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Abstract 39 

Soil microbiota are fundamental ecosystem components capable of driving 40 

ecosystem recovery. However, their effective integration into ecosystem restoration 41 

efforts remains unrealised. Despite growing interest, there are limited experimental 42 

assessments on how to implement soil translocations to effectively inoculate whole 43 

microbial communities in restoration contexts. By embedding a soil translocation 44 

experiment into a restoration project in a global biodiversity hotspot, we show that 45 

retaining soil structural integrity through intact soil translocations is important in 46 

achieving successful inoculation. By contrast, surface spreading – the predominant 47 

method of soil translocation – saw microbial communities diverge away from the 48 

microbial profile of donor sites. Our findings suggest that the restoration sector 49 

should rethink its approach to microbial inoculations and consider the benefits of 50 

retaining structural integrity in translocated soils. Upscaling of investments and 51 

innovation are required to meet the increasing demand for soil translocations 52 

capable of effectively driving ecosystem recovery. 53 

  54 



1 Introduction 55 

Using soil microbiota directly has clear potential to improve ecosystem restoration 56 

outcomes (Coban et al. 2022; Robinson et al. 2023) as they are critical to ecological 57 

processes (e.g., nutrient cycling, soil formation). However, despite the recovery of 58 

soil microbiota increasingly being assessed following restoration interventions (Mohr 59 

et al. 2022; van der Heyde et al. 2022), soil microbiota are poorly integrated into 60 

ecosystem restoration. While post-restoration monitoring has identified patterns of 61 

soil microbiota recovery, large recovery debts can persist decades after restoration 62 

plantings (Watson et al. 2022). These persistent recovery debts highlight the need to 63 

improve restoration interventions that specifically target soil microbiota to improve 64 

restoration outcomes. 65 

 66 

Soil translocation – the movement of topsoil from a donor to a recipient site – is 67 

increasingly used as a restoration intervention to inoculate entire microbial 68 

communities or select microbial taxa into restoration sites (van der Bij et al. 2018; 69 

Dadzie et al. 2024). These soil translocations can be effective in driving recovery of 70 

above- (e.g., vegetation) and below-ground (e.g., microbiota) ecosystem 71 

components in some contexts (Wubs et al. 2016; Han et al. 2022). However, there is 72 

a lack of research informing optimal soil translocation methods and further 73 

refinements are needed (Gerrits et al. 2023; Gomes et al. 2025). 74 

 75 

The predominant soil translocation method used in restoration is surface spreading 76 

(Contos et al. 2021; Gerrits et al. 2023), where soil is collected from a donor site – 77 

ideally a nearby remnant site – transported to the recipient site and spread over the 78 

surface (Bullock 1998; Wubs et al. 2016). Recipient sites are often prepared by 79 



removing existing topsoil, but sometimes donor soil is spread directly on top of 80 

existing surface soil. Inoculation effectiveness has been shown to improve with 81 

increasing soil volume due to a higher inoculation ‘dose’ (Han et al. 2022), however, 82 

this comes at the cost of increasing the volume of soil required from donor sites 83 

risking greater ecological impacts (Peddle et al. 2024b). 84 

 85 

Surface spreading involves the mixing of distinct soil microhabitats, along with their 86 

corresponding microbiota, resulting in a homogeneous soil environment. This 87 

convergence of distinct microhabitats and microbial communities can drive 88 

compositional changes (West & Whitman 2022), affecting their likelihood of 89 

establishment. Microbial taxa vary in their response to disturbance of soil structure 90 

(van der Heyde et al. 2017). These varied responses can impact on predictions of 91 

community-level changes during the collection, transport, homogenisation and 92 

spreading of soil in translocations. For example, disrupting soil structural integrity by 93 

mixing can reduce bacterial richness, steering communities towards more 94 

homogenous compositions and favouring faster growing, generalist taxa (West & 95 

Whitman 2022). Therefore, preserving soil structural integrity during translocation 96 

may help retain donor communities and improve establishment of translocated 97 

microbiota, but there are no studies that assess the impact of varying soil 98 

disturbances during translocation. 99 

 100 

As an alternative to surface spreading, intact soil translocation involves collecting 101 

intact sods, turfs or cores, and translocating these directly into the recipient 102 

restoration site (Bullock 1998; Gerrits et al. 2023). The structural arrangements of 103 

soil comprise of physical (e.g., aggregates and pores) and biological (e.g., soil 104 



organic matter) legacies that have typically formed over decades and are key to soil 105 

functioning (Rillig et al. 2017; Or et al. 2021). Thus, the objective of intact soil 106 

translocation is to preserve this soil structural matrix, which should result in the 107 

maintenance of the physical and biological legacies and their associated 108 

microhabitats and functions (Boyer et al. 2011; Butt et al. 2022). Similarly to surface 109 

spreading, studies of intact soil translocations have examined differing soil quantities 110 

and depths, usually in the 1-2 m2 range and soil depths of 10-30 cm. Most intact soil 111 

translocation studies have focussed on vegetation (Kardol et al. 2009; Aradottir 112 

