
Deintensification of land use leads to recovery of soil microbial community composition and function after 

land use change in Ethiopia

Running title: Soil Microbiomes in the Ethiopian Highlands

Yoseph T. Delelegn1§*, Witoon Purahong2*, Ali Nawaz3,4, Hans Sandén1, Douglas L Godbold1¥, Tesfaye Wubet5,6,¥

1Institute of Forest Ecology (IFE), University of Natural Resources and Life Sciences, Peter-Jordan-Straße 82, 1190 

Vienna, Austria

2Department of Soil Ecology, UFZ-Helmholtz Centre for Environmental Research, Theodor-Lieser-Str. 4, D-06120 

Halle (Saale), Germany

3Technical University of Munich, Chair of Urban Water Systems Engineering, Am Coulombwall 3, Garching, 

85748, Germany

4Department of Civil, Geo and Environmental Engineering, Technical University of Munich, Am Coulombwall 3, 

85748 Garching, Germany

5Department of Community Ecology, UFZ-Helmholtz Centre for Environmental Research, Theodor-Lieser-Str. 4, D-

06120 Halle (Saale), Germany

6German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Deutscher Platz 5e, 04103 Leipzig, 

Germany

§Corresponding authors: 

Yoseph T. Delelegn,

Institute of Forest Ecology (IFE), University of Natural Resources and Life Sciences, 

Peter-Jordan-Straße 82, 1190 Vienna, Austria

Email: yosephjet@gmail.com / yoseph.delelegn@boku.ac.at

Tesfaye Wubet, 

1

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

mailto:yosephjet@gmail.com
mailto:yoseph.delelegn@boku.ac.at


Department of Community Ecology, UFZ-Helmholtz Centre for Environmental Research, Theodor-Lieser-Str. 4, D-

06120 Halle (Saale), Germany

Email: tesfaye.wubet@ufz.de  

*Equal contribution

¥Senior Authors

2

28

29

30

31

32

33

34

35

36

mailto:tesfaye.wubet@ufz.de


Abstract

Ethiopia has undergone significant land use change during the past centuries,  particularly deforestation. These

changes have resulted in the loss of topsoil as well as the associated soil ecosystem functions. Grazing exclusion

and planting of eucalyptus are measures used to recover degraded lands and reduce deforestation, respectively.

Using a gradient  of  the intensity  of land use from natural  forest  to  croplands,  we investigated whether  these

measures also result in restoration of the soil microbial community. We identified the soil  bacterial and  fungal

communities using paired-end amplicon sequencing.  A total of 12,765 fungal and 12,325 bacterial  OTUs were

detected in the five land use types, and only ca. 2% and 17% were shared among the land uses, respectively. Total

fungal and bacterial OTU richness was not significantly affected by land use change, but the conversion of forest to

cropland  resulted  in  the  loss  of  approximately 40%  and  11%  of  the  total  native  fungal  and  bacterial  OTUs,

respectively.  Soil pH, C, N, and aggregate stability were key factors corresponding  to the overall bacterial and

fungal  community  compositions.  We  also  showed  relationships  between  the  microbial  functional  group and

enzyme activities. The exclusion of grazing led to an enrichment of soil microbial communities that overlapped with

the communities of the natural forest. Our results suggest that remnant native forests act as refugia for microbial

communities and that  restoration of microbial  communities and concomitant recovery of ecosystem function via

deintensification of land use is possible.

Keywords: ectomycorrhiza, ericoid mycorrhiza, exclosure, microbial diversity, soil enzymes
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1. Introduction

Microbes are the unseen majority in soil and comprise a large portion of life’s genetic diversity (Guerra et al., 2019;

Van Der Heijden, Bardgett, & Van Straalen, 2008). Several studies have reported the role of the soil microbiome in

maintaining the ability of terrestrial ecosystems to regulate the climate by enhancing ecosystem resilience to the

changing climate, maintaining soil fertility and health, and supporting land productivity (Bardgett & Van Der Putten,

2014;  Dubey et  al.,  2019;  Jiao et  al.,  2018).  Soil  microbiomes  have  a wide  amplitude of  ecological  functions,

including fixing atmospheric nitrogen and increasing nutrient  uptake,  producing various plant  growth-promoting

substances, and secreting communication signals that trigger plants to develop defense mechanisms against diseases

and pests  (Kothari,  Singh, & Kothari,  2016; Lakshmanan, Selvaraj,  & Bais, 2014).  Despite their ecological  and

economic  importance,  knowledge on the impact  of  the  conversion  of  natural  forest  to  agricultural  land use on

belowground microbial diversity is limited, particularly for Africa  (Balami, Vašutová, Godbold, Kotas, & Cudlín,

2020).

Many tropical  and  subtropical forest  ecosystems are undergoing uncontrolled land conversion, which is

driving environmental change and ecosystem degradation (Cleveland, Townsend, Schmidt, & Constance, 2003; Sun

et al., 2020). For example, encroachment into natural forests for agricultural crop production and livestock grazing

has been expanding during the last 55 years in northern Ethiopia (Tekle & Hedlund, 2000; Zeleke & Hurni, 2001).

The conversion of natural forest to other land uses causes disturbance due to changes in vegetation cover as well as

soil  disturbance  and  erosion,  all  of  which  can  shape  the  soil  microbial  community  composition  (Goss-Souza,

Mendes,  Borges,  Rodrigues,  &  Tsai,  2019;  Kassa,  Dondeyne,  Poesen,  Frankl,  &  Nyssen,  2017;  Szoboszlay,

Dohrmann, Poeplau, Don, & Tebbe, 2017). Such conversions have a complex effect on soil ecosystems due to the

interwoven interaction between aboveground and belowground processes  (Chaparro, Sheflin, Manter, & Vivanco,

2012).

