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Abstract 

Restoring native ecosystems on marginal croplands has many benefits but the impacts on 

belowground biodiversity are less clear, in part because the limiting factors regulating soil biota 

are complex and poorly described. Here, we studied how grassland prairie restoration of marginal 

croplands affected the diversity and composition of soil microbiota on 5 conventional farms from 

Ontario, Canada. Soil samples (0-15 cm) were collected from annually cultivated fields and 

adjacent planted perennial grassland where cultivation and chemical inputs had ceased several 

years previously. Following DNA extraction, we estimated bacterial and fungal abundance using 

quantitative PCR, and microbial diversity of prokaryotes, fungi and protists using amplicon high-

throughput sequencing. Under both land uses, prokaryotic communities were dominated by 

Proteobacteria, Actinobacteria and Acidobacteria, fungal communities by Ascomycota, and protist 

communities by Rhizaria (TSAR), Evosea (Amoebozoa) and Chlorophyta (Archaeplastida). 

Prairie restoration did not have a consistent effect on soil microbial abundance, richness or 

evenness, which responses varied across farms. Microbial genetic and taxonomic community 

composition (i.e., sequence variant and genus level) were affected by land use, farm and the 

interaction between these two factors. Generally, prairie soils had higher relative abundance of 

Latescibacterota, Desulfobacterota, Acidobacteriota and Glomeromycota, and lower of 

Deinococcota, Chytridiomycota and Amoebozoa_X. In terms of differentially abundant fungal 

genera, prairies promoted more fungal plant symbionts, less saprotrophs and no plant pathogens. 

Interkingdom networks revealed changes in potential microbe-microbe associations with prairie 

restoration, with only 8 associations in common between land uses. The relationship between soil 

microbial diversity and physicochemical properties varied across microbial groups, diversity 

metrics and land uses. Our results evidence the complexity associated with restoring soils from 

agricultural land to natural ecosystems, with unspecified farm-specific factors (e.g., soil type, 

prairie species, management history) strongly modulating the response of different microbial 

groups and variables.  

Keywords: land use, soil biodiversity, interkingdom, metabarcoding, industrialized agriculture, 

land retirement, grassland restoration, marginal croplands. 
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1- Introduction 

Driven by the need to support a growing population, the cultivation of the world’s arable lands 

may increasingly threaten ecosystem health and sustainability (Foley et al., 2005). Conventional 

agricultural practices are characterized by reduced plant diversity and plant cover, high physical 

disturbance from tillage and other equipment, and high external inputs of mineral fertilizers and 

pesticides. These practices alter the soil environment and its living communities, with 

consequences including organic carbon losses, nutrient imbalances, increased risk of erosion, 

increased greenhouse gas emissions and biodiversity loss (Trivedi et al., 2016; Dudley and 

Alexander, 2017; Yang et al., 2021). Environmental concerns become particularly pressing as the 

global footprint of annual cultivation widens. According to the Food and Agriculture Organization 

(FAO) of the United Nations (UN), land use destinated to crops has increased ~15% between 1961 

and 2019, now covering >30% of the earth’s terrestrial surface and resulting in land and soil 

degradation and water scarcity (FAO, 2022).  

To some extent, the negative environmental consequences of agriculture can be alleviated by 

increasing ecological intensification via sustainable management practices, but financial and 

logistic factors can sometimes limit the application of such practices (Wezel et al., 2014; Kleijn et 

al., 2019). In the case of highly degraded or marginal farmlands, retirement and restoration of 

native ecosystems might be a more suitable way to recover the provision and spillover of 

ecosystem services while maintaining economically viable farms (Lamb et al., 2016; Yang et al., 

2020; MacDougall et al., 2024). For example, in the study sites evaluated here, restoration of 

prairie grasslands increased the abundance and diversity of terrestrial arthropods, while also 

increasing the abundance of beneficial (e.g., pollinators and pest predators) as opposed to 

herbivorous species (Dolezal et al., 2022). Restoration is also expected to benefit soil health as a 

consequence of reduced disturbance, changes in plant cover (coverage, diversity), and changes in 

the quantity and quality of plant inputs (Mariotte et al., 2018). Such changes can reduce erosion, 

improve soil structure (especially aggregation), increase soil organic carbon and reduce nutrient 

losses (Baer et al., 2002, 2015; Chandrasoma et al., 2016; Rosenzweig et al., 2016; De et al., 2020; 

Li et al., 2021). However, the response of soil properties and soil health could be slow and 

dependent on location-specific factors such as management history, soil type, topographic position 

and climate (Matamala et al., 2008; De et al., 2020; Mazzorato et al., 2022; Kimmell et al., 2023). 
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Soils host a vast biodiversity that has a crucial role in nutrient and carbon cycling, soil structure 

and plant health, and thus the provision of ecosystem services (Anthony et al., 2023). As such, soil 

organisms are likely to play a crucial role as facilitators of ecosystem restoration, for example by 

changing edaphic conditions and facilitating the establishment of the re-introduced vegetation 

(e.g., via plant mutualistic fungi or bacteria) (Harris, 2009; Coban et al., 2022; Graham and 

Knelman, 2023). Despite this, and the increasing efforts towards ecosystem restoration (e.g., UN 

Decade on Ecosystem Restoration, decadeonrestoration.org), soils and soil organisms have been 

largely neglected in ecosystem restoration studies (Callaham et al., 2008; Farrell et al., 2020). This 

is partly explained by methodological challenges to study soil organisms, as well as the difficulty 

to establish reference conditions or clear goals to monitor restoration success (Harris, 2009; Farrell 

et al., 2020). Recently, research on how soil biota responds to and contributes to restoration has 

intensified, with promising insights on microbial tools to aid restoration efforts (Robinson et al., 

2023; Sáez-Sandino et al., 2023; Song, 2023). 

Soil biota is expected to respond to restoration practices because they drastically modify the 

edaphic environment relative to agricultural fields (e.g., providing year-round plant cover, 

increasing root biomass, introducing more diverse rhizodeposits, and reducing physical 

disturbance). Based on these changes, prairie restoration could increase soil biodiversity, microbial 

and faunal biomass, functionality, and trophic complexity (Allison et al., 2005; Guo et al., 2019; 

Hu et al., 2020; Y. Guo et al., 2021). In a previous study, soil and root-associated arbuscular 

mycorrhizal fungi from prairie sites had higher richness and different community composition than 

those from adjacent crop soils (MacColl et al., 2024). However, other published data are not 

conclusive and evidence a complex response of soil communities to grassland restoration, that 

could depend on factors such as soil type and management (Smith et al., 2003; Bach et al., 2010; 

Strickland et al., 2017). Furthermore, the number of studies comparing soil microbiota from crops 

and adjacent restored prairies with metabarcoding approaches is limited, and little attention has 

been paid to larger organisms such as soil protists (Glaser et al., 2015; Santos et al., 2020; 

Romdhane et al., 2022). Because of the vast diversity and trophic modes comprised by soil protists, 

these organisms are highly relevant for the soil food web, biogeochemical cycling, microbial 

population regulation and plant health (Geisen et al., 2018). In recent years, high-throughput DNA 

sequencing tools have led to an improved knowledge of the diversity and function of soil biota, 

included these less studied groups (Burki et al., 2021). However, there are still many unanswered 
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questions, including how these organisms respond to land use change and ecosystem restoration 

(Cotterill et al., 2008; Geisen et al., 2018). 

Here, we assessed if restoration of marginal croplands to native prairie increased the diversity 

and/or altered the composition of soil prokaryotic, fungal and protist communities (hereby 

collectively referred to as “microbial communities” or “microbiota”, for simplicity). This was 

achieved through an observational study comparing soils from 5–9-year-old restored tallgrass 

prairie sites to those from adjacent croplands in different productive farms from southwestern 

Ontario, Canada. Soil microbial communities were studied using DNA high-throughput amplicon 

sequencing (metabarcoding) to analyze changes in their alpha and beta diversity, taxonomic 

composition and functional groups (fungi and protists only). Finally, using interkingdom network 

analyses (here, across the three studied microbial groups), we evaluated effects of prairie 

restoration on microbe-microbe associations within and across the three evaluated groups. Because 

prairie restoration increases plant cover and plant diversity (i.e., more diverse inputs and root 

architectures), we expected soil microbial communities to be positively affected by this practice, 

leading to increased abundance and diversity. Changes in plant species composition, together with 

differences in the resulting edaphic environment, could also lead to clear shifts in microbial 

community composition after 5-9 years of restoration. The different microbial communities 

(prokaryotes, fungi and protists), encompassing different sizes, lifestyles and trophic modes, were 

expected to respond differently to the imposed environmental changes. Similarly, within each 

community, specific taxonomic and functional groups could differ in their sensitivity to these 

changes. Finally, since more diverse microbial communities could present more complex 

interaction networks (Wagg et al., 2019), this could be reflected in a higher number of microbe-

microbe associations or correlations in prairie than crop soils.  

2- Methods 

2.1- Study area 

This study was conducted on conventional farms from southwestern Ontario, Canada (Table 1, 

Figure S1), where retired agricultural fields had been restored to prairie grasslands as part of a 

Canadian farmer-led program named Alternative Land Use Services (ALUS, https://alus.ca/). The 

climate is temperate, with a mean annual temperatures of 8ºC and average annual precipitation of 
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1036 mm (Dolezal et al., 2022; Mazzorato et al., 2022). The dominant soil types in the region span 

from sandy dominated luvisols to clay-dominated gleysols (Mazzorato et al., 2022). Farms were 

located along a SW-NE gradient, which was partially associated with differences in soil type and 

texture (i.e., decreasing sand content towards the NE) (Table 1, Figure S1). All the agricultural 

sites were in a rotation of corn (Zea mays) and soybean (Glycine max), and planted with corn when 

sampled, except for Farm 2, which agricultural site was a fallow field after a sorghum (Sorghum 

bicolor) crop (Table 1). These sites received a ‘conventional’ input-intensive management, with 

tillage, application of synthetic fertilizers and use of pesticides. Prairie sites had been established 

within the previous 5-9 years from the time of sampling, on retired agricultural land that had been 

under the same management as the neighbouring agricultural fields.  