2012; Cordier et al. 2019) or soil fauna (Moradi et al. 2018; Butt et al. 2022) 113 

community responses, with mixed results. While intact soil translocations have led to 114 

the recovery of soil microbial biomass and functional diversity (Waterhouse et al. 115 

2014), their effectiveness compared directly to surface spreading remains untested. 116 

 117 

Given that soil microbiota are sensitive to soil structural disturbance (West & 118 

Whitman 2022), intact soil translocations could result in improved establishment of 119 

soil microbiota compared with surface spreading. While scaling up intact 120 

translocations presents logistical challenges, intact translocation sites could serve as 121 

high-quality restoration nodes or soil biodiversity refuges. Over time, these nodes 122 

may facilitate the dispersal of beneficial soil microbiota into surrounding soils, 123 

creating a positive spillover effect. However, differences in abiotic factors such as 124 

soil pH, moisture, and nutrient levels can limit microbial dispersal from translocated 125 

soils to adjacent environments (Fierer 2017). Despite these barriers, mechanisms 126 

such as water flow and active microbial motility can enable short-range dispersal, 127 

suggesting some level of microbial exchange is possible (Chen et al. 2020; King & 128 

Bell 2022). While microbial dispersal from translocated soil holds promise for the 129 



wider restoration of soil biodiversity, dispersal remains largely unpredictable 130 

(Choudoir & DeAngelis 2022). 131 

 132 

Here, we conducted an experimental soil translocation field trial embedded in a 133 

restoration project situated within a global biodiversity hotspot in south-west, 134 

Western Australia. We compared three different soil translocation methods that 135 

aimed to isolate the effects of soil disturbance during translocation from the effects of 136 

establishment barriers at the recipient site (e.g., inoculation depth, abiotic legacies). 137 

Our treatments were (a) intact soil cores, (b) mixed soil cores and (c) surface 138 

spreading. Our first hypothesis was that reduced soil disturbance (i.e., the intact soil 139 

core treatment) would positively associate with the establishment of translocated soil 140 

microbiota due to soil microbiota being sensitive to structural disturbance and soil 141 

homogenisation alone being capable of driving divergence in microbial composition 142 

(West & Whitman 2022). Our second hypothesis was that if we saw improved 143 

establishment of microbiota in the intact cores stemming from the reduced soil 144 

disturbance, this would result in greater dispersal of soil microbiota from the intact 145 

cores into the surrounding recipient site soil. 146 

 147 

2 Materials and Methods 148 

2.1 Study Site 149 

This study was conducted across two post-agricultural restoration sites, Monjebup 150 

North Reserve and Red Moort Reserve in southwest Western Australia (Fig 1). The 151 

sites reside within the southwest Australian floristic region – a global biodiversity 152 

hotspot with exceptional levels of plant species richness, endemism, and habitat 153 

fragmentation from land clearing (Myers et al. 2000). Restoration plantings occurred 154 



in Monjebup in 2014 and Red Moort in 2015 (see Jonson (2010) and Peddle et al. 155 

(2024a) for further site and revegetation details). Previous soil biodiversity monitoring 156 

at these sites indicated a lack of bacterial community recovery (Peddle et al. 2024a), 157 

making them ideal for testing the effectiveness of soil translocations. 158 

 159 

2.2 Experimental Design and T0 Sampling 160 

Soil translocations and initial sampling (T0) occurred between 16-19 June 2022. At 161 

each site, two 20 m x 20 m plots were established; one in revegetated bushland that 162 

would receive the soil translocations (Recipient) and one in immediately adjacent 163 

uncleared remnant bushland where soil cores would be sourced for the 164 

translocations (Donor; Figure 1). Four parallel 18 m linear transects were marked out 165 

in each of the four plots. Along each transect, 18 independent experimental 166 

replicates were marked out (50 cm x 50 cm, n = 72 per site) and assigned a 167 

randomly selected translocation treatment. Along the transects in each donor plot, 54 168 

soil cores were collected using 12.5 cm diameter x 20 cm deep stainless steel soil 169 

corers. 170 

 171 

Soil samples (300 g) were collected from alongside every donor soil core for 172 

physicochemical and DNA analysis (detailed below). Each collected soil core then 173 

had one of three experimental translocation treatments applied: (1) Intact Core; 12.5 174 

cm diameter x 20 cm deep soil cores kept intact during translocation; (2) Mixed Core; 175 

