 
additional restoration tools to improve survival of biodiverse plant communities. For 
example, targeted herbicide application coupled with soil ripping to improve weed 
management and native seedling establishment.
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1  | INTRODUCTION

In the face of ongoing clearing of native vegetation, it is evident that 
conservation alone is not an adequate strategy to impede biodiversity 
loss (Simmonds et al., 2019; Breed et al., 2020). Thus, ecological resto-
ration is a critical element of biodiversity conservation strategies, and 
the application of ecological theory can inform restoration of biological 
diversity and function to degraded sites (Zirbel & Brudvig, 2020). A 
key contribution of ecology has been to assess the role of ecological 
filters in plant community assembly and how they can be manipulated 
to restore native ecosystems (Temperton & Hobbs, 2004; Hulvey & 
Aigner, 2014). Filters are ecological factors that can limit establishment 
in the local plant community by sequentially including species from the 
available species pool that are compatible with each filter (Funk et al., 
2008). Relevant ecological filters include dispersal limitation, abiotic 
and biotic filters (Keddy, 1992). In restoration, rebuilding an ecosystem 
usually requires modification of multiple filters to encourage native 
species recruitment, while suppressing undesirable, typically non-na-
tive species that tend to grow on degraded sites (Fattorini & Halle, 
2004). Understanding how these filters interact in restoration settings 
is essential in guiding the recovery of native ecosystems (Wainwright 
et al., 2018; Helm et al., 2019).

Dispersal filters affect arrival of propagules at a restoration site 
and include both limited natural dispersal and efficacy of artificial dis-
persal (Standish et al., 2007; Birnbaum et al., 2017). Strong dispersal 
limitation tends to lead to poor recruitment and intervention relies on 
planting or supplemental seeding of native species (Zobel et al., 2000; 
Zamin et al., 2018; Jiménez-Alfaro et al., 2020). To overcome disper-
sal limitation seeds can be broadcast, sown, added or transferred via 
salvaged topsoil. The seeds stored in topsoils are increasingly valued 
for restoration due to their cost-efficiency (Koch M. & Richard, 2007; 
Ferreira & Vieira, 2017; Schmidt et al., 2020). This option is especially 
important for restoration of plant communities which store seeds for 
a large proportion of species in the soil seedbank and when topsoil be-
comes available due to ongoing vegetation clearing and land develop-
ment (Rokich et al., 2000; Holmes, 2001; Hall et al., 2010). Additionally, 
the topsoil will normally contain native microbiota that facilitate the 
re-assembling of the native ecosystem (Birnbaum et al., 2017). Thus, 
dispersal filters can impact arrival of not just plants but other organ-
isms beneficial for successful restoration as well.

Abiotic filters include physical, chemical and climatological fac-
tors such as soil compaction, fertility, topography and microclimate, 
among others, which could limit seed germination and survival of 
plant species (Bassett et al., 2005; Gilardelli et al., 2015). For exam-
ple, soil compaction due to use of heavy machinery may limit both 
seed radicle and seedling root penetration to deeper soil layers and 
reduce seedling establishment (Kew et al., 2007). Biotic filters include 
species interactions among trophic levels such as herbivory (Cleland 

et al., 2013; Halassy et al., 2016) or within trophic levels via competi-
tion (i.e. weeds; Weston & Duke, 2003). Control of herbivores (e.g., 
using exclosures) may reduce trampling, spread of weed propagules 
and grazing pressure on seedlings in their early stages of emergence 
and establishment (Duncan & Holdaway, 1989; Schultz et al., 2011; 
Watts et al., 2019). Filters may act singly or in combination to in-
fluence community assembly, for example, land-use legacies, such 
as compacted soil (abiotic filter) and weed-dominated soil seedbank 
(biotic filter), can limit native plant establishment by increasing the 
competitive effect of dominant non-native species (Kulmatiski et al., 
2006). Indeed, filters will differentially affect species. In addition to 
the provenance status (native or weed), we predict that filters will 
impact distribution of key plant functional types relating to life his-
tory (perennial or annual), provenance status (native or weed) and 
disturbance response (seeder or resprouter).

In this study, we investigated the role of key ecological filters 
in determining restoration success using topsoil transferred from a 
remnant woodland. To do so, we partnered with government and 
industry to implement the transfer of salvaged topsoil from Banksia 
woodland onto a degraded old-field in a peri-urban setting in south-
western Australia. Filters were manipulated in a fully factorial ex-
periment and included spread depth of transferred topsoil (dispersal 
limitation), ripping of topsoil and subsoil to reduce compaction (abi-
otic), and exclosures to reduce grazing and trampling pressure (bi-
otic), to quantify their effects on seedling emergence and survival 
one and two years after restoration. In particular, we hypothesised 
that: (a) overcoming the dispersal filter by increasing the depth of 
topsoil spread would increase the species richness and density of 
native plants (more propagules), and decrease the density of weeds 
that emerged from the underlying degraded soil (fewer propagules); 
(b) overcoming the abiotic filter by ripping restoration site soils would 
aid native seedling survival and establishment by alleviating soil 
compaction, aiding water infiltration and encouraging root growth; 
and (c) overcoming the biotic filter by excluding herbivores (fence) 
would increase native species seedling establishment and survival. 
We further hypothesised that the three filter treatments should 
have an additive effect on native seedling emergence and establish-
ment, with the additive effect of filter treatments producing a plant 
assemblage reflecting most closely that of the reference ecosystem: 
low weed infestation and high abundance of perennial resprouters.