2.2- Soil sampling and physicochemical analyses 

The collection of all soil samples was carried out during the summer, in late June 2018, within a 

period of 5 days to avoid biases due to seasonal variation in soil biota. In each of the five farm 

sites, we sampled two sites under different cover types, one under agricultural use and the other 

one with a restored prairie. For each of the sites, we randomly selected 5-m2 plots where we 

aseptically collected 12 soil cores (0-15 cm depth, 2 cm diameter). Soil cores within each plot were 

pooled and homogenized, resulting in a total of 50 soil samples (10 per farm, 5 per site). Samples 

were transported in coolers and, once in the lab, sub-samples for DNA analysis (~0.25 g) were 

stored at -20ºC until extraction. Another fraction of the soil samples was kept at 4ºC for 

physicochemical analyses. Soil pH (water 1:2.5 v/v), textural fractions (laser diffraction method) 

were analyzed by A&L Canada Laboratories Inc., and organic matter (OM, Walkley-Black), 

extractable phosphorus (Olsen) and mineral nitrogen (ammonium plus nitrate, extracted with KCl) 

were analyzed by SGS Agri-Labs (Guelph, ON, Canada). 

2.3- Soil DNA extraction, quantitative PCR and high-throughput sequencing 

DNA extractions were carried out on ~0.25 g equivalent dry soil samples using DNeasy 

PowerSoil™ Kit (Qiagen®, Valencia, CA) according to the manufacturer’s instructions. The 

concentration and quality of the extracted DNA was analyzed with NanoDrop 8000 (Thermo 

Scientific™) and 1% agarose gel electrophoresis. 
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Soil DNA samples were used to estimate bacteria and fungal abundance using real-time 

quantitative PCR (qPCR), as described in a previous work. Bacteria were quantified targeting the 

16S rRNA gene with the 338F-518R primer set (Fierer and Jackson, 2005), whereas for fungi we 

targeted the 18S rRNA with the FR1-FF390 primer set (Vainio and Hantula, 2000). Amplification 

and quantification details are available in Tosi et al. (2022). Data were presented as gene copies 

per gram dry soil, as well as the fungi-to-bacteria ratio. 

With the goal of evaluating microbial community composition and diversity, soil DNA was 

analyzed using high-throughput sequencing (HTS) at the Génome Québec (Montréal, Québec) 

facility. To target prokaryotes, we sequenced the V4 region of the 16S rRNA gene using primers 

515F-Y (5’-GTGYCAGCMGCCGCGGTAA-3’) (Parada et al., 2016) and 806R (5’-

GGACTACNVGGGTWTCTAAT-3’) (Apprill et al., 2015). Fungal communities were amplified 

via the first internal transcribed spacer (ITS1) of the ribosomal DNA using the primers ITS1f (5’-

CTTGGTCATTTAGAGGAAGTAA-3’) and ITS2 (5’-GCTGCGTTCTTCATCGATGC-3’) 

(White et al., 1990). Protist communities were targeted by amplifying the 18S rRNA V4 region 

with primers 616*F (5’-TTAAARVGYTCGTAGTYG-3’) and 1132R (5’-

CCGTCAATTHCTTYAART-3’) (Hugerth et al., 2014). The 16S rRNA and ITS primer pairs used 

here are those recommended by the Earth Microbiome Project, while the 18S rRNA protist primers 

had the best overall performance for the V4 region of the 18S rRNA (Vaulot et al., 2022). 

Amplicon sequencing was carried out on an Illumina MiSeq platform with a read length of 2 x 250 

bp (PE250) for prokaryotes and fungi, and 2 x 300 bp (PE300) for protists. In all cases, 

amplification conditions were optimized by the sequencing facility, following protocols by the 

Earth Microbiome Project for 16S rRNA and ITS, and by Hugerth et al. (2014) for protists. Raw 

sequencing data was deposited under BioProject ID PRJNA1170895 in the Sequence Read 

Archive (SRA) of the National Centre for Biotechnology Information (NCBI). 

2.4- Bioinformatics 

Demultiplexed paired-end sequences obtained from the sequencing facility were analyzed using 

the bioinformatics platform QIIME 2 2023.2 (Bolyen et al., 2019). Before denoising, primer 

sequences of prokaryotic 16S rRNA reads were removed using q2-cutadapt (Martin, 2011). In the 

case of fungal reads, we used the ITSxpress plugin to trim off the conserved flanking regions of 

SSU and 5.8S which are comprised within the sequenced ITS fragment (Rivers et al., 018). The 
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QIIME 2 plugin for DADA2 (q2-dada2) (Callahan et al., 2016) was used for denoising, 

dereplication, chimera filtering and merging, including a step to truncate the end of reads at a 

length that would allow to remove low quality fragments while allowing reads to merge. To assign 

taxonomy to the obtained amplicon sequence variants (ASVs) we used the plugin q2‐feature‐

classifier (Bokulich et al., 2018), first training classifiers with fit-classifier-sklearn and then 

carrying out the taxonomic classification with classify-sklearn (Pedregosa et al., 2011). Taxonomic 

classifiers were trained using the databases Silva v. 138.1 (Quast et al., 2013) with 99% OTUs for 

prokaryotes and UNITE v. 9 with dynamic use of clustering thresholds for fungi (Abarenkov et 

al., 2020).  

Protist data was processed by previously concatenating or joining length-trimmed paired-end reads 

to maximize the recovery of reads and taxa. Even though the obtained 18S rRNA fragment has 

been previously analyzed with merged paired-end reads (Oliverio et al., 2020), this fragment size 

can surpass the Illumina MiSeq PE300 limit for several protist groups, including some common 

soil taxa (e.g., Amoebozoa, Excavata and Opisthokonta) (Vaulot et al., 2022). Similar concerns 

were recently raised by Mau et al. (2024). Our approach was chosen after comparing the 

performance of different suggested approaches (Dacey and Chain, 2021) (more details in 

Supplementary Methods). Briefly, after removing primers and length-trimming reads with 

cutadapt (Martin, 2011), reads were concatenated following protocols by Dacey and Chain (2021). 

These reads were then imported into QIIME2 and then input into q2‐dada2 (Callahan et al., 2016) 

for denoising, dereplication and chimera filtering of reads. After this step, we obtained a total of 

656,512 reads and 9645 ASVs before removing non-target sequences. Taxonomy was assigned 

using q2-feature-classifier classify‐sklearn (Bokulich et al., 2018) with a taxonomic classifier 

trained using the PR2 (Protist Ribosomal Reference) database v.5.0.0 (Vaulot et al., 2022) (more 

details in Supplementary Methods). Non-target reads, only found in 16S rRNA (i.e., chloroplast 

and mitochondria) and 18S rRNA sequencing, were removed before carrying out downstream 

analyses. 

2.5- Functional classification of fungal and protist taxa 

Functional groups were assigned to fungal and protist taxa only, as prokaryotes have no database 

that is both simplified and robust enough for these purposes. In the case of fungi, genera were 

assigned a primary and a secondary lifestyle using the FungalTraits database (Põlme et al., 2020). 
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Protist genera were classified functionally using the database developed and applied by Xiong et 

al. (2021), followed by other resources whenever information was unavailable (Adl and Gupta, 

2006; Adl et al., 2018; Schulz et al., 2019; Mazel et al., 2022). This classification includes the 

following categories: phagotroph, phototroph, parasite, mixotroph, saprotroph, plant pathogen and 

dinoflagellate. The phagotroph category comprises all protists consuming other organisms 

(bacteria, fungi, algae, other protists, animals) and sometimes small organic matter particles. Out 

of the 376 taxa (genera or lowest level available) detected in our dataset, we were able to assign 

function to 324 (86.2%) and probable function to 11 (2.9%). The remaining 41 taxa (10.9%) could 

not be assigned a trophic group either because it was not available or because taxonomic 

classification was partial. 

2.6- Data analysis 

Data was analyzed using QIIME 2 2023.2 and R v. 4.2.2 (R Core Team, 2022). Diversity analyses 

were carried out both at the ASV and genus level (here, genetic or fine-scale and taxonomic or 

coarse-scale), whereas differentially abundant taxa were explored at the genus and phylum level 

(or, in the case of protists, level 3 from the PR2 database). It is worth noting that in some cases 

ASVs cannot be classified up to the genus level, so these are clustered at the lowest taxonomic 

level available. These are counted as a single genus even though they could comprise multiple 

genera. Diversity metrics for ASVs and genera were calculated in QIIME 2 and R package ‘vegan’ 

(Oksanen et al., 2022), respectively. The ASV tables used to calculate alpha and beta diversity 

metrics (and to create the genus level table for the same purpose) were filtered to remove ASVs 

with very low abundance (<10 reads) and/or very low prevalence (<2 samples), and then rarefied 

to an even number of reads.  

For alpha diversity, we calculated richness, evenness (Pielou’s index) and Shannon diversity index. 

Due to the highly contrasting responses between farm sites, we analyzed both land use and farm 

site effects, as well as their interaction, using ANOVA with generalized least squares (gls) in R 

package ‘nlme’ (Pinheiro et al., 2018). In each model, residuals were checked for normality and 

homoscedasticity. The same approach was used to analyze microbial abundance data (log gene 

copies g-1 dry soil) from qPCR. 