12.5 cm diameter x 20 cm soil cores with the individual soil core broken-up and 176 

homogenised in a sterile plastic bag before translocation; and (3) Surface Spreading; 177 

12.5 cm diameter x 20 cm cores that were individually homogenised identically to the 178 

mixed cores but spread in a 3 cm deep layer over a 30 cm x 30 cm area. To ensure 179 



soil translocation treatments were randomly applied to the cores collected from the 180 

donor site, we used the same randomised order from the recipient sites. Samples 181 

were also collected from three donor controls along each transect (n = 12 per site). 182 

 183 

In the recipient plots, individual translocation treatments or recipient controls were 184 

applied to the randomly assigned independent 50 cm x 50 cm replicates along the 185 

four transects. Recipient controls did not receive any soil translocation, and a 300 g 186 

soil sample was collected from each recipient control for DNA and physicochemical 187 

analyses. For the intact core and mixed core treatment replicates, the same soil 188 

corers were used to extract a soil core which was disposed of, and donor soil from 189 

the allocated translocation treatment was placed into the resulting hole. For surface 190 

spreading replicates, surface leaf litter was removed and the homogenised soil 191 

(identical soil volume as intact and mixed cores) from the donor site was spread 192 

evenly in a 3 cm depth over the surface (30 cm x 30 cm). Plastic corflute tree guards 193 

were placed over each replicate (including the controls) to reduce the risk of 194 

interference from foraging animals. Each of the two recipient plots received a total of 195 

14 intact cores, 14 mixed cores, 14 surface spreading, and contained 18 recipient 196 

controls. The recipient plots were also paired with 12 donor controls per site. We 197 

collected a total of 144 soil samples (300 g) across the two sites (28 intact, 28 mixed, 198 

28 surface spreading, 36 recipient controls, and 24 donor controls). From each soil 199 

sample, 30 mL was collected in a sterile falcon tube and frozen on site until DNA 200 

extraction and sequencing. The remaining soil was sent to CSBP labs (Perth, 201 

Western Australia) for soil physicochemical analysis. 202 

 203 

2.3 T1 Sampling 204 



Soil sampling was repeated between 28-30 May 2023 (T1) to assess both microbial 205 

establishment directly in the translocated soil as well as microbial dispersal into the 206 

surrounding soil matrix. We systematically chose half of all replicates at both sites to 207 

ensure an even resampling of the treatments and to leave enough replicates for 208 

future resampling. We also repeated sampling for the 12 donor controls in each site 209 

(i.e., n = 76 per site = 16 recipient controls, 16 intact, 16 mixed, 16 surface spreading 210 

and 12 donor controls). We collected two soil samples from each replicate: one 211 

directly from the soil translocated one year earlier to assess microbial establishment 212 

(hereafter referred to as establishment samples); and one from soil immediately 213 

surrounding the translocated soil to assess microbial dispersal (hereafter referred to 214 

as dispersal samples; n = 76 establishment, 76 dispersal). 215 

 216 

For the establishment samples, we used a 23 mm diameter soil corer to extract 10 217 

cm deep soil cores to collect 300 g from the intact, mixed, and both control replicates 218 

being careful to not sample surrounding soil. Due to the shallow 3 cm depth of the 219 

surface spreading replicates, a steel trowel was used to collect 300 g of soil from the 220 

top 2 cm, again avoiding any of the underlying non-translocated soil. 221 

 222 

For the dispersal samples for intact, mixed and recipient controls, we used the 23 223 

mm soil corers to collect 300 g of soil to a depth of 10 cm from 6 cm surrounding the 224 

translocated core avoiding any of the translocated soil. For the dispersal samples 225 

from the surface spreading replicates, we used the trowel to excavate the 3 cm layer 226 

of translocated soil and the first 3 cm of the underlying soil (to minimise 227 

contaminating the dispersal sample with translocated soil) before using the soil corer 228 