2  | METHODS

2.1 | Study setting

This study was conducted in Banksia woodland of the Swan Coastal 
Plain in southwestern Australia (Figure  1a, Appendix  S1). Intact 

K E Y WO RD S
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Banksia woodland is comprised of one or more tree Banksia spe-
cies (typically 5–9  m tall B.  attenuata and B.  menziesii), an emer-
gent ~8–20  m tall tree layer co-dominated by Eucalyptus and/or 

Allocasuarina species, and a species-rich understorey dominated by 
shrub, sedge and rush species. Total richness recorded at the topsoil 
donor site prior to clearing was 90 native species (unpubl. data) with 

F IGURE  1 Topsoil study sites (a), experimental design (b), image of intactBanksiawoodland prior to clearing (c) and restoration site after 
topsoil transfer (d). (b): Within each of the six restoration sites, we established eight clusters (13 m × 13 m), each of which was assigned to 
one of the unique treatment combinations (6 sites × 8 clusters per site = 48 total plots [increased to 72 in 2013]). Each cluster contained 
eight to twelve survey plots (2 m × 2 m). For more detailed map see Appendix S2
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an average of 50 species per 100 m2, which represents a small subset 
of the ~600 native plant species recorded for Banksia woodland of 
the Swan Coastal Plain overall (Stevens et al., 2016) and is typical of 
high beta-diversity recorded in the southwestern Australian floristic 
bioregion (Gibson et al., 1994).

Banksia woodland community dynamics are largely determined 
by responses to fire, herbivory, climate, and more recently, weed 
invasion (Department of the Environment, 2016). The climate of 
the region is Mediterranean-type with cool wet winters and long 
dry summers (Cowling et al., 1996). Since the 1970s, the climate 
has been warming and drying (Andrys et al., 2017) and this change, 
coupled with impacts of land-use change and weed invasion, is 
likely to impact further the future distribution of Banksia wood-
lands (Yates et al., 2010; Standish et al., 2012). For the study 
years 2012 and 2013, rainfall at the closest climate station was 
747 mm and 877  mm respectively (mean rainfall 2002–2020 
793 mm; Bureau of Meteorology, 2020). Due to clearing for urban 
expansion, Banksia woodlands have been listed as a Threatened 
Ecological Community (Department of the Environment, 2016). 
Our experiment was established as part of a biodiversity offset 
programme that aimed to restore Banksia woodland onto de-
graded land to “offset” the clearing of remnant Banksia woodland 
elsewhere (Waryszak et al., 2017).

2.2 | Experimental design, implementation and 
data collection

In March 2012, 20 ha of Banksia woodland was cleared at Jandakot, 
Western Australia (32.096010° S, 115.865178° E, Figure 1a). Topsoil 
was stripped to a depth of ~7 cm using a front-end loader and im-
mediately transferred by truck to six restoration sites approximately 
20 km to the south of the donor site with the aim to maximise vi-
ability of the transferred seed store (e.g., Rokich et al., 2000). Full 
restoration site details are provided by Brundrett et al. (2020).

At each recipient (degraded) site topsoil was stripped to ~5 cm 
to remove extant weeds and to reduce the potential impact of soil-
stored weed seeds on subsequent restoration. Three site-scale 
treatments were applied (Figure 1b):

1.	 Topsoil depth (dispersal filter): To provide two levels of propa-
gule availability, half of each restoration site was capped with a 
5  cm deep layer of transferred topsoil (shallow), and the other 
half with a 10  cm deep layer (deep) using heavy machinery 
(grader), thus doubling the number of seeds available in the 
deep treatment.

2.	 Topsoil ripping (abiotic filter): To ameliorate the potential effect of 
soil compaction on seedling root growth, a vehicle-towed winged 
tine was used to rip restoration site soil to 300 mm. The ripped 
layer included the newly transferred topsoil and underlying de-
graded site subsoil. Rip line spacing was set at 0.5 m. Ripping was 
applied to half of both shallow and deep topsoil depth treatment 
areas at each of the six restoration sites in mid-June (winter) 2012.

3.	 Fencing (biotic filter): half of each study site was fenced during 
the winter of 2012 to protect germinants from herbivores, pri-
marily rabbits (Oryctolagus cuniculus) and western grey kangaroos 
(Macropus fuliginosus). Fencing extended 90 cm above-ground and 
30 cm below-ground. Four unfenced clusters per site were used 
as controls to examine the additive effects of herbivore exclo-
sures and the other two treatments.