To evaluate changes in genetic and taxonomic composition and beta diversity, we used two 

distance metrics: Jaccard (qualitative, based presence-absence) and Bray-Curtis (quantitative, 
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based on relative abundance), with a focus on the former. Multivariate homogeneity of groups 

dispersions between land uses or farm sites was tested using betadisper in R package ‘vegan’. 

Land use, farm site and their interaction effects on community composition were tested using 

permutational multivariate analysis of variance (PERMANOVA) with function adonis2 in R 

package ‘vegan’. Because interactions between land use and farm site were significant, we also 

carried out separate PERMANOVAs for each farm site. Distances between sites were visualized 

using principal coordinate analyses (PCoA), as well as plotting prairie-to-crop, within-site and 

between-farm distances. Venn diagrams from InteractiVenn (http://www.interactivenn.net/) were 

used to explore unique and shared ASVs and genera between land uses, and the multinomial 

species classification method (CLAM), with ‘vegan’ function clamtest, was used to explore 

potentially generalist and specialist ASVs and genera in each land use. To explore how restoration 

drives microbial compositional changes, we tested two scenarios: prairies either gain new ASVs 

while replacing existing ones or without replacing them. To test this, we partitioned beta diversity 

between crop and prairie microbial communities into turnover and nestedness (Baselga, 2012). 

High turnover supports the replacement scenario, while high nestedness suggests ASVs form a 

nested subset, indicating no replacement. 

Changes in the relative abundance of taxonomic groups were analyzed at the phylum level and the 

genus level using differential abundance analyses, as they take into consideration the 

compositional nature of sequencing data (Gloor et al., 2017). Based on a comparative study by 

Nearing et al. (2022), differentially abundant taxa between crop and prairie soils were selected 

according to two reliable methods for compositional and sparse data: Analysis of Compositions of 

Microbiomes with Bias Correction (ANCOM-BC) (Lin and Peddada, 2020) and ANOVA-Like 

Differential Expression (ALDEx2) (Fernandes et al., 2013). ANCOM-BC was run with q2-

composition in QIIME2 and ALDEx2 with function aldex.t in R package ‘ALDEx2’. Only taxa 

detected by both methods were considered to change significantly between land uses. 

Relationships between the three microbial groups, and between them and soil physicochemical 

properties, were analyzed out with different approaches and in different data subsets (complete 

dataset, crop sites and prairie sites). Correlation coefficients were calculated to relate alpha 

diversity indices between microbial groups or with soil properties. Similarly, we used Mantel tests 

to evaluate correlations between community composition of the three different groups. To evaluate 

the contribution of farm, land use, edaphic and vegetation effects to the variability in microbial 
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community composition, we carried out a variance partitioning analysis using the function varpart 

in ‘vegan’. We ran three separate analyses: one testing the contribution of soil physicochemical 

properties, land use and farm on all sites, and two separate analyses for prairie and crop sites 

evaluating the effects of soil properties, farm and plant species composition. Plant species 

composition effects were excluded from whole dataset analysis to avoid a high collinearity error, 

and from the crop sites analysis due to the high similarity between crop sites. Plant species 

composition data was introduced using correspondence analysis (CA) axes obtained with cca 

function in ‘vegan’. Seven CA axes were included, in order to match the number of soil variables 

(sand, clay, pH, OM, mineral N, extractable P and the C:P ratio).  Finally, to test the influence of 

different soil physicochemical properties on community composition, we used the function best 

subset of environmental variables or bioenv in ‘vegan’. This analysis was used to find the subset 

of soil physicochemical variables with the maximum rank correlation with community 

dissimilarity matrices for each microbial group. Mantel tests, variance partitioning and bioenv 

were carried out on both Jaccard and Bray-Curtis distance matrices at the ASV level only. 

Trans-kingdom association networks for each land use category were built with SPIEC-EASI 

(Sparse InversE Covariance estimation for Ecological Association and Statistical Inference) (Kurtz 

et al., 2015), as recommended by Matchado et al. (2021). SPIEC-EASI employs the CLR 

transformation to address compositionality and relies on a graphical model inference framework 

that presupposes sparsity in the underlying network (Kurtz et al., 2015). These analyses were 

carried out in the R package ‘SpiecEasi’ (Kurtz et al., 2023), using the spiec.easi function, which 

now includes a wrapper to work with multiple sequencing datasets from different taxa. We used 

the neighborhood selection framework (MB method) (Meinshausen and Bühlmann, 2006) with 

parameters: an nlambda (number of regularization levels) of 100, a lambda minimum ratio of 5 e-

1, and a StARS criterion threshold of 0.01 in the pulsar parameters. We chose a conservative 

threshold to obtain sparse networks with fewer associations and less false positives, as our goal is 

to explore the most relevant microbe-microbe associations. The analysis was carried out using 

genus level tables, previously filtered by total abundance (min = 10 reads) and prevalence (min = 

7 samples) within each dataset (land use and microbial group). Association networks were 

visualized and analyzed using Gephi v. 0.10. We compared parameters such as number of nodes 

and edges, nodes and edges in common, taxonomic groups involved in these interactions, as well 

as other descriptive network parameters. We also explored influential nodes or taxa (i.e., 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 12, 2024. ; https://doi.org/10.1101/2024.10.11.617895doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.11.617895
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 

 

‘keystone’ taxa) based on their eigenvector centrality, which takes into account the number of 

edges or associations as well as quality of these edges, in terms of the importance of those 

neighboring nodes (Ruhnau, 2000; Obregon et al., 2023). 

3- Results 

3.1- Soil physicochemical properties 

The studied farms presented a SW to NE soil texture gradient, with decreasing sand content from 

F1 to F4-F5 (Table 2, Figure S1). Land use effects on soil physicochemical properties varied across 

farms, with the exception of mineral N, which was consistently lower in restored prairie than crop 

soils (Table 2). One of the farms, F2, presented the lowest mineral N values (Table 2). Besides 

mineral N, overall land use effects were observed only for soil OM and pH, although among-farm 

variation was evident for these two variables (Table 2, S1). Texture fractions and extractable P 

showed only farm-specific land use effects (Table 2). One of the most distinctive farms was F5, 

where restored prairie soils had markedly lower soil OM, higher clay content, and higher 

extractable P (Table 2). Farm 4 was the only one where crop and prairie soils differed in texture, 

with the latter presenting higher sand and lower fine particles content (Table 2).  

3.2- Microbial abundance and alpha diversity 

Soil bacterial abundance did not show a clear response to prairie restoration, except for two farms 

(F1 and F3) where it was higher in restored prairie sites compared to crop sites (Figure 1A, Table 

S1). In contrast, prairie restoration led to an average decrease in soil fungal abundance (from 8.5 

× 10^7 to 6.1 × 10^7 copies g-1 dry soil in crop and prairie sites, respectively) and the fungi-to-

bacteria ratio (F:B ratio) (Figure 1B, 1C, Table S1). However, when looking at results by farm, 

this difference was only significant in F2, where restored prairie soils had a 49% reduction in 

fungal abundance relative to crop soils (Figure 1B, 1C).  

After processing sequencing data as described in the methods, we recovered a total of 1,197,342 

reads and 17,725 ASVs for prokaryotes, 2,612,111 reads and 5,411 ASVs for fungi, and 83,591 

reads and 2,225 ASVs for protists (Table S2). Very low abundance and prevalence ASVs (<10 

reads and <2 samples), which were removed for downstream analyses, comprised 66-76% of the 

total number of ASVs detected, but only 10-24% of the total reads (Table S2). When comparing 
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restored prairie grasslands with conventional cropping systems, we did not find consistent changes 

in the alpha diversity of soil microbial prokaryotic, fungal and protist communities. Instead, the 

direction of changes strongly depended on the microbial group analyzed and the farm.  

Prokaryotic genetic richness (ASVs) did not significantly differ between land uses, and this was 

consistent across farms (Figure 1D, Table S1). By contrast, taxonomic richness was on average 

slightly higher on crop than restored prairie soils (265 vs. 257, respectively, P=0.04), although 

tests by farm were not significant (Figure S3A). The crop-to-prairie changes in fungal genetic and 

taxonomic richness showed a pattern based on the geographic location and soil type of the farms 

(Figure 1E, Figure S3B, Table S1). The response of fungal genetic richness to prairie restoration 

was positive in F1 and F2 (32.6 and 21.9% increase, respectively, P<0.01), neutral in F3 and F4, 

and negative in F5 (-14.3%, P=0.019) (Figure 1E, Figure S3B). Protist genetic richness was on 

average lower in restored prairie sites than crop sites (41 vs. 49, respectively, P=0.005), but this 

response was only clearly detected in farms F3 and F4 (-45% and -34% change, respectively, 

P<0.01), while one of them (F2) showed the opposite trend (35% increase, P=0.066) (Figure 1F, 

Table S1). No changes in protist taxonomic richness were observed (Figure S3C). A 

complementary analysis examining individual phyla suggests that changes in richness could be 

strong within specific groups as opposed to the overall prokaryotic, fungal or protist community 

(Figure S4). For example, according to this exploration, prairie restoration could be increasing 

microbial richness within Acidobacteria and Basidiomycota, while decreasing it for 

Actinobacteria, Chloroflexi and Proteobacteria (Figure S4). Alpha diversity in terms of evenness 

was only sensitive for soil prokaryotic communities, showing a minor negative response to prairie 

restoration: genetic at F1 (-1.9%, P=0.013), and taxonomic at F1-F3 (-4.3, -2.9 and -2.9% change, 

respectively, P<0.01) (Figure S5). 