to collect 300 g of soil from under the cleared surface spreading treatment. From 229 



each 300 g sample from both establishment and dispersal samples, 30 mL was 230 

collected in a sterile falcon tube for DNA analysis and frozen on site. 231 

 232 

2.4 DNA Extraction, Sequencing and Bioinformatics 233 

We used the Qiagen DNeasy PowerLyzer PowerSoil Kit for DNA extractions, 234 

following the manufacturer’s instructions. DNA extractions were sent to the 235 

Australian Genome Research Facility (AGRF; Melbourne, Australia) for sequencing 236 

of the 16S rRNA V3-V4 region and internal transcribed spacer (ITS) region to 237 

characterise soil bacterial and fungal communities using established protocols (see 238 

Supplementary Methods section 1.1 for sequencing and bioinformatics details). 239 

 240 

2.5 Statistics 241 

Microbial establishment and inoculation success 242 

We first assessed if translocated microbiota were successfully inoculated into 243 

recipient sites one year after translocation and whether there were any differences in 244 

inoculation success across our three translocation treatments. We define inoculation 245 

success as the retention of a high similarity to donor value relative to the donor to 246 

donor similarity, whereas inoculation failure is indicated by a shift away from the 247 

donor and an increased similarity to the recipient. Our ‘establishment’ samples (16S 248 

rRNA and ITS) were rarefied to an even read depth ensuring ASV richness was still 249 

well-represented at the chosen rarefaction levels (20,717 reads for 16S rRNA and 250 

10,073 reads for ITS; Figs. S1, S2). Then, to assess inoculation success, we 251 

constructed a Bray-Curtis distance matrix, converted the values to a similarity 252 

(100%*(1-distance)), and plotted the similarity of each T1 treatment sample to the 253 



mean similarity of the T1 recipient samples and the mean similarity of the T1 donor 254 

samples. 255 

 256 

Bacterial and fungal community compositions were visualised with non-metric 257 

multidimensional scaling (NMDS) ordinations of Bray-Curtis distances. Differences in 258 

bacterial and fungal community compositions across translocation treatment, site 259 

and sample year were assessed with stratified permutation tests separately for 260 

bacteria and fungi (PERMANOVA) performing permutations within the levels of the 261 

specified strata (to account for each combination of site and sample year). 262 

 263 

To assess the effect of translocation treatments on microbiota composition across 264 

sample years, we used Bray-Curtis similarities comparing each sample’s similarity to 265 

all donor sample similarities. Kruskal-Wallis multiple comparison tests were used for 266 

each site/year combination to determine whether the similarity to donor values 267 

differed across treatments. Significant differences between translocation treatments 268 

were then identified using post-hoc Dunn tests with Bonferroni correction to adjust p 269 

values for multiple comparisons. 270 

 271 

We assessed alpha diversity by calculating the effective number of ASVs for each 272 

sample separately for bacteria and fungi. We tested the effects of soil translocation 273 

treatment within each site and sample year combination on effective number of 274 

ASVs using ANOVAs with Tukey post hoc tests or, if assumptions were not met, 275 

Kruskal-Wallis and Dunn post hoc tests with Bonferroni correction. 276 

 277 

Microbial dispersal from translocated soils 278 



Next, we assessed if translocated microbiota had dispersed into surrounding soils 279 

one year after soil translocation and whether there was any differential dispersal 280 

across our treatments. To assess if soil translocation effected microbial community 281 

compositions in surrounding soils, we excluded all ‘establishment’ samples from the 282 

T1 sampling event, and rarefied all remaining data based on the rarefaction curves 283 

(20,717 for 16S rRNA and 10,073 for ITS) and, following methods identically to those 284 

outlined above for microbiota establishment, assessed community-level similarities in 285 

‘dispersal’ samples using NMDS ordinations and similarity to donor boxplots. 286 

 287 

To examine potential dispersal of microbial taxa in more detail, we used differential 288 

abundance analyses at the genus level using ancombc2 (Lin & Peddada 2024) on 289 

unrarefied data from both establishment and dispersal samples. We ran pairwise 290 

differential analyses, comparing each soil translocation treatment – subset by either 291 

establishment samples or dispersal samples – to the recipient control samples (i.e., 292 

seven pairwise comparisons for each site, for both 16S rRNA and ITS). All genera 293 

with significant (p < 0.05) log fold changes in individual pairwise comparisons were 294 

visualised in a heatmap for each site. 295 

 296 

Soil physicochemical changes and associations 297 

Associations between bacterial and fungal community compositions and scaled 298 

(mean-centred and standardised) soil physicochemical variables were analysed 299 

separately for each site at T1 sampling using constrained correspondence analysis 300 