Donor topsoil was transferred to restoration study sites in 
mid–April (autumn) 2012. Within each restoration site we estab-
lished eight clusters of 13 m × 13 m. Each cluster comprised eight 
2 m × 2 m plots in the first growing season after topsoil transfer 
and twelve in the second season (six sites × 8 clusters = 48 in 2012 
increased to 72 in 2013). The decision to increase the number of 
survey plots within each cluster was dictated by high seedling mor-
tality recorded after the first summer dry season.

The experiment was fully established by July 2012. We ex-
pected most seedlings to emerge in July–September 2012, in re-
sponse to winter–spring rainfall and temperature cues (Bell et al., 
1993), and a small pulse of seedlings to emerge in the second year 
of the experiment (i.e. spring 2013). The summer dry season is a 
bottleneck to seedling establishment in Mediterranean-climate 
systems (Vesk & Dorrough, 2006), so we anticipated mortality 
of native recruits to occur in summer 2012/13 and 2013/14 and 
for this to be reflected in survival data collected in the autumn 
of 2013 and 2014. Therefore, native plant species seedlings were 
identified and counted for replicate 2 m × 2 m plots in spring 2012, 
~three months after the experiment was established, to determine 
recruitment, and spring 2013, 15 months after establishment, to 
measure the second pulse of seedling emergence. Seedlings that 
were difficult to ID were grown in the related glasshouse project 
(Fowler et al., 2015), thereby facilitating difficult identification. 
The densities of annual and perennial weed species were recorded 
in four replicated 0.25 m × 0.25 m micro-plots located in the cen-
tre of each subcardinal quadrant (NE, NW, SW, SE within each 
2 m × 2 m plot.

To understand how manipulation of the abiotic filter affected 
the physical environment of germinants and seedlings, we mea-
sured soil moisture (depths: 100 mm, 200 mm, 300 mm, 400 mm, 
600 mm, 1,000 mm) and compaction to a depth of 1 m at ran-
dom locations (n  =  12 and n  =  30, respectively). To measure 
soil moisture, we used PR2/6 multi-depth soil moisture probe 
(Delta-T Devices Ltd, Cambridge, UK, measured monthly between 
September 2012 – September 2015). To measure soil resistance, 
we used a cone penetrometer (Penetrologger with 1  cm2 and a 
60° top angle cone [Eijkelkamp, Giesbeek, The Netherlands], 
that logged data at 1 mm increments, logged singly in September 
2013). Soil moisture and compaction means and 95% confidence 
intervals were calculated and are presented comparing ripped 
and unripped sites (control); statistical analysis of moisture and 
compaction relative to plots was not possible owing to the sam-
pling occurring outside plots and requiring destructive sampling 
(penetrometer).
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2.3 | Data analysis

We analysed counts of emerged native perennials, native annu-
als and weed species in spring 2012 and spring 2013 (separate 
model for each pulse of recruitment, Appendix S2). Data are avail-
able from Mendeley Data Repository (Waryszak et al., 2020). 
Hierarchical generalised linear mixed-effect modelling was used 
to analyse these data to accommodate the combination of fixed 
and random effects. All filter treatments were treated as fixed ef-
fects while sites (n = 6) and clusters (n = 8) were included as ran-
dom effects. Data were non-normally distributed, as expected for 
count data (O’Hara & Kotze, 2010), and modelled with a Poisson 
distribution. Scatterplots and histograms of model residuals were 
assessed visually to ensure homogeneity of variance. Treatment 
effects on seedling richness and Shannon–Wiener diversity were 
also tested using a separate generalised mixed-effect model. Non-
metric multidimensional scaling ordination (NMDS) was used to 
examine compositional differences in emergent seedling commu-
nities. Relative abundances of three dichotomous plant functional 
groups of seedlings emerging from the transferred topsoils were 
compared visually (means ± 95% CI), i.e. species provenance (weed 
or native), disturbance response (resprouter or seeder) and life his-
tory (annual or perennial).

To quantify the effect of treatments on seedling survival, data 
were analysed by assessing effects of individual summer dry pe-
riods (i.e. spring 2012 to autumn 2013, spring 2013 to autumn 
2014) and across both summers (spring 2012 to autumn 2014). 
Individual seedlings were treated as unique observations with 
their survival being a binary outcome. Therefore, a binomial error 
distribution was applied within a hierarchical generalised linear 
mixed-effects framework to analyse survival of seedlings in rela-
tion to applied treatments and their two-way interactions during 
each of the three named time intervals. The species identity, six 
study sites and eight study clusters on each site were included as 
random terms in the model. The assumptions of random effects to 

be normally distributed with a variance of one and mean of zero 
were met (assessed graphically).