We did not find any significant correlations between alpha indices from different groups, analyzing 

either the whole dataset, only crop sites or only restored prairie sites (data not shown). The distinct 

behaviour of alpha diversity across microbial groups is summarized in the PCA biplot of Figure 

S6. Alpha diversity metrics from different microbial groups were not correlated either, for the most 

part (data not shown). The only exception was a positive correlation between fungal evenness and 

protist richness, only amongst crop soils (Spearman r=0.41, P<0.05).  

3.3- Beta diversity and composition shifts 
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For all microbial groups, we observed consistent shifts in genetic and taxonomic community 

composition in response to both land use and farm-specific factors, with an interaction between 

these variables (Figure 2, Table S3). Still, significant land use effects on microbial community 

composition were observed across all farms (Table S4), although with differences in prairie-to-

crop distances among them (Figure 2A-2C, Figure S7). For example, crop communities in F5 and 

F2 sometimes clustered more closely with prairie communities than with other crop communities 

(Figure 2A-2C). Based on PERMANOVA R-squared values, land use explained a similar 

proportion of variance in genetic community composition for all microbial groups (4.6% for 

prokaryotes, 5.8% for fungi and 4.8% for protists), whereas farm effects explained 15.3, 18.3 and 

21% for protists, prokaryotes and fungi, respectively (Figure 2G, Table S3). Results using Bray-

Curtis dissimilarities (quantitative) were similar to those found using Jaccard distances (presence-

absence), although with higher R-squared values (Figure 2G, Table S3). 

In all microbial groups, distances within sites were always smaller than crop-to-restored prairie 

distances (within each farm) and distances between farms (within each land use) (Figure 2D-2F). 

All distances were overall higher for prokaryotes than for fungi or protists, although substantial 

variability was observed for all communities (Figure 2D-2F). For fungal and protist communities, 

within-site distances were smaller in crop than restored prairie communities (Figure 2E, 2F). On 

the other hand, for prokaryotic communities, between-farm distances were slightly larger among 

crop than restored prairie sites (Figure 2D), in agreement with betadisper test results (Table 3). 

Mantel tests found significant correlations between all three communities in terms of genetic and 

taxonomic community composition (Figure 2H). For genetic composition, the strongest 

correlations were found between prokaryotic and fungal communities, and crop sites showed 

higher correlations than restored prairie sites or the complete dataset (Figure 2H). On the other 

hand, the highest taxonomic composition correlations were between prokaryotic and protist 

communities, particularly amongst crop sites, and the lowest between fungal and protist 

communities, particularly amongst restored prairie sites (Figure 2H).   

For all microbial groups, genetic or ASV turnover in restored prairie relative to crop sites was 

higher and nestedness was lower than expected by chance, although with some farm-specific 

differences (Table S5). Prokaryotes and protists had higher ASV turnover only in F1, F3 and F4, 

whereas fungi had higher ASV turnover at all farm sites except F1. The higher turnover was 

consistent with the small proportion of shared ASVs between crop and restored prairie sites (Figure 
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3A). It is worth noting that the proportion of shared features was only small at the genetic level 

(14-23%) but increased markedly when looking at genera (67-80%) (Figure 3A, 3B). Moreover, 

both shared ASVs and genera were higher for prokaryotes, followed by fungi and protists. Crop 

sites had a higher number of unique and specialist protist and prokaryotic features than restored 

prairie sites, whereas the opposite was observed for fungi (Figure 3A-D). However, a high 

proportion of these unique features had very low prevalence, as can be seen when filtering out 

those present in less than 5 plots (Figure 3A, 3B). Most crop and restored prairie ‘specialists’ 

belonged to a few taxonomic groups: Proteobacteria (prokaryotes), Ascomycota (fungi), and 

Chlorophyta and Rhizaria (protists). Yet, notably, some taxa were only found among crop (i.e., 

Crenarchaeota, Firmicutes and Myxococcota, Blastocladiomycota, Tubulinea) or restored prairie 

(i.e., Acidobacteria, Bacteroidota and Desulfobacterota, Glomeromycota, Alveolata) ‘specialists’ 

(Figure 3C-3D, Figure S5).  

3.4- Relative abundance of specific microbial taxa 

In soil prokaryotic communities, three bacterial phyla comprised 64.8% of the total reads: 

Proteobacteria (24.8%), Actinobacteria (21.3%) and Acidobacteria (18.7%), with the latter being 

more dominant in restored prairie soils (Figure 4A). The dominant fungal phylum was Ascomycota 

(77.4%), especially in crop soils, followed by Mortierellomycota (10.0%) and Basidiomycota 

(6.6%) (Figure 4A). Lastly, soil protist communities were dominated by TSAR;Rhizaria (37.3%), 

particularly in restored prairie soils, followed by Amoebozoa;Evosea (24.8%) and 

Archaeplastida;Chlorophyta (21.3%) (Figure 4A). According to our differential abundance 

analyses, prairie restoration increased three bacterial phyla (Latescibacterota, Desulfobacterota, 

Acidobacteriota) and the fungal phylum Glomeromycota, but no major protist groups (Figure 4B). 

Methylmirabilota and Planctomycetota increases in restored prairie soils were only detected by 

ANCOM-BC (Figure 4B). On the other hand, the relative abundance of Deinococcota (Bacteria), 

Chytridiomycota (Fungi), and Amoebozoa_X (Protists) was decreased in restored prairie soils 

relative to crop soils (Figure 4B). ANCOM-BC also detected decreases in the archaeal 

Crenarchaeota, three fungal phyla (Ascomycota, Mucoromycota and Blastocladiomycota) and 

three protist groups (Amoebozoa;Evosea, Amoebozoa;Tubulinea, and Excavata;Discoba) (Figure 

4B).  
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At the genus level, there were a higher number of land use-sensitive taxa among fungi (34), 

followed by prokaryotes (32), and last by protists (11) (Figure 5A, 5B). Restored prairies favoured 

more prokaryotic genera than crop use, while the opposite was observed for fungi and protists 

(Figure 5A, 5B). In the case of prokaryotes, only 4 genera were promoted under crop systems, two 

of them ammonia oxidizers (i.e., the archaeal Candidatus Nitrocosmicus and the bacterial 

Nitrosospira) (Figure 5B, Table S6). Of the 27 prokaryotic genera increased in restored prairie 

soils, most belonged to Proteobacteria (10) and Acidobacteria (9) (Figure 5B, Table S6). When 

looking at fungal communities, crop soils promoted 21 genera and restored prairie soils only 13, 

in both cases mostly from Ascomycota, followed by Basidiomycota (Figure 5B, Table S7). Crop 

soils also promoted two Chytridiomycota, whereas prairie restoration also promoted one 

Mortierellomycota. Finally, among protists we found 8 genera favoured under crop use and 3 under 

prairie restoration (Figure 4B, Table S7). More than half of the protist taxa favoured under crop 

belonged to Amoebozoa (2 Evosea, 2 Tubulinea and 1 Amoebozoa_X), whereas two of the groups 

promoted in restored prairie belonged to Vampyrellida (TSAR;Rhizaria;Cercozoa) and the third 

one to Excavata;Discoba (Figure 5B, Table S7).  

3.5- Predicted functional groups 

The functional profile of fungal communities showed a dominance of saprotrophs in both crop and 

restored prairie soils (~41.9 and 44.4%, respectively), although ~34% of the taxa could not be 

assigned (Figure S7). Differential abundance tests found that restored prairie soils had higher 

relative abundance root endophytes and arbuscular mycorrhizal fungi, whereas crop soils had more 

mycoparasites and unspecified saprotrophs, plant pathogens and nectar/tap saprotrophs (Table 3). 

Among the fungal genera increasing in crop soils (see Figure 5), these were dominantly 

saprophytic, but also comprised 4 plant pathogens (Fusarium, Bipolaris, Ophiosphaerella and 

Plectosphaerella) and one mycoparasite (Fusicolla) (Figure S6, Table S7). Restored prairie soils 

also increased several saprophytic fungi, as well as one root endophyte (Serendipita) and one 

animal parasite (Hirsutella). Notably, only crops promoted dung saprotrophs (Enterocarpus and 

Kernia), while only restored prairies promoted wood saprotrophs (Pyrenochaeta and 

Paraphaeosphaeria).  

Soil protist communities were markedly dominated by phagotrophs (~70%), followed by 

phototrophs (~20%) (Figure S7). Based only on ANCOM-BC, prairie restoration decreased the 
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relative abundance of phagotrophs (Table 3). Besides this, protist functional groups responded 

more to farm effects than to land use, with farms in finer textures promoting phototrophs, 

especially in crop soils (Figure S6). All sensitive differentially abundant taxa (see Figure 5) were 

phagotrophs, regardless of whether they increased in crop or prairie use (Figure S7). 

3.6- Interkingdom associations 

Interkingdom network analyses revealed some differences between land uses in terms of the 

association between microbial taxa. Compared to restored prairie soils, crop soils presented a 

higher number of total nodes (469 vs. 513, respectively), especially prokaryotic, and unique nodes 

(154 vs. 198, respectively) (Figure 6A, 6B). Networks also had a higher number of edges, both 

negative and positive, in crop than restored prairie soils (Figure 6A). Consistently with the type of 

nodes, prokaryote-prokaryote associations were the most frequent, followed by prokaryote-fungus 

(Figure 6A). Notably, despite crop and restored prairie networks having 315 nodes in common 

(47.2%), only 8 edges occurred in both (Figure 6B): 6 bacteria-bacteria edges (positive: 

Conexibacter-Terrabacter, AD3-Acetobacteracea, AKAU4049-Rubrobacter and 

Pedosphaeraceae-Latescibacterota; negative: AD3-Vicinimibacteraceae, AKAU4049-

Burkholderia_Caballeronia_Paraburkholderia), one negative bacterium-fungus 

(Candidatus_Nitrocosmicus-Mariannaea), and one positive fungus-fungus edge (Pleosporales-

Penicillium). 