Plant-soil-microbiome interactions  exert  critical  controls  on  the  composition  and  function  of  terrestrial

ecosystems, yet the fundamental relationships between plant diversity and soil microbial diversity remain elusive

(Prober et al.,  2015).  A study conducted on the long-term impact of forest-to-agriculture land use change in the

Amazon,  for  example,  showed  that  conversion  led  to  microbial  community  homogenization  and  loss  of  soil

microbial diversity due to the change in soil properties (Goss-Souza et al., 2019). Similar studies conducted in South
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Africa and in the rainforest of Indonesia have also shown that land use change from natural to managed agricultural

ecosystems leads to  a shift in soil microbial composition and function  (Brinkmann et al., 2019; Dube, Valverde,

Steyn,  Cowan,  & van  der  Waals,  2019). The shift  in  the overall  soil  microorganism diversity  and  community

composition has been reported to be a driver  of changes in soil biogeochemical processes, thereby regulating soil

function (Y. Feng et al., 2019b). In addition to biochemical processes, changes in the soil microbiome of organisms

beneficial for plant health may also have positive effects through biotic interactions such as suppression of soil-borne

pathogens  (Campos  et  al.,  2016;  Wei  et  al.,  2015).  Biogeochemical  processes  are  mediated  by  soil  enzymes

originating from soil  microorganisms and  plant  roots  (Ananbeh,  Stojanović,  Pompeiano,  Voběrková,  & Trasar-

Cepeda,  2019; Wu et  al.,  2016).  These extracellular  enzymes  degrade  complex organic matter, resulting in the

release of nutrients for both plants and nutrients and carbon for soil microbes (Ramin & Allison, 2019). The potential

enzyme activity in soils is modulated directly both by the community of plants and microorganisms and indirectly by

substrate availability  (Rosinger, Rousk, & Sandén, 2019). In turn, substrate availability is controlled by biomass

inputs from aboveground biomass inputs and belowground inputs from root turnover (C. Feng et al., 2019a).

Recent studies on soil microbiomes using metabarcoding approach based on pair-end amplicon sequencing

have demonstrated tremendous potential for the large-scale characterization of the soil microbiomes and for tracking

the shift in ecological  functions of  the  soil microbiome in areas with different land uses following native  forest

conversion  (Chang,  Haudenshield,  Bowen,  &  Hartman,  2017;  Dubey  et  al.,  2019;  Kothari  et  al.,  2016).

Characterization of the soil microbiome following natural habitat conversion could help to understand the impact of

land use change and  identify the factors that shape soil microbial communities across space and time  to support

ecosystem conservation  and  design better  natural  resource governance  (Guerra  et  al.,  2019;  Jiao  et  al.,  2018).

Furthermore, this knowledge will have a significant contribution in developing restoration strategies to rehabilitate

degraded  ecosystems  and  sustain  their  ecosystem  functions.  However,  due  to  the  lack  of  studies  using  these

advanced techniques, generally  in African countries,  African soils remain the blind spot of the soil microbiome

(Guerra  et  al.,  2019;  Větrovský  et  al.,  2020).  Thus,  to  better  understand  and  characterize  the  Ethiopian  soil

microbiomes, in this study we characterized the soil microbiomes employing paired-end sequencing of fungal and

bacterial DNA and investigated their ecological functions in response to land use change for the first time. This study

was designed to investigate (i) the effect of natural forest conversion on the taxonomic richness and community
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composition of soil microbiomes; (ii) the soil properties corresponding  to the microbial OTUs across the different

land use types; and (iii) the association between the microbial functional groups and potential soil enzyme activities.

Due to the land use change driven by anthropogenic effects on the soil ecosystem, we expected a significant shift in

soil microbiomes at the OTU richness, microbial functional group and community composition levels. In accordance

with previous studies (Chaparro et al., 2012; Goss-Souza et al., 2019; Szoboszlay et al., 2017), we hypothesized that

land use change mediates the change in soil  physicochemical  parameters,  which in turn alter the soil  microbial

community compositions.  The changes in  the soil  microbiome caused  by  the  conversion  of  land use types  are

assumed to  be  significantly  linked  with  the  changes  in soil  ecological  functions  (enzyme activities,  which  are

important for C, N and P acquisitions). We also hypothesized that the introduction of exotic tree species (Eucalyptus

camaldulensis) can introduce  or enrich new soil  microbiomes  into the landscape.  Finally,  we hypothesized that

excluding free-gazing (uncontrolled livestock grazing) activities and human interactions drives the soil microbiome

restoration of degraded land to become similar to that of natural forests.

2. Materials and methods

2.1. Site description

The study was conducted near the Village of Ambo Ber in  the  North Gondar Zone of Northern Ethiopia, located

between  12°31′2.87″N  and  37°31′24.37″E  (Figure  S1).  The  weather  is  subtropical, with  the  main  rain  period

between June  and September. The mean total annual precipitation is 1,177 mm. The mean monthly temperature

varies from 18 °C in August to 22.5 °C in April. Five land use types sharing the same history that are converted from

native forest following sequential transition processes were selected for investigation in this study. The studied land

uses  include  natural  forest,  eucalyptus  plantation,  grassland,  exclosure  area,  and  cropland.  The land  uses  were

transformed from native forest at different points in time and dictated by land productivity and population growth

with the primary conversion to agricultural  land through encroachment followed by other land uses.  Eucalyptus

plantations were  established on degraded communal land by the end of 1970 in response to the urban demand for

firewood and construction  wood.  In 2007,  the heavily degraded  land in  the  study site  was treated  through the
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exclusion of