(CCA). Variables with high collinearity (>0.75) were removed and the remaining 301 

variables underwent automated model selection. Model-selected variables and their 302 

associations with bacterial and fungal composition were visualised in a CCA and 303 



tested via permutated ANOVA with 999 permutations. To explore differences in soil 304 

physicochemical variables across sampling years, each variable was compared 305 

across years within each soil translocation treatment at both sites using paired t-306 

tests. 307 

 308 

3 Results 309 

3.1 Microbial Establishment and Inoculation Success 310 

Intact soil cores established the most donor-like communities for both bacteria 311 

(Figure 2b, Figure 3) and fungi (Figure 2c, Figure 4) at T1. At the time of soil 312 

translocation (T0), bacterial and fungal communities in donor controls and all soil 313 

translocation treatments differed to recipient controls. However, soil samples 314 

collected at T1 showed shifts in both bacterial and fungal communities, particularly 315 

the surface spreading treatment (Figure 3a, Table S1, T0: bacteria, PERMANOVA, p 316 

= 0.001 for soil treatment, site and sample year; Figure 3c, Table S2 T0: fungi, p < 317 

0.001 for soil treatment, site and sample year). 318 

 319 

At T1, intact cores retained the highest similarity to donor value across both sites for 320 

both bacteria and fungi. Bacterial communities in intact cores at both sites were as 321 

similar to donors as donor control samples were to each other (Figure 3b, Table S3. 322 

In contrast, fungal communities in intact cores at both sites had lower similarity to 323 

donor values than donor controls had to each other (Figure 3d, Table S4). The mixed 324 

core treatment had the second highest community similarity to donor for bacteria at 325 

both sites and fungi at Monjebup (surface spreading had the lowest). Bacterial 326 

communities in mixed cores at Red Moort did not differ in their similarity to donor 327 

value compared to the donor controls (Figure 3b, Table S3), although bacterial 328 



compositions at Monjebup did differ as did fungal compositions at both sites (Figure 329 

3d, Tables S3-S4). Bacterial and fungal similarity to donor in mixed cores from both 330 

sites were still different compared to the recipient control samples. 331 

 332 

Bacterial and fungal communities from the surface spreading treatment both 333 

diverged away from donor controls in both sites (Figures 3b 3d; Tables S3-S4). 334 

Bacterial communities in surface spreading samples at Red Moort diverged so far 335 

that their similarity to donor values were equivalent to the recipient controls but 336 

retained difference at Monjebup (Table S3). Although fungal communities in surface 337 

spreading samples at both sites had the lowest similarity to donor value of all three 338 

translocation treatments, they were still different from those in recipient controls 339 

(Table S4). 340 

 341 

At Monjebup at T0, bacterial alpha diversity in the surface spreading, intact core and 342 

donor control samples was higher than in the recipient controls (Figure S3; Table 343 

S5). Effective number of ASVs in mixed cores at T0 did not differ to any other 344 

treatment. At Monjebup at T1, effective number of ASVs did not differ between any 345 

translocation treatment (Figure S3; Table S5). At Red Moort at T0, effective number 346 

of bacterial ASVs did not differ across translocation treatment (Figure S3; Table S5). 347 

At T1, effective number of ASVs were lower in the donor controls than the recipient 348 

controls and mixed cores (Figure S3; Table S5) but were no different than intact 349 

cores or surface spreading treatments. Surface spreading and mixed cores also 350 

differed to each other (Figure S3; Table S5). Fungal alpha diversity (effective number 351 

of ASVs) at Monjebup at T0 did not differ across translocation treatments (Figure S4; 352 

Table S6) but was higher at T1 in intact cores than in surface spreading samples 353 



(Figure S4; Table S6). Effective number of fungal ASVs in Red Moort at both T0 and 354 

T1 did not differ across all soil translocation treatments (Figure S4; Table S6,). 355 

 356 

3.2 Microbial Dispersal from Translocated Soils 357 

At the whole community level, we found no evidence that translocated soil microbiota 358 

dispersed into surrounding soil or altered soil microbial compositions at either site 359 