Land use also determined differences in the major taxonomic groups involved in these 

interkingdom associations (Figure 6C). Prokaryote-fungus associations were mostly between 

Actinobacteriota or Proteobacteria and Ascomycota in both uses, although with a higher 

contribution of Actinobacteria in crop than restored prairie soils. Prokaryote-protist associations 

presented a more even contribution of prokaryotic taxa than other interactions, although 

Actinobacteriota, and in restored prairie soils Proteobacteria, were still quite frequent (Figure 6C). 

In these associations, the protist groups Evosea (Amoebozoa) and Rhizaria (TSAR) were the most 

frequent, with the latter being more important in restored prairie soils and vice versa. Notably, 

Chloroflexi was more in prokaryote-fungus links in restored prairie soils but prokaryote-protist 

links in crop soils. Fungus-protist associations also showed a dominance of Ascomycota and the 

protist groups Evosea and Rhizaria, with similarly important contribution of Chlorophyta in 

restored prairie soils. We also found several groups that were only involved in associations from 
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only one land use (Figure 6C). In the restored prairie network, these included 6 prokaryotic phyla 

(e.g., Verrucomicrobiota, Cyanobacteria, Fibrobacterota) and three fungal phyla (Glomeromycota, 

Basidiobolomycota and Rozellomycota) in prokaryote-fungus associations. Glomeromycota was 

also only present in fungi-protist associations of prairie but not crop soils. Five prokaryotic phyla 

(e.g., Bdellovibrionota, Crenarchaeota and Armatimonadota) were also uniquely present in prairie 

prokaryote-protist associations.  

Based on both degree and eigenvector centrality, which we used as a measure of keystone 

potential, crop soils had a higher number of influential nodes than prairie soils (24 vs. 12, 

respectively) (Figure 7D, Table S8). Most of these taxa were bacteria for both crop and prairie 

soils, and fungal keystone taxa were only present in crop soils (Figure 7D, Table S8). In the crop 

network, influential taxa were dominantly from Actinobacteria (e.g., Nonomuraea, Streptomyces, 

Geodermatophilus) and Ascomycota (e.g., Aaosphaeria, Staphylotrichun, Pleotrichocladium), but 

also included some members from other phyla (Proteobacteria, Acidobacteria, Planctomycetota, 

Chloroflexi, Verrucomicrobiota) (Table S8). Influential nodes in restored prairie soils include 

members from Proteobacteria (e.g., Burkholderia), Chloroflexi (AD3), Gemmatimonadetes 

(AKAU4049) and Actinobacteria (e.g., Rubrobacter). The nodes Blastococcus (Actinobacteria, 

Frankiales) and AD3 (Chloroflexi) were influential in both crop and prairie networks (Table S8). 

3.7- Relationship between soil microbiota and environmental variables 

Correlations between alpha diversity metrics and environmental variables were limited, mostly 

low (|rs|<0.5), and more frequent in restored prairie soils (Figure 7A). Correlations suggested that 

fungal alpha diversity (richness and Shannon) was higher in coarser textures (i.e., higher sand and 

lower clay content), especially in restored prairie sites. However, the opposite relationship was 

found for prokaryotic evenness in restored prairie sites and protist richness in crop sites. There was 

also a negative relationship between soil mineral N content and prokaryotic diversity (richness and 

Shannon), regardless of the land use. The same was observed for fungal richness but only in 

restored prairie soils. Soil OM and extractable P were only associated with protist diversity, with 

positive correlations in restored prairie soils. Plant richness, on the other hand, was only correlated 

with fungal diversity showing a positive association with richness and the Shannon index in 

restored prairie soils. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 12, 2024. ; https://doi.org/10.1101/2024.10.11.617895doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.11.617895
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

 

To relate environmental variables with microbial community composition (Jaccard distance), we 

first used variance partitioning, to compare the relative contribution of soil physicochemical 

properties, land use and other farm effects. For all microbial groups. Based on the adjusted R2, we 

found that the joint effect of soil properties and farm effects explained the highest proportion of 

the variation (Figure 7B). For prokaryotes and fungi, this was followed by the fraction explained 

uniquely by soil properties. And, in the case of fungi, the fraction explained by farm-specific 

factors also equally influential. We also carried out a similar analysis on crop and restored prairie 

sites separately, which revealed mainly joint effects of soil properties and farm-specific factors on 

crop microbial communities (Figure 7B). Similarly, in restored prairie sites it was the joint effect 

of soil, farm and plant composition that explained the highest fraction of variation in all microbial 

groups, followed by farm effects and, except for fungi, soil properties (Figure 7B). 

To inquire on relative importance of different soil physicochemical variables, we explored which 

subsets of variables have the highest correlation with community composition (Jaccard) using 

bioenv (Figure 7C). Soil pH was one of the most influential variables for all microbial groups, 

being present in almost all the best subsets. After pH, the most important variables were soil OM 

and texture for prokaryotes and protists, and texture and C:P for fungi. There were some 

differences when analyzing each land use separately, such as extractable P becoming more 

influential in crop soils and soil texture in restored prairie soils. When looking at the complete 

dataset, the individual soil variables with highest influence were pH for prokaryotes (rs=0.46), OM 

for fungi (rs=0.40) and mineral N for protists (rs=0.24). Still, the association with community 

composition was never higher than the best combination of soil variables: rs=0.63 for prokaryotes, 

rs=0.59 for fungi, and rs=0.35 for protists. 

4- Discussion 

This study allowed us to characterize soil microbial communities from productive farms of 

southwestern Ontario using a metabarcoding approach. Overall, 5-9 years of tallgrass prairie 

restoration induced a clear shift in the composition of soil prokaryotic, fungal and protist 

communities, including changes in specific taxa and functional groups, but did not have a positive 

effect on their alpha diversity or abundance. The fact that prairie restoration effects were not 

consistent between microbial groups suggests they respond differently to the environmental 
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changes imposed by this practice, likely due to ecological and adaptive differences in 

environmental preference, as well as differences in dispersal ability (e.g., Grossmann et al. 2016; 

Chaudhary et al. 2022; King et al. 2022). Yet, based on the correlations in terms of community 

composition and interkingdom associations, there is some degree of co-response and/or 

interkingdom ecological interactions, such as predation of bacteria or fungi by protists (Glücksman 

et al., 2010; Degrune et al., 2024). The variability observed across farms reveals a complex 

response of soil microbiota to prairie restoration, possibly resulting from multiple interacting 

factors (e.g., soil properties, vegetation, current and historical management) rather than any single 

explanatory driver. This complex response, with site-to-site variation, is known to affect 

restoration outcomes and predictability (Brudvig and Catano, 2021) 

Due to the observational nature of this study, we cannot identify the precise cause behind farm-to-

farm differences, but we were able to identify some potentially relevant factors modulating the 

effect of prairie restoration on soil microbiota. Soil type and physicochemical properties seem to 

be a relevant modulating factor based on our results and published data (Jangid et al., 2010; Sha 

et al., 2023a). As mentioned for soil OC, coarser textured soils as studied here (3.2-15% clay) 

could slow down the recovery of soil microbiota by offering them less protection and limiting 

aggregate formation (Bach et al., 2010; Baer et al., 2010). Besides, there could be an influence of 

persistent legacies in soil properties from agricultural activity, such as relatively higher P levels 

and bulk density (Mazzorato et al., 2022). Given the vertical variation in soil properties, as well as 

the different habitats and life strategies of microbial groups, responses could also vary with soil 

depth (Hu et al., 2020). On the other hand, prairie vegetation was linked with microbial diversity 

and composition (Figure 7) but did not seem to modulate the response of soil microbiota to 

restoration, as opposed as was previously found for bacterial diversity (Xu et al., 2022; Shu et al., 

2023) and other properties (Sha et al., 2023a). Prairie management practices (e.g., fertilization, 

burning) are also expected to drive microbial response (Smith et al., 2003; Jangid et al., 2010; 

Bach and Hofmockel, 2015; Hu et al., 2020), but unfortunately we could not gather this 

information for the studied farms. Management history in restored sites may also be a critical factor 

in determining the success of restoration, as it establishes different starting points. Space-to-time 

substitutions like this study pose an additional challenge, as there could be differences in soil type 

and prior management between crop and restored prairie sites. For example, the crop site in F5 
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had previously been an orchard, which could explain the high soil OC and contrasting responses 

in soil microbial communities. 

It is also possible that restoration time was not enough to evidence clear and consistent changes in 

soil microbial communities, based on previous findings in restoration or abandonment 

chronosequences (Lozano et al., 2014; Baer et al., 2015; Barber et al., 2017; Sha et al., 2023a). 

Even after several years, restored prairie communities might not fully resemble those from native 

prairies (Jangid et al., 2010; Mackelprang et al., 2018). Besides, spatial properties of the restored 

prairies (i.e., size, shape, location) could be relevant to restoration success. Spatial properties can 

affect the influence of neighboring croplands but also the proximity to propagules or source 

populations to recolonize the restored land, something particularly relevant in areas cultivated for 

several years (Baer et al., 2012). In our study, we cannot properly separate the effects of restoration 

time and prairie size because the older prairies (8-9 years) were also the largest (2.4-7 ha) (i.e., F2, 

F3 and F5), but these farms evidenced greater prairie-to-crop shifts in fungal community 

composition (Figure 2B, Table 1). By contrast, F4 farm, with the youngest and one of the smallest 

restored prairie sites (but also the only one with switchgrass), generally showed the smallest 

distances between crop and prairie sites (Figure 2B, Table 1).  