To assess effect of treatments on soil moisture and resistance, 
mean values of soil resistance and their 95% confidence intervals 
(95% CI) were computed for depths of 100 mm, 200 mm, 300 mm, 
400 mm, 600 mm and 1,000 mm. Effects were assessed visually; 
a lack of 95% confidence interval overlap among depths was inter-
preted as evidence of statistically significant difference.

All computations and figures were performed using R soft-
ware (Team, 2017) including “ggplot2” (Wickham, 2016), “dplyr” 
(Wickham et al., 2019) and the “lme4” R package (Bates et al., 2014). 
Satterthwaite approximation of degrees of freedom was used to 
calculate p-values (Schaalje et al., 2002). Package “vegan” was used 
to perform NMDS (Oksanen et al., 2013). Mean densities were 
computed on untransformed data, standardised to 1 m−2. Standard 
errors (SE) were used when reporting mean densities and percent 
survival in the main text.

3  | RESULTS

Overall, a total of 160 native species were detected (128 perennials, 
32 annuals) across two emergence seasons (Appendix S2). Maximum 
richness of native perennial seedlings emerging from the transferred 
topsoil in spring 2012 and 2013 were 30 and 29 (4 m−2), respectively. 
Topsoil spread with no ripping treatment (abiotic filter) recorded sig-
nificantly higher richness of native perennials in spring 2012 com-
pared to ripped sites (t = 4.70, p < 0.001, Figure 2a, Appendix S2). 
No interactive effect of treatments on richness nor on diversity was 
detected (Appendix S2). Similarly, no clear separation was observed 
in NMDS (Appendix S2) among compositions between different top-
soil treatments.

Annuals dominated plant density in the restoration study 
sites in the growing season (55%–72%, spring 2012) and de-
creased after the dry summer (4%–15%, autumn 2014, Table 

F IGURE  2 Mean richness and diversity 
(Shannon-Wiener index) of native 
perennial seedlings emerging under three 
site-scale filter manipulation treatments 
for the two spring seasons following 
topsoil transfer (±95% CI, 4 m−2): spring 
2012 and spring 2013. Treatments 
were: abiotic, ripped and unripped; 
biotic, fenced and open; dispersal, deep 
and shallow topsoil (n = 192 in spring 
2012,n = 288 in spring 2013)
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S1). As most of the annuals were weeds, proportion of natives 
increased from 16%–25% in spring 2012 to 49%–95% in autumn 
2014. Resprouters represented 24%–31% of seedlings emerging 
in spring 2012 and were the most frequent surviving types, over-
all 45%–73% and within native perennials 12%–48% in autumn 
2014 (Appendix S2).

The most frequently occurring native perennial species in the 
first emerging season were seeders, including Gompholobium to-
mentosum (94%), Leucopogon conostephioides and Bossiaea eriocarpa 
(Appendix S2). Resprouter species were less frequent but included 
Gastrolobium capitatum (67%), Laxmannia sessiliflora and Hibbertia 
hypericoides. Annual native species included the very frequent 

F IGURE  3 Mean densities of native 
perennials and weeds (m−2 ± 95% CI) 
emerging under three site-scale filter 
manipulation treatments in two spring 
seasons following topsoil transfer; 
spring 2012 and spring 2013. Filter 
manipulation treatments were: abiotic, 
ripped and unripped; biotic, fenced 
and open; dispersal, deep and shallow 
(n = 192 in spring 2012,n = 288 in spring 
2013)

TABLE  1 Effects of topsoil treatments on emergence (spring 2012) and survival odds for native perennial seedlings over the first growing 
season after topsoil transfer, from spring 2012 (spr12) to autumn 2013 (aut13)

Topsoil treatment Term Estimate SE t P Emergence time

(Intercept) (intercept) 4.1 0.2 24.4 <0.001 spr12

Topsoil ripping Ripped [rip] −1.0 0.2 −5.8 <0.001 spr12

Fence installation Open [fence] −0.2 0.2 −1 0.3 spr12

Topsoil depth Shallow [transdepth] −0.7 0.2 −3.8 <0.001 spr12

Rip:fence Ripped:open 0.11 0.25 0.45 0.65 spr12

Fence:depth Open:shallow 0.26 0.25 1.1 0.29 spr12

Rip:depth Ripped:shallow 0.14 0.24 0.58 0.56 spr12

Model: glmer(sum4m2 ~ rip+fence + Transdepth + rip*fence + fence*Transdepth + rip*Transdepth + (1|site/cluster), family = Poisson(link="log"), 
data = native.perennials.year.one)

Topsoil 
treatment Term Estimate SE t P Survival time

(Intercept) Intercept −3.7 0.5 −7.7 <0.001 spr12 to aut13

Topsoil ripping Ripped 1.2 0.5 2.3 0.02 spr12 to aut13

Fence installation Open 0.7 0.6 1.2 0.23 spr12 to aut13

Topsoil depth Shallow 0.4 0.5 0.7 0.47 spr12 to aut13

Rip:fence Ripped:open −1.1 0.7 −1.6 0.11 spr12 to aut13

Fence:depth Open:shallow −0.8 0.7 −1.2 0.23 spr12 to aut13

Rip:depth Ripped:shallow −0.4 0.7 −0.6 0.58 spr12 to aut13

Model: glmer(Survival ~ rip + fence + Depth + rip*fence + fence*Depth + rip*Depth + (1|site/cluster) + (1|speciescode), data = spr12.to.aut13, 
family = "binomial")