(Figures S5-8). At T1, bacterial and fungal mean similarity to donor values in soil 360 

surrounding the translocated cores and below the surface spreading did not differ 361 

from recipient controls but differed from donor controls (Figures S5-6; Dunn, p < 0.05 362 

for donor control only). We also found no evidence at the whole community level of 363 

fungal dispersal into surrounding soils (Figures S7-8). For fungi however, mean 364 

similarity to donor values did differ between surface spreading and intact treatments 365 

at both sites (Figure S8; Monjebup surface spreading similarity to donor = 10.6 ± 366 

3.42%, Monjebup intact similarity to donor = 13.6 ± 2.75%, Dunn p < 0.05; Red 367 

Moort surface spreading similarity to donor = 12.8 ± 4.44%, Red Moort intact 368 

similarity to donor = 15.3 ± 4.81%, Dunn p < 0.05), but all translocation treatments 369 

were similar to recipient controls and different to donor controls. 370 

 371 

We only found evidence of differential abundances between recipient control 372 

samples and dispersal samples from each translocation treatment for a single fungal 373 

genus, Cortinarius, at one site (Figure 4d). This genus was higher in abundance in 374 

the surface spreading treatment. No bacterial genus was differentially abundant 375 

between the dispersal samples from any translocation treatment and the recipient 376 

controls (Figure 4). 377 

 378 



3.3 Soil Physiochemical Changes and Associations 379 

Bacterial communities at Monjebup associated with soil phosphorus, conductivity, 380 

sulphur and pH (Figure 5a). Increased phosphorus primarily associated with 381 

bacterial communities in recipient controls, as well as some mixed and surface 382 

spreading samples. Increased levels of pH associated with bacterial communities in 383 

mixed and surface spreading samples. Bacterial community compositions at Red 384 

Moort associated with organic carbon and pH, although patterns across specific soil 385 

treatments were less clear (Figure 5b). Fungal communities at Monjebup also 386 

associated with pH and phosphorus, as well as organic carbon (Figure 5c). 387 

Increases in both pH and phosphorus associated with fungal compositions in 388 

recipient controls as well as mixed and surface spreading samples. Fungal 389 

compositions at Red Moort associated with Sulphur and pH (Figure 5d). Although 390 

fungal communities in Donor controls largely associated with increased sulphur 391 

levels, similarly to bacterial communities at Red Moort, patterns across specific 392 

treatments were less clear than they were at Monjebup. 393 

 394 

We found more differences in soil abiotic properties across sample years (i.e., T0 vs 395 

T1) in both mixed and surface spreading treatments than we did in either control or 396 

the intact treatment (Figures S9-10). 397 

 398 

4 Discussion 399 

We experimentally tested the effect of three soil translocation methods – intact 400 

cores, mixed cores and surface spreading – on inoculating desirable soil microbial 401 

communities in a restoration project within a global biodiversity hotspot. After one 402 

year under field conditions, microbiota translocated via intact soil cores established 403 



most effectively, with bacterial communities in particular retaining similarity to donor 404 

controls. In contrast, surface spreading – the most common soil translocation 405 

method used in restoration – resulted in microbial communities that diverged away 406 

from donor sites, becoming more like those in recipient sites. Our study highlights 407 

the importance of preserving soil structure and microhabitats during translocation to 408 

affect successful microbial inoculations. We recommend that the restoration sector 409 

prioritises research and investment into scalable soil translocation techniques that 410 

preserve soil structure to enhance ecosystem recovery outcomes. 411 

 412 

4.1 Soil Structural Integrity Improves Inoculation 413 

We show that retaining soil structural integrity during soil translocation led to the 414 

establishment of whole microbial communities, supporting our first hypothesis. Our 415 

intact soil core treatment maintained the most donor-like bacterial and fungal 416 

compositions one year after translocation. While microbial communities in our mixed 417 

treatment did not diverge as far as those in the surface spreading treatment, they 418 

were generally less similar to donor controls than the intact treatment. This improved 419 

establishment of microbiota in intact cores likely reflects reduced disturbance during 420 

soil translocation. The difference between mixed and intact treatments in isolation 421 

underscores the impact of soil homogenisation on microbial communities. Our 422 

findings offer field-based evidence that homogenising heterogeneous soil 423 

microhabitats alters microbial communities and impacts inoculation capacity. 424 

Previous studies have shown that frequent soil mixing in microcosms increasingly 425 

diverges bacterial communities from unmixed controls (West & Whitman 2022), 426 

underscoring how soil disturbance can affect the establishment of inoculated 427 

microbiota.  428 



 429 

Fungal communities in our intact treatments diverged further from donor controls 430 