4.1- Recovered diversity and taxa in this study 

We recovered a higher number of prokaryotic ASVs and genera, followed by fungi and lastly 

protists, similar to previous  reports in grassland (Dassen et al., 2017) and alpine soils (Malard et 

al., 2022). A study by Romdhane et al. (2022) recovered more protist than fungal OTUs (97% 

similarity); this could be explained by the different protist primers, OTU clustering, but mostly by 

their decision to keep non-protist groups (e.g., Metazoa) (Mau et al., 2024). The overall taxonomic 

composition of soil microbial communities was also consistent with the literature, with prokaryotic 

communities dominated by Proteobacteria, Actinobacteria and Acidobacteria (Delgado-Baquerizo 

et al., 2018). Regarding fungi, a dominance of Ascomycota has also been found in grasslands in a 

global survey by Egidi et al. (2019), contradicting earlier findings likely limited by the soil types 

and biomes surveyed (Tedersoo et al., 2014). Protist communities from both land uses were 

dominated by Rhizaria (TSAR), Evosea (Amoebozoa) and Chlorophyta (Archaeplastida), in 

agreement with studies using metatranscriptomics (Geisen et al., 2015) and metabarcoding  (Leff 

et al., 2018). A study across 180 soils did not find a dominance of Amoebozoa (Oliverio et al., 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 12, 2024. ; https://doi.org/10.1101/2024.10.11.617895doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.11.617895
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

 

2020), but we believe this was due to a loss of amoebozoan data when merging paired-end reads 

(Vaulot et al., 2022) (see Supplementary Methods).  

4.2- Prairie restoration did not increase microbial abundance or diversity 

Despite increases in plant cover and diversity after prairie restoration (e.g., Dolezal et al., 2022), 

we did not observe significant shifts in soil microbial abundance or diversity even after nine years 

since last being cultivated (Figure 1). The responses we did detect depended more on the microbial 

group or farm being analyzed, with none of our five farms showing a consistently beneficial or 

detrimental effect of restoration on all microbial groups. Prairie restoration has previously been 

shown to promote soil bacterial and/or fungal biomass (Allison et al., 2005; Bach et al., 2010; 

Jangid et al., 2010; Baer et al., 2015), but here we only detected an average decrease in soil fungal 

abundance and the F:B ratio. Soil bacterial abundance increased with restoration at only two farms, 

possibly due to them showing increases in soil pH associated with restoration (Table 2). Our 

findings partially agree with those in a grassland restoration chronosequence, where phospholipid 

fatty acids (PLFA) fungal biomass decreased but bacterial biomass increased over time under 

restoration (Yang et al., 2023). These results are unexpected, considering soils usually become 

more dominated by fungi in later stages of succession, as a response to low nutrient inputs and 

higher root biomass with increased lignin and C:N ratio (Baer et al., 2002; Matamala et al., 2008; 

Maharning et al., 2009; Mazzorato et al., 2022). Indeed, we found restored grassland to have 20x 

more root biomass than adjacent crop field to depths of 60 cm (Noble et al., 2023). Other factors 

could be involved in our unexpected responses to restoration, especially relating to the differences 

in management among farms. For example, in the only farm (F2) showing a significantly higher 

fungal abundance in crop sites, there was also an increase in the frequency of the fungal genus 

Cladorrhinum (23.8% vs. 0.1-1.8% in all other sites). This could be explained by the sorghum 

cropping and fallow stage of this site, as Cladorrhinum can have different lifestyles (saprotroph, 

plant pathogen, plant mutualist) and was previously detected in sorghum cultivated soils 

(Carmarán et al., 2015).  

Overall, microbial community richness was more sensitive to restoration than evenness, and fungi 

and protists were more sensitive than prokaryotes. However, alpha diversity metrics did not 

respond in unison to restoration, with positive, negative and neutral effects by farm and by 

microbial group. In other words, there was no particular microbial group responding consistently 
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across sites, but also not a specific site where prairie restoration was consistently positive or 

negative for all groups. Such variability in how soil microbial richness and diversity responds to 

restoration or reduced land use intensity is consistent with other authors (Sha et al., 2023b), with 

decreases for bacteria (Barber et al., 2017, 2023; Mackelprang et al., 2018), increases for bacteria 

but not fungi (Y. Guo et al., 2021), or no clear changes (Labouyrie et al., 2023). Based on a brief 

exploration (Figure S3), it is possible that microbial diversity exhibits a phylum-specific response 

that is worth exploring further.  

Despite the variability in response, there was some evidence that soil texture could be mediating 

farm-specific responses to restoration. For example, fungal richness, and to a lesser extent protist 

richness, only responded positively on farms with coarser textured soils (Figure 1, Table 1). In a 

grassland restoration chronosequence, Bach et al. (2010) found clearer responses of microbial 

PLFA profiles in finer textures but exploring soils with much higher silt and clay contents than 

ours (i.e., 71-90%). It is worth considering that farm F5 could be disproportionately driving this 

trend, as the decrease in fungal richness was associated with the high soil OM and low extractable 

P of its crop site (Table 2). Prokaryotic evenness (genus level) also changed only in coarser 

textured soils, but with negative effects of prairie restoration (Figure S5), linked to a higher 

dominance of three Acidobacteriota (Pyrinomonadaceae_RB41, unidentified Vicinamibacteraceae 

and Vicinamibacterales) and the N2-fixing genus Bradyrhizobium (Proteobacteria).  

4.3- Prairie restoration modified microbial community composition and functional groups 

All microbial groups exhibited a clear shift in community composition in response to restoration, 

both in terms of presence-absence and relative abundance of ASVs and genera. Based on the higher 

turnover, lower nestedness and less shared and generalist features, we can conclude that changes 

in composition were mainly caused by ASVs in restored prairies replacing those previously present 

in crop soils (Figure 3, Table S5). As expected, this was less clear looking at microbial genera, 

where we found that fungi had more specialized taxa than prokaryotes and protists, consistently 

with findings by Malard et al. (2022) in alpine soils. Differences in soil microbial community 

composition have been previously detected between crop and native tallgrass prairie (Cornell et 

al., 2022, 2023), and between crops and restored prairies or grasslands (Allison et al., 2005; Jangid 

et al., 2010; Herzberger et al., 2014; Hu et al., 2020; Armbruster et al., 2021), with many of the 

latter using the lower resolution PLFA analysis. Still, restored prairie communities can sometimes 
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be more similar to crop than native prairie communities (Mackelprang et al., 2018; Armbruster et 

al., 2021), which could explain the relative small proportion of community composition associated 

with restoration (Figure 7, Table 3). In this sense, further shifts could be expected with longer 

restoration time, as it may weaken legacy effects on soil properties and biota (Lozano et al., 2014; 

Cline and Zak, 2015; Barber et al., 2017; Yang et al., 2023). Comparing microbial groups, 

prokaryotes showed the strongest associations with other groups, while the weakest were between 

fungi and protists, similar to previous findings (Malard et al., 2022). Despite these similarities 

between groups, and the consistent compositional shifts across farms, we again observed group-

specific and farm-specific effects in the magnitude and direction of these changes (Figure 2, Table 

3).  

Our results also demonstrate consistent restoration-associated changes in the frequency and 

relative abundance of some microbial taxa. Based on the differential abundance analyses, the 

bacterial phyla Latescibacterota, Desulfobacterota and Acidobacteriota increased with prairie 

restoration. Acidobacteriota is a widespread, abundant and largely unexplored phylum which 

encompasses some known heterotrophic organisms with a diverse carbohydrate utilization 

capacity and ecophysiology (Kielak et al., 2016; Kalam et al., 2020). This phylum has been 

previously associated with tallgrass prairie restoration (Barber et al., 2017), although it could 

decrease over time under grassland restoration (Yang et al., 2023). Latescibacterota and 

Desulfobacterota are commonly found in low abundance in soils and, notably, both groups happen 

to harbor bacteria with anaerobic metabolism: anaerobic fermentation in Latescibacterota (Youssef 

et al., 2015) and Fe(III)-reduction in Geobacteraceae (Megonigal et al., 2003), the most 

represented family in our study. Crop soils, on the other hand, had a higher relative abundance of 

Deinococcota (mostly Deinococcaceae), which were more abundant in biocrusts (Wang et al., 

2024) and are characterized by their high resistance to UV radiation (Seshadri et al., 2023), 

consistent with the lower vegetation cover and higher exposure of crop soils to direct sunlight. 