Note: SE denotes standard errors. Significant effects are in bold when P < 0.05.
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Trachymene pilosa (87%), Podotheca gnaphalioides and Austrostipa 
compressa. Annual weeds were even more abundant, and included 
Hypochaeris glabra (94%), Arctotheca calendula, Ursinia anthemoides, 
Avena barbata, Briza maxima, and Vulpia myuros (up to 23  m−2). 
Seedlings of the perennial weedy grass Ehrharta calycina, were also 
common (18%).

3.1 | Emergence

Deep topsoil had a significantly higher density of germinants 
(10.4 ± 0.6 m−2) compared with shallow topsoil (6.9 ± 0.5 m−2) in the 
first year (t = −3.8, p < 0.001, Figure 3c, Table 1). Similarly, in the sec-
ond year, mean density of emerging perennials was lower on shallow 
(5.3 ± 0.3 m−2) compared to deep topsoil (6.1 ± 0.2 m−2, t = −2.4, 
p < 0.02, Appendix S2). Deep topsoil was also associated with sig-
nificantly reduced weed emergence densities (79.5 ±  3.5  m−2) in 
the first year compared to shallow topsoil (100.8 ± 5 m−2, t = −2.94, 
p < 0.003, Figure 3f, Appendix S2) but had no effect on weed density 
in the second year (Figure 3d–f).

Ripped soils had significantly fewer native perennial germi-
nants in the first year (4.8 ±  0.3  m−2) compared to unripped con-
trols (11.8 ± 0.5 m−2, t = −5.8, p < 0.001, Figure 3a). In the second 
year, there was no effect of ripping on native emergence densities 
(t  =  −0.5, p  =  0.60, Figure  3a, Appendix S2). Ripping decreased 
weed emergence (65 ±  4.1  m−2) and emergence of annual natives 
(6 ± 0.5 m-2) in the first year (autumn 2013) compared to unripped 
topsoil (115 ± 3.9 m−2, t = −6.78, p < 0.001, Figure 3d and 17 ± 1 m−2, 
t = −6.9, p < 0.001, Appendix S2).

Fenced (exclosures) sites showed no significant difference in 
densities of native perennial germinants (8.5 ± 0.5 m−2) when com-
pared to unfenced sites (8.1 ± 0.4 m−2) in spring 2012 (t = −1, p = 0.3, 

Figure  3b, Table  1). No between-treatments interactive effect on 
emergence densities was detected.

There was a relatively strong site effect with highest native pe-
rennial emergence densities being 47% higher (site ForNW, t = 8.4, 
p < 0.001) compared to the least populated site (site AnkM, Appendix 
S2). Although there was a strong site effect, emerging plant com-
munities were similar in composition across all sites (Appendix S2). 
Emergence densities of native perennial seedlings were strongly 
correlated with seedling richness in both emergence seasons: spring 
2012 (r = 0.7, t = 27, p < 0.001) and in spring 2013 (r = 0.7, t = 24, 
p < 0.001).

3.2 | Survival

The highest density of surviving seedlings to autumn 2014 was 
observed on deep and unripped plots (1.21 ±  0.3  m−2, Figure  4b, 
Appendix S2). Survival in the first year was only affected by ripping, 
with no significant effects of fencing, topsoil depth, or their interac-
tions. Ripped plots recorded higher survival in autumn 2013, 12.5% 
±1.1 compared to 7.8% ±0.7 in unripped plots (t  =  2.3, p  =  0.02, 
Table 1). The fencing treatment showed no significant effect on sur-
vival of first recruits to autumn 2014 (t = 0.7, p = 0.46, Appendix S2).

Mean survival of perennial native seedlings over the first grow-
ing season (spring 2012 to autumn 2013) ranged from 5.6%–19.8% 
(reduced to 0.6%–5% over the two-year period, from spring 2012 
to autumn 2014) and for emergents in the second growing season 
(spring 2013 to autumn 2014) survival ranged from 0.1% to 5.1% 
(Appendix S2). The native perennials that emerged and survived in 
the highest numbers were Cartonema philydroides, Gompholobium 
tomentosum, Hibbertia subvaginata, Laxmannia ramosa and Scholtzia 
involucrata.