than bacterial communities. Fungi in natural soil systems rarely rely on sporulation 431 

and consist of extensive mycelia (Schnoor et al. 2011). These contrasting life history 432 

strategies in fungi likely explain the divergence from the donor soil composition 433 

observed in the intact translocation, as even intact core extractions will disrupt fungal 434 

organisms that are reliant on extended networks of mycelia. 435 

 436 

We show that surface spreading was not effective in establishing donor microbial 437 

communities in the recipient plots after just one year. These results were likely driven 438 

by soil homogenisation (i.e., mixing many microhabitats and their constituent 439 

microbiota) and elevated exposure to environmental influences (e.g., due to surface 440 

spreading having a high surface area). Surface spreading is the predominant soil 441 

translocation method used in the restoration sector (Contos et al. 2021; Gerrits et al. 442 

2023) and although surface spreading has previously been shown to be effective in 443 

inoculating some microbiota, our results support the finding that success is often site 444 

and context dependant (Gerrits et al. 2023). While our soil inoculation ‘dose’ is 445 

comparable to that used in other studies (Wubs et al. 2016; Han et al. 2022), surface 446 

spreading inoculations may be more effective on loamy soils (Gerrits et al. 2023) 447 

compared to the sandy soils in our study.  448 

 449 

The homogenised soils in both mixed and surface spreading treatments appeared to 450 

be more susceptible to the soil abiotic legacies in the recipient site than the intact 451 

treatment. While we anticipated associations between soil microbiota and abiotic 452 

properties between our two controls, the associations between soil abiotic properties 453 



and the surface spreading and mixed treatments after a single year were surprising. 454 

These associations may indicate elevated susceptibility of the translocated soils in 455 

these treatments to the abiotic legacies present in the surrounding soil at recipient 456 

sites. The features of pore space in soil (e.g., size, distribution, connectivity) are 457 

important for the biochemical processes of soil. Porosity, and the extent to which 458 

pores are saturated and connected, can affect abiotic and biotic conditions in soil 459 

(Six et al. 2004; Roger-Estrade et al. 2010). Here we found that the loss of physical 460 

structure in homogenised soils made them more susceptible to changes in abiotic 461 

properties. While there is strong evidence that abiotic properties and microbiota 462 

affect soil structure and aggregate formation (Rillig & Mummey 2006; Rillig et al. 463 

2017; Or et al. 2021), further research is needed to improve our understanding of 464 

how disturbance to soil structure affects abiotic and biotic properties in soil and what 465 

this means for inoculation success across varied sites and contexts. 466 

 467 

4.2 No Evidence of Microbial Dispersal from Translocations  468 

We found no evidence to support our second hypothesis as none of our three 469 

translocation methods led to the dispersal of inoculated microbiota into the 470 

surrounding soil after one year. Successful dispersal of inoculated microbiota into 471 

surrounding soils is central to the ‘restoration island’ concept (Hulvey et al. 2017), 472 

where soil cores act as nodes of healthy soil biodiversity, cumulatively and positively 473 

affecting surrounding soil. While the lack of observed dispersal could simply be due 474 

to the short one-year period between re-sampling, both environmental filtering driven 475 

by the persistent agricultural land-use legacies in our sites (Peddle et al. 2024a) and 476 

limited dispersal capabilities of microbes in soil are likely barriers to dispersal (Chen 477 

et al. 2020; Walters et al. 2022; Liu & Salles 2024). Overcoming these land-use 478 



legacies is a major challenge facing restoration in nutrient-limited ancient soils, like 479 

those in southwest Western Australia (Standish et al. 2006; Parkhurst et al. 2022). 480 

Restoration interventions like soil scraping and removal to address abiotic legacies 481 

are costly (Gibson-Roy et al. 2024) but may be warranted to facilitate successful 482 

inoculation. Furthermore, the relatively small soil volumes in our experiment may 483 

need to be increased across treatments to increase the propagule pressure needed 484 

for microbiota establishment and dispersal into surrounding soil. Further research 485 

with increased soil volumes will be beneficial to assess if intact soil translocations 486 

still outperform surface spreading. Longer term research might also investigate 487 

repeated surface spreading inoculation episodes at intervals that allow progressive 488 

development of a range of suitable microhabitats in recipient soils, to favour diverse 489 

requirements of the donor microbiota. 490 

 491 

While our results indicate that intact soil translocation was the most effective method 492 

at inoculating soil microbiota, scaling up intact soil translocations to effect positive 493 