Prairie restoration also increased the relative abundance of the fungal phylum Glomeromycota 

[arbuscular mycorrhizal (AM) fungi] (Figure 4), in agreement with AM fungal spore density 

measurements in these sites (MacColl et al., 2024) and PLFA abundance in other tallgrass prairie 

restoration studies (Allison et al., 2005; Baer et al., 2015). As found here, soil AM fungi were 

found to be more responsive than other microbial groups in early stages of restoration (i.e., 2-4 

years) (Herzberger et al., 2014). This early response could stimulate vegetation development and 
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ecosystem recovery (Mao et al., 2019) and boost carbon sequestration in soils (Frey, 2019). The 

increase in AM fungi in restored grassland compared to croplands could be explained by the 

elimination of tillage, higher plant cover and root biomass, and lower mineral N and P content 

from fertilization, which could increase plant carbon allocation to the fungal symbiont (Kabir, 

2005; Wang et al., 2009; Barceló et al., 2020). Whereas in this study Glomeromycota were 

promoted evenly, a more detailed analyses of AM fungal communities on these soils showed 

family-level differences in relative abundance within this group (MacColl et al., 2024). Prairie 

restoration also favoured two other fungal genera with plant-growth promoting traits (Serendipita 

and Mortierella), consistently with previous findings (Verbruggen et al., 2014; Armbruster et al., 

2021) (Table S7). The fact that prairie restoration favoured more symbiotrophs and less plant 

pathogens and saprotrophs (Table 3) is in agreement with previous studies on land perturbation 

(Labouyrie et al., 2023) and N and P fertilization (Lekberg et al., 2021). While the effect of 

disturbance may be more direct, Lekberg et al. (2021) suggest that nutrient content affects fungal 

guilds indirectly, via changes in plant communities. With prairie restoration we also observed a 

reduction in the relative abundance of chytrids (Chytridiomycota), which are zoosporic fungi with 

saprophytic and parasitic lifestyles (Hanrahan-Tan et al., 2023a). The environmental adaptation 

and stress tolerance found within this phylum (Gleason et al., 2004; Freeman et al., 2009; 

Hanrahan-Tan et al., 2023b) could explain their thriving in agricultural relative to restored prairie 

soils. 

Soil protists are relatively understudied compared to prokaryotes and fungi, but there is evidence 

of their response to anthropogenic disturbances, mostly from specific taxa and/or using traditional 

quantification or identification approaches (Geisen et al., 2017, 2018). Phagotrophic protists were 

the dominant trophic group in all soils, consistent with previous reports (Oliverio et al., 2020; 

Santos et al., 2020), and the only group affected by land use (Figure S7, Table 3, S7). This suggests 

prairie restoration can affect higher trophic levels in the soil food web and may alter nutrient 

cycling via changes in microbial predation and nutrient release dynamics (i.e., ‘microbial loop’) 

(Geisen et al., 2018). Crop systems favoured more protist taxa than restored prairies, in agreement 

with increases in this trophic group with increasing land use intensity (Schulz et al., 2019). 

Moreover, Santos et al. (2020) found lower phagotroph richness in grassland compared to crop 

soils. Yet, our findings conflict with reports of negative effects of mineral fertilization on protists, 

in particular consumers (Zhao et al., 2019, 2020; S. Guo et al., 2021). The conventional tillage 
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practices applied in these crop systems may also shift protist community composition (Ma et al., 

2024) by modifying soil structure, porosity and water dynamics, which can in turn affect protist 

taxa (Geisen et al., 2014). It is also possible that the adaptation of certain protists to crop or prairie 

conditions is associated with their adaptive strategies (e.g., resistance structures) and specific 

feeding habits (Geisen et al., 2018). With the available data, we can only affirm that the protist 

taxa promoted in crops are mainly bacteriovores, although many can also consume other 

microorganisms, protists and small organic matter particles. By contrast, prairie restoration 

promoted two taxa in the order Vampyrellida (Table S8), which have been considered for their 

potential biocontrol by consuming other eukaryotes (Chandarana and Amaresan, 2022; Hess and 

Suthaus, 2022) and were previously  negatively affected by fertilization (Zhao et al., 2019). These 

feeding habits are not consistent with our results in terms of bacterial and fungal abundance, but 

these complex responses may not be well represented by a single snapshot of soil communities, 

plus each taxon can have multiple types of prey and mycophagy may be more common than 

expected (Geisen et al., 2016; Adl et al., 2018). 

4.4- Prairie restoration affected intra- and interkingdom microbial associations 

To inquire further into the associations between microbial taxa, we carried out interkingdom 

network analyses. Even though network analyses have limitations to infer actual microbe-microbe 

interactions, especially at a coarse spatial scale (Berry and Widder, 2014; Carr et al., 2019; 

Goberna and Verdú, 2022), they are useful to infer co-occurrence and association patterns that 

could represent such interactions or common responses to biotic/abiotic factors. Notably, despite 

sharing almost 50% of nodes (taxa), crop and restored prairie networks only had 8 edges 

(associations) in common, revealing drastic changes in microbial association patterns. Unlike 

earlier studies (Morriën et al., 2017; Guo et al., 2019), the crop soils network also presented a 

higher number of taxa and associations than the restored prairie networks. Similar findings have 

been reported when evaluating land use intensity (Romdhane et al., 2022) and prairie-to-crop 

conversion (Cornell et al., 2023). Cornell et al. (2023) attributed the higher complexity of crop 

networks to lower diversity and biotic/abiotic homogenization (i.e., increased niche sharing), none 

of which were clearly observed in our data. The most connected were mostly bacterial, in contrast 

to Romdhane et al. (2022), who found protists were the most connected group but also had the 

highest number of nodes. These potentially keystone taxa differed between land uses with one 
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exception (Chloroflexi AD3), suggesting a role of land use intensity on which taxa are the most 

influential for the community (Banerjee et al., 2019). 

4.5- Potential environmental drivers of microbial response to prairie restoration 

The influence of soil physicochemical properties and plant species composition on microbial 

diversity and composition was both linked and independent from prairie restoration and farm-to-

farm variability (Figure 7). Effects of soil properties and vegetation type on soil microbiota have 

been previously reported (Trivedi et al., 2016; Guo et al., 2019; Malard et al., 2022), sometimes 

surpassing those of land use (Kuramae et al., 2012). The influence of soil texture, organic matter 

and nutrient content on microbial communities, and pH specifically on prokaryotic communities, 

is consistent with the literature (Fierer, 2017). The fraction of community composition not 

explained by any environmental, land use or farm-specific factors was larger than previously 

reported, possibly due to the variability associated with observational studies. Yet, this could 

become less important over time under restoration (Guo et al., 2019). Notably, fungal communities 

seemed to be the most susceptible to the evaluated factors (i.e., lower residual variability), 

consistently with the highest proportion of specialists. Fungi were also the only group with a 

positive response to plant species diversity in restored prairie sited, similar to an experimental 

study by Shen et al. (2021), who also found Basidiomycota to be responsive in terms of richness 

(Figure S3). 

Most of the measured soil physicochemical properties did not clearly respond to prairie restoration. 

An exception was mineral nitrogen, which decreased in agreement with published studies (Baer et 

al., 2002; Mazzorato et al., 2022), likely due to lack of mineral fertilization. Our results in soil OC 

are consistent with those of Mazzorato et al. (2022) in these and other farms in the area, where 

overall increases with restoration were only small (+6%) and insignificant. These findings 

contradict reports of positive responses to grassland or prairie restoration (Baer et al., 2002, 2015; 

Rosenzweig et al., 2016; Li et al., 2021; Sha et al., 2023a). In some cases, carbon sequestration 

may take longer than the 5-9 years of restoration of these prairies (Matamala et al., 2008; De et al., 

2020), although earlier responses have been observed in upper soil layers (e.g., 0-5 cm) (Baer et 

al., 2002; Matamala et al., 2008; Li et al., 2019). This process is also modulated by factors such as 

management, climate, topography and soil type, which may surpass the importance of time since 

restoration (Matamala et al., 2008; De et al., 2020; Mazzorato et al., 2022; Kimmell et al., 2023), 
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consistent with among-farm differences. In particular, soil texture may play a key role, as higher 

clay content provides more physicochemical protection and, thus, higher restorative potential for 

soil OC (Baer et al., 2010).  

It is also worth noting that soil physicochemical properties were more variable across crop than 

prairie soils (Table 2), which could explain why crop sites presented higher beta dispersion of 

prokaryotic communities (Table 3), clearer changes in the composition of major protist groups 

(Figure S6) and higher variability in bacterial and fungal abundance (Figure 1A-C). Based on our 

results, the assumption that agriculture tends to ‘homogenize’ soil microbial communities 

(Montecchia et al., 2015; Peng et al., 2024) might depend on the studied sites.  

5- Conclusions 

Given the importance of soil microbes in ecosystem functioning, it is crucial to understand their 

role and potential for manipulation in restoration practices (Coban et al., 2022). During restoration, 

belowground communities may respond earlier than aboveground communities (van der Bij et al., 

2017; Graham and Knelman, 2023), with beneficial microbes potentially facilitating the 

establishment of the re-introduced plant species (Farrell et al., 2020). However, our study reveals 

a highly complex response that opens doors to several questions to be answered before establishing 

restoration goals and developing microbiome manipulations (e.g., inoculations). Future research 

efforts should aim at disentangling the complex interactions behind the response of soil biota to 

ecosystem restoration, for example by better understanding the drivers of microbial assembly, 

along with the environmental and management factors discussed above. More research is also 

needed to explore temporal/seasonal dynamics (e.g., Jangid et al., 2010; Barber et al., 2017), 

different soil depths (e.g., Hu et al., 2020) and the response of active fractions of the microbial 

community (e.g., using RNA sequencing). This will also better characterize the relationship 

between the microbial dynamics and ecosystem services as restoration progresses. Finally, we 

encourage researchers to investigate spillover effects of restored prairie strips on neighboring crop 

sites (Kemmerling et al., 2022; Dutter et al., 2024), as well as benefits at the farm-scale. 
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Figures and captions 

Figure 1. Response of soil microbial abundance from quantitative PCR and microbial genetic 

richness from high-throughput sequencing to prairie restoration. A-C) Soil bacterial abundance, 

fungal abundance and fungi:bacteria ratio. D-F) Genetic richness (ASV level) of soil prokaryotic, 

fungal and protists. For each variable, average values per land use and percentage change from 

crop to prairie sites are shown. Crop-to-prairie change was calculated from each prairie plot 

relative to the crop site average of 5 plots (positive=higher in prairie, negative=higher in crop). 