F IGURE  4 Mean densities (m−2) of 
native perennials (±95% CI) for two 
seasons: autumn of 2013 and 2014, one 
and two years after topsoil transfer. 
The effects of treatments manipulating 
three ecological filters: abiotic: topsoil 
rip (ripped and unripped); biotic: topsoil 
exclosures (fenced and open); and 
dispersal manipulation topsoil spreading 
depth (deep and shallow) are presented 
in full combinations
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3.3 | Soil moisture and resistance

Mean soil moisture was relatively lower under ripping treatment 
to a depth of 300 mm compared to unripped (3.1% vs 4.6%) and 
higher at deeper depths (8.5% vs 7.9% at 1,000 mm, Figure 5a). Soil 
resistance increased gradually down the soil profile and peaked at 
600 mm (Figure 5b). The maximum soil resistance of 7.1 MPa ± 0.01 
(SE) was detected under ripping treatment (at the depth of 600 mm). 
A significant loosening effect of furrowing was observed at the 
depth of 100 mm with 1.1 MPa recorded in ripped in contrast to 
1.5 MPa ± 0.03 (SE) in unripped soil.

4  | DISCUSSION

4.1 | Salvaged topsoil seedbank is most valuable 
when least disturbed

Our results show that direct topsoil transfer from cleared native 
Banksia woodland to a degraded old-field is a promising restora-
tion tool (manipulation of dispersal filter) through the initial ger-
mination of numerous seedlings from many native plant species. 
Two other filter treatments (abiotic and biotic) had no additive 
effect on seedling emergence. The highest density and diversity 
of native seedling emergence occurred for deep topsoil treatment 
when left unripped. If topsoil was spread at a greater depth, a sig-
nificant increase in seedling densities was recorded over the two 
emergence seasons, suggesting that “maximum depth, minimum 
disturbance” is the most valuable restoration technique when 
using transferred topsoil. Strong emergence of native perennials 
occurred in two discrete (spring) pulses of recruitment follow-
ing topsoil transfer with emergence in year one being signifi-
cantly higher than emergence in year two. However, on average, 
we found that estimated field densities of native perennials that 

emerged from transferred deep and unripped topsoil in year one 
(14.3 m−2) were well below the emergence densities detected in 
other topsoil studies. For example, a glasshouse bulk germination 
study on pre-transfer topsoil found that the density of native per-
ennials could be as high as 1,692–4,239 germinants m−2 in the top 
5 cm of the soil profile (Fowler et al., 2015). Yet, densities were 
reduced compared to the pre-transfer samples (to 648 m−2 in the 
top 10 cm, Fowler et al., 2015). It is likely that in situ results dif-
fered from those of ex situ trials as conditions in the field cannot 
be controlled to the same extent as can be done in the glasshouse 
(for example, thin topsoil spread and optimum moisture were pro-
vided in the glasshouse, but were not feasible in a large, field-
based context).

4.2 | Salvaged topsoil seedbank transferred 
compositionally similar assemblies initially and 
promoted species with resprouting strategies

Vegetation surveys analysed in this study showed no difference 
between species composition in relation to treatments. Nine na-
tive species were common across most plots (>50% of plots) and 
these masked any differences between plots owing to the presence 
of other less common species. Composition of seedlings emerging 
from the transferred topsoil was heavily skewed towards under-
storey species with as little as 0.1% of propagules belonging to tree 
species. Large trees like Eucalyptus spp., which store their seeds 
in the canopy (i.e. are serotinous), were poorly represented in the 
topsoil soil seedbank and required return to these sites primarily by 
planting and direct seeding (Brundrett et al., 2020). Similarly, post-
fire resprouter species (species that recover after fire by resprout-
ing from starch-storing stem, rhizome, tuber or roots e.g., Hibbertia 
hypericoides), which dominated plant communities at the topsoil 
donor site (Brundrett et al., 2020), emerged on average 2.5-fold 

F IGURE  5 Mean soil moisture (%) and 
resistance (MPa, ±95% CI) at six depths: 
100 mm, 200 mm, 300 mm, 400 mm, 600 
mm and 1,000 mm. Soil moisture (n = 12) 
and resistance (n = 30) were measured 
at the combination of topsoil ripping 
treatments (ripped and unripped, see also 
Appendix S2)
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less frequently from the transferred topsoil than seeder species. 
However, species with a resprouting strategy demonstrated higher 
survival against summer water shortage and high soil compaction 
as they comprised 45%–73% of established native perennials by 
autumn 2014 compared with seeder species. As the majority of 
seeders on sites that died back were also weeds, this study under-
scores the importance of topsoil transfer in overcoming dispersal 
limitation in restoration practices. As many native species do not 
disperse seeds far from their parent this limits their colonisation 
of degraded areas but topsoil transfer spreads their seeds widely 
and enables them to emerge and establish even under competi-
tion from weeds (Johnson et al., 2018; Stanbury et al., 2018). Parts 
of the study sites that received no topsoil remained highly weed-
infested and showed no native plant regeneration without inter-
vention (PW, pers. obs., November 2012). Moreover, an added 
advantage of transferred topsoil is that the complex biological in-
teractions within topsoil, for example between native propagules, 
seedlings and soil microbiota, are retained and transferred to the 
recipient site, prospectively further enhancing establishment suc-
cess (Bulot et al., 2014; Birnbaum et al., 2017; Gorzelak et al., 2020). 
Topsoil microbiota could interact with ecological filters present on 
restoration sites, for example, by forming mutualistic associations 
and increasing uptake of essential nutrients by emerging plants 
(Burkle & Belote, 2015; Cross et al., 2019).