restoration outcomes faces numerous challenges. Sourcing soil for translocation 494 

impacts donor sites and projects need to carefully balance the benefits of soil 495 

translocation with the impacts to remnant ecosystems. Projects with existing remnant 496 

habitat already slated for clearing (e.g., surface strip mining) would be good 497 

candidates to consider large scale intact soil translocation. Additionally, restoration 498 

sites with abiotic soil legacies that differ strongly from restoration target conditions 499 

should reassess expectations from using surface spreading translocations. Strong 500 

physicochemical differences will present a barrier to establishment and dispersal of 501 

donor microbiota. Achieving positive outcomes in such situations may require 502 

extensive action to address the physicochemical limitation, and in extreme cases soil 503 



removal and replacement in a manner that maintains soil structure during 504 

translocation. 505 

 506 

Overall, our findings show that maintaining soil structural integrity via intact soil 507 

translocation is important to successfully establish whole soil microbial communities. 508 

In contrast, we show that surface spreading – a widely used method of inoculating 509 

soil microbiota in the restoration sector – was unsuccessful in establishing microbial 510 

communities in the recipient site after only one year. These results highlight the 511 

impact of soil homogenisation during translocation on the establishment of 512 

inoculated microbial communities. Furthermore, our findings suggest a need for the 513 

restoration sector to reconsider soil translocation approaches and invest in scalable 514 

applications that maintain the structural integrity of soil during translocation. 515 

  516 
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Figures 686 

 687 

Figure 1. Map of the study locations in southwest Western Australia indicating (a) 688 

the locations of the two sites at Monjebup North Reserve and Red Moort Reserve in 689 

southwest Western Australia; the 20 m x 20 m donor plots in remnant bushland and 690 

the 20 m x 20 m recipient plots in revegetated areas at both (b) Monjebup North 691 

Reserve and (c) Red Moort Reserve. (d) graphical illustration of the experimental 692 

design showing the soil cores collected from donor sites, the experimental 693 

translocation treatments applied, and their translocation to the recipient sites. 694 
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 696 

Figure 2. Success of microbial inoculations one year after soil translocation (T1). (a) 697 

Conceptual illustration to visualise establishment of microbial inoculants after soil 698 

translocations. We define inoculation success as the retention of a high similarity to 699 

donor value relative to the donor to donor similarity, whereas inoculation failure is 700 

indicated by a shift away from the donor and a high similarity to the recipient. (b) 701 

Mean similarities of bacterial communities one-year after (T1) soil translocation to 702 

both donor and recipient samples. (c) Mean similarities of fungal communities one-703 

year after soil translocation to both donor and recipient samples. 704 
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 706 

Figure 3. Community composition and similarities to Donor Controls at the time of 707 

translocation (T0) and one year post-translocation (T1). Non-metric multidimensional 708 

scaling (NMDS) ordinations for (a) bacteria and (c) fungi both faceted by site and 709 
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sample year visualising changes in microbial community composition across the 710 

three translocation treatments and two controls. Statistics and stress values refer to 711 

all panels within a series. Similarity to donor boxplots for (b) bacteria and (d) fungi at 712 

both sites visualising the similarities (Bray-Curtis) of the three translocation 713 

treatments and recipient controls to the donor controls. Groups not sharing a letter 714 

are significantly different (p < 0.05, Kruskal-Wallis and Dunn post-hoc). 715 

 716 



 717 

Figure 4. Heatmaps of significant differential abundance (log fold change p < 0.05) 718 

in bacterial (a, c) and fungal (b, d) genera at Monjebup Reserve (a, b) and Red 719 

Moort Reserve (c, d) assessing microbial dispersal from translocated soil into the 720 

surrounding soil. The three translocation treatment levels (Intact Cores, Mixed Cores 721 
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and Surface Spreading) are split by dispersal (samples collected 6 cm away from 722 

translocated soil) and establishment (samples collected from translocated soil) levels 723 

and log fold changes across all levels including the donor control are compared to 724 

the recipient controls one year (T1) after translocation. Only a single fungal genus, 725 

Cortinarius, showed evidence of dispersal from the translocated soil into the 726 

surrounding soil and only at Red Moort. 727 

 728 

 729 

Figure 5. Constrained correspondence analysis (CCA) plots indicating associations 730 

between model-selected soil physicochemical properties and bacterial (a, b) and 731 

fungal (c, d) community compositions at Monjebup (a, c) and Red Moort (b, d). 732 
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