In average value plots, asterisks represent significant changes based on ANOVA, whereas in 

percentage change plots, asterisks represent significant differences between prairie and crop soils 

based on Tukey contrasts (alpha=0.05). 
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Figure 2. Response of measured soil microbial beta diversity (prokaryotes, fungi and protists) to 

prairie restoration. A-C) Principal Coordinate Analysis (PCoA) plots of Jaccard distances between 

sites for the first 4 axes (genetic or ASV level), D-F) Jaccard distances within crop and prairie 

sites, between crop and prairie sites (within each farm) and between crop and prairie soils from 

different farms (genetic or ASV level), G,H) Summary of PERMANOVA and Mantel test results 

for different microbial groups using two distances (Jaccard and Bray-Curtis) and two scales 

(genetic and taxonomic). In A-C, convex hulls enclose the 5 plots for each farm-use combination. 

Full PERMANOVA results are shown in Table S3.  
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Figure 3. Distribution of soil microbial ASVs and genera (genetic or fine-scale and taxonomic or 

coarse-scale, respectively) across land uses. A) Venn diagrams showing shared and unique ASVs 

and genera by land use (including all features and only those present in 5 or more plots/samples). 

B) Analysis of specialist-generalist genera based on the multinomial species classification method 

(CLAM test). Nestedness analysis can be seen on Table S4. 
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Figure 4. Changes in soil microbial phyla between crop soils and adjacent restored prairie soils. 

A) Overall frequency (%) of prokaryotic and fungal phyla and major protist groups in crop (inner 

donut) and prairie (outer donut) soils. B) Changes in relative abundance of microbial phyla or 

major protist groups between land uses (corrected P-value<0.05). In A, lower abundance groups 

are grouped in the “Others” category. In B, only sensitive taxa are shown, and light-shaded bars 

represent taxa only detected by ANCOM-BC, whereas darker-shaded bars represent taxa detected 

by both analyses (ANCOM-BC and ALDEx2). 
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Figure 5. Changes in soil microbial genera between crop soils and adjacent restored prairie soils. 

A) Soil microbial genera showing changes as related to their relative abundance between land uses 

(from differential abundance analysis) and their overall relative abundance transformed to centered 

log ratio (clr). B) Taxonomy of sensitive genera from panel B as frequency of phyla or major 

protist groups (B). Changes in relative abundance were assessed based on significance (corrected 

P-value<0.05) on two differential abundance analyses (ANCOM-BC and ALDEx2). Predicted 

function of sensitive fungi and protists can be found in Figure S5 and Tables S6 and S7. 
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Figure 6. Overview of interkingdom network analysis of soil microbial genera from SPIEC-EASI 

comparing crop and prairie sites. A) Number of nodes and edges by microbial group, B) Nodes 

and edges in common between crop and prairie soils, C) Sankey plots summarizing interactions 

between taxa from different microbial groups according to their phyla or major protist group, D) 

Relationship between node relative abundance as centered log ratio (clr), degree (number of edges 

per node) and eigenvector centrality as a measure of keystone potential. In C, taxa names in bold 

show those present only in the network of that land use. In D, each point represents a node and 

those in darker shades (eigencentrality>0.5) were considered the most influential in each network. 

Detailed information about influential nodes can be found in Table S8.  
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Figure 7. Relationship between soil microbial communities and soil environmental variables. A) 

Correlations between environmental variables and alpha diversity metrics in the complete dataset 

(all sites) and in each land use separately (crop sites and prairie sites). B) Variance partitioning 

analysis showing contributions (adjusted R-squared values) of land use, farm-specific effects, soil 

physicochemical variables and/or plant community composition to community composition, C) 

Summary of bioenv analysis showing soil physicochemical variables with the highest correlation 

with community dissimilarities (i.e., appearing the subsets of variables with the highest 

correlations). In B, bold numbers highlight adjusted R-squared > 0.05. In C, variables highlighted 

with a thick border are those with the highest correlation on its own and the number represents the 

Spearman correlation value. 
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Tables 

Table 1. Description of farms and crop and prairie sites from SE Ontario, Canada, where soil samples were collected.  

   
Crop sites  Prairie sites 

Farm 

id. 

Orig. 

id.* 
Coordinates Rotation At sampling 

 
Est. Age (yrs) Area (ha) Dominant plant spp. 

F1 BO 42.666 N, 80.704 W Corn-Soybean Corn  2012 6 0.4 Big bluestem, Golden rod 

F2 GI 42.778 N, 80.682 W Sorghum Fallow  2009 9 7.0 Big bluestem, Japanese brome 

F3 CS 42.878 N, 80.543 W Corn-Soybean Corn  2009 9 2.4 Big bluestem 

F4 VE 42.877 N, 80.499 W Corn-Soybean Corn  2013 5 1.0 Switchgrass 

F5 BU 42.891 N, 80.262 W Corn-Soybean Corn  2010 8 5.0 Big bluestem, Golden rod 

* As published in MacColl et al., 2024 

Corn = Zea mays L., Soybean = Glycine max L., Sorghum = Sorghum bicolor 

Big bluestem = Andropogon gerardii, Golden rod = Solidago canadensis, Japanese brome = Bromus japonicus, Switchgrass = Panicum virgatum 

Crop site in F2 was in fallow but had Digitaria sp. 

 

Table 2. Soil physicochemical properties across farms and land uses. Mean and standard deviation (SD) values are shown. 

  Texture 

 

Sand (%) 

 

Silt (%) 

 

Clay (%) 

 

pH (water) 

 

OM (%) 

 Mineral N 

(ppm) 

 Extractable P 

(ppm) 

   
 mean SD  mean SD  mean SD  mean SD  mean SD  mean SD  mean SD 

F1 Crop LS, S 
 

87.8 2.9 
 

8.2 2.6 
 

4.0 0.7 
 

6.04 0.2 
 

2.0 0.5 
 

70.5 34.3 
 

70.4 8.9 

 Prairie S 88.4 0.9 7.8 0.8 3.6 0.5 7.03 0.3 1.8 0.2 4.1 1.3 54.3 6.5 

F2 Crop LS, S 
 

89.8 4.5 
 

7.2 3.1 
 

3.2 1.8 
 

6.91 0.2 
 

1.7 0.2 
 

12.8 3.3 
 

49.2 4.9 

 Prairie LS, S 86.8 3.6 9.2 2.6 3.6 0.5 6.42 0.3 1.9 0.4 3.2 1.7 51.3 7.0 

F3 Crop LS, SL 
 

77.0 4.2 
 

13.2 3.1 
 

9.6 1.5 
 

6.21 0.2 
 

1.2 0.2 
 

80.2 19.1 
 

53.4 7.8 

 Prairie LS, SL 78.2 3.1 13.2 2.8 8.4 0.5 6.87 0.3 1.1 0.1 5.2 2.5 28.7 5.6 

F4 Crop L, SL 
 

54.6 13.7 
 

30.2 9.1 
 

15.0 4.3 
 

7.36 0.3 
 

2.0 0.1 
 

120.4 69.7 
 

78.8 7.7 

 Prairie SL 74.8 2.2 15.6 1.5 9.6 1.1 7.30 0.3 1.7 0.6 4.6 1.2 52.7 9.2 

F5 Crop LS, SL 
 

77.2 4.0 
 

17.6 3.2 
 

5.2 0.8 
 

6.45 0.4 
 

4.2 0.7 
 

92.9 31.8 
 

8.8 1.7 

  Prairie LS, SL 75.4 4.4 8.2 3.2 7.6 1.1 6.61 0.3 1.6 0.3 4.7 1.7 54.1 13.3 

L: loam, LS: loamy sand, SL: sandy loam, S: sand 

OM=organic matter 

Shaded values highlight cases where differences were significant between crop and prairie soils based on Tukey contrasts (alpha=0.05) and arrows indicate the direction of 

changes in response to prairie restoration. 
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Table 3. Changes in fungal lifestyles and protist trophic modes between land uses (crop vs. prairie) based on two differential abundance analyses 

(ANCOM-B and ALDEx2). Only groups with corrected P-value < 0.10 are shown. 

 

 

 

 

 

 

 

LFC: log2 fold-change, SE: standard error, W: W-score (LFC:SE), FDR-P: FDR corrected P-values 

Effect: ALDEx2 effect size, CLR: relative abundance transformed to centered-log ratio, BH-P: Benjamini-Hochberg corrected P-value 

P-value codes: *** <.001, ** <.01, * <.05, · <.010 

 

 

 

     ANCOM-BC ALDEx2 

Group Higher in Functional group LFC SE W FDR-P  Effect 
CLR 

crop 

CLR 

prairie 
BH-P  

Fungi Crop Mycoparasite -1.12 0.19 -6.05 <.001 ***  -0.85 5.08 3.79 0.001 ** 
  Unspecified saprotroph -0.83 0.22 -3.79 0.002 **  -0.55 7.38 6.23 0.044 * 
  Nectar/tap saprotroph -1.87 0.54 -3.46 0.006 **  -0.51 -3.02 -6.85 0.085 · 
   Plant pathogen -0.66 0.18 -3.69 0.003 **   -0.50 7.90 7.03 0.072 · 
 Prairie Root endophyte 3.86 0.41 9.49 <.001 ***  1.47 -5.33 2.98 <.001 *** 

    Arbuscular mycorrhizal 3.07 0.38 8.19 <.001 ***   1.23 -4.57 1.40 <.001 *** 

Protists Crop Phagotroph -0.66 0.17 -3.98 <.001 ***   -0.48 7.87 6.95 0.197  
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