4.3 | Higher emergence and survival on deep topsoil 
(dispersal filter)

Manipulation of the dispersal filter by applying a thick layer of top-
soil onto the restoration site had a positive effect on native peren-
nial species emergence in both years. Higher emergence densities of 
native perennials were recorded on deep topsoil (~10 cm) compared 
with the shallow topsoil (~5 cm). This is in contrast to other research 
where shallow topsoil spread is recommended due to low emergence 
capabilities of propagules from species of Mediterranean-climate 
systems (Bond et al., 1999; Traba et al., 2004). Small-sized seeds 
are typically found in the soil seedbanks of the Mediterranean-
type ecosystems in Australia (Rokich et al., 2000) and the majority 
of the seedlings emerging from the topsoil used in this study were 
small-seeded species. During the topsoil stripping and transfers 
the seedbank contained within the topsoil will undergo a process 
of mixing and homogenisation, i.e. viable seeds are likely dispersed 
throughout the transferred soil (Fowler et al., 2015). While size may 
limit the regeneration of deeply buried propagules, it is likely that in 
our study the disadvantage of deep burial was counteracted by the 
greater number of seeds contained in the greater thickness of soil. 
It is also likely that the soil-stored seeds had a lower exposure to 
transfer-related deterioration (e.g., friction) when topsoil was spread 
at the greater thickness and resulted in a better quality seeding mix 
overcoming the dispersal limitation filter (Long et al., 2015; Farrell & 
Fehmi, 2018).

Shallow vs. deeper topsoil placement represents an important 
issue from a land management point of view because quality top-
soil is a cost-effective but scarce resource (Traba et al., 2004; Koch, 
2007). Conversely, while a thinner spread of topsoil may maximise 
the area that can be rehabilitated, the thinner topsoil layer may also 
result in overall lower native perennial species densities as shown in 
this study. Additionally, an increase in the depth of transferred soil is 
likely to have a suppressing effect on local weed species (Rivera et al., 
2014), which had abundant propagules in existing soils at these sites. 
As shown in this study weed species tended to be more sparsely dis-
tributed across the sites with thick topsoil applications. Higher weed 
densities were observed along rip lines in many parts of these sites 
(MB, pers. obs.), presumably due to mixing of soil (with abundant 
weed seeds) from the pre-restoration surface into the transferred 
topsoil layer. The highest final densities of native perennials were re-
corded on sites that had deep topsoil but were unripped, suggesting 
that overall low survival rate was offset by high emergence densities 
in spring. A relatively low survival may relate to a negative effect of 
severe summer drought and underscores the importance of direct-
ing the restoration efforts towards establishing as many seedlings as 
possible under Mediterranean conditions so some will survive the 
inevitable summer water deficit (Lloret et al., 2005).

4.4 | Unalleviated compaction leads to low seedling 
densities on ripped topsoil (abiotic filter)

Topsoil ripping was intended to alleviate soil compaction due to 
vehicle movement over freshly spread topsoil. Here, the ripping 
treatment applied to the transferred topsoil (to a depth of 300 mm) 
did the opposite of what we intended. With exception of the top 
(200 mm) and bottom (1,000 mm) depths, soil resistance recorded 
under ripping treatment was higher compared to that of unripped 
soil. While lower soil resistance in the top 200 mm was likely re-
lated to lower soil moisture, the higher soil resistance below 300 mm 
depth was associated with higher moisture there.

Mean densities of emerging native perennials were significantly 
lower on ripped sites compared to unripped controls. Sparsely 
emerging native seedlings on ripped sites showed significantly higher 
chance to survive over the first summer drought but this effect was 
not detected over the two-year period. Survival of native perenni-
als was much lower in the second year than in the first. This is likely 
due to a number of reasons including competition from the very high 
weed infestation in 2013 (15–38-fold higher density in 2013 than in 
2012) and summer water stress due to seedling roots failing to access 
deeper soil moisture because of high compaction below the rip depth 
(300 mm). Access to deep soil moisture is critical to seedling survival 
over the summer dry season. A severe contrast between an upper 
loose and lower compact soil layer may lead to failure of the roots 
to enter the deeper soil layer, causing proliferation of roots in the 
upper part of the profile and loss of access to deeper soil moisture 
(Bengough et al., 2011) which is rapidly depleted over the dry season.
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4.5 | No short-term effect of fencing on seedlings’ 
emergence or survival (biotic filter)

Manipulation of the biotic filter via the installation of fencing did 
not affect the emergence or survival of native seedlings either in 
the first year after topsoil transfer or the second. Fenced exclosures 
are a common tool used to prevent grazing of emerging seedlings 
and thus enhance native species richness (Eldridge et al., 2018). 
However, in this study, there was no difference in seedling emer-
gence between fenced and unfenced areas. The effect of grazers 
on young seedlings is likely to be variable throughout the year with 
annuals likely eaten during the wet season (Landsberg et al., 2002). 
Hence, the pressure on perennials is probably most intense in the 
critical summer dry season when annuals have disappeared (Nield 
et al., 2015). However, grazing was not a large problem within the 
timeframe of this study (PW, pers. obs., 2012), and this may be due 
to the small population size of seedlings but also the low activity and 
dietary preferences of grazers such as kangaroos and rabbits in the 
semi-urban landscape of this study area. The outcome of fencing in 
relation to seedling emergence densities and survival is likely to be 
dependent on the year as well as site location, with different levels 
of human and wildlife traffic.

4.6 | Distribution of plant functional types on 
transferred topsoil

Weed densities (69% annual species) increased over time with densi-
ties in the second year 51% higher than in the first year after topsoil 
transfer. The lowest weed densities were associated with ripping. 
Soil ripping significantly reduced densities of emerging weeds in the 
first and second years after topsoil transfer. Overall, the relative 
abundance of weeds at the restoration sites in the first growing sea-
son (75%–84%, Appendix S2) was more than double the percentage 
of weeds (36%) detected in pre-transfer glasshouse studies (Fowler 
et al., 2015) and underscores the importance of effective weed man-
agement of locally dispersed weeds. Scalping of the recipient site 
prior to the application of topsoil may not have been sufficient to 
reduce the weedy soil seedbank. Many weedy annuals are wind-
dispersed, and abundant in the peri-urban landscape, so weed seeds 
may have blown into experimental plots after their establishment. 
Weeds that emerged in spring 2012 produced abundant seeds that 
produced seedlings in spring 2013, showing that well-planned weed 
management is required for successful restoration programmes 
using transferred topsoil (Funk et al., 2020), for example timely her-
bicide application to control weeds before the emerge of native spe-
cies (Standish et al., 2007).

5  | CONCLUSIONS

In our study, overcoming the dispersal filter through transfer of sal-
vaged topsoil produced the best restoration outcomes. Increasing the 

availability of readily germinable seed by applying a deep layer (10 cm) 
of soil was more effective than employing a shallow layer (5 cm). Deep 
topsoil transfer also had a greater suppressive effect on weed den-
sities on the degraded restoration site. The positive effect of deep 
topsoil on native perennial densities was consistent across the first 
two pulses of seedling emergence and translated to highest densities 
for this treatment. However, survival over the two-year period was 
low, ranging from 0.6% to 5% regardless of the topsoil treatment. This 
implies a very important role of summer water stress in seedling mor-
tality as a key driver of restoration success, possibly exacerbated by 
the biotic filter of weed competition. It is likely that extreme summer 
water stress prevented detection of differences in survival between 
some treatments as the final densities and richness were dramatically 
reduced. The overall native plant species number after two years de-
creased almost four-fold (from 160 to 44). The strongly negative ef-
fect of soil ripping treatment on emergence densities contrasts with 
the negative effects of compaction at depth (likely detrimental to 
root growth), which together suggests that heavy ripping equipment 
should be used to alleviate compaction to the greatest possible depth 
(at least 800 mm) prior to the application of topsoil and shortly after 
the emergence of local annual weeds. The biotic filter of fencing plots 
to exclude gazers showed no effect on the establishment of seedlings. 
However, our study was over a short time period and given a longer 
time frame there may be deleterious effects of grazers.

Some authors have suggested that topsoil seedbanks are depau-
perate and weedy (Hopfensperger, 2007; Bossuyt & Honnay, 2008; 
Vandvik et al., 2016). However, our evidence is that the topsoil from 
a high-quality source did suppress weed recruitment and was a res-
ervoir of seeds of native species resulting in recruitment of a diverse 
native plant assemblage. Our findings are consistent with the conclu-
sions of Vandvik et al. (2016) after analysis of a global dataset that 
seedbanks can produce a community at least as similar to that from 
which they are sourced. Seedbanks from environments that are sub-
ject to highly variable weather conditions and/or where recruitment 
is primarily after episodic disturbances, such as fire, are more likely 
to be useful in restoration in contrast to seedbanks from areas where 
recruitment is relatively predictable on an annual basis, as the seed 
content is the result of many years of seed accumulation. This study 
confirms that topsoil salvaged from cleared woodland can be used to 
establish seedlings of many native species. Longer-term monitoring of 
survival and performance would be helpful to understand assembly 
trajectories of plant functional diversity and for assessing the ultimate 
success of topsoil transfer as a tool for restoration. Furthermore, an 
extension of this study would be to examine other abiotic and biotic 
filters, such as climate conditions, pre-transfer soil compaction at the 
recipient site, and weed management to reduce competitive exclusion 
by weeds, which could result in improved restoration outcomes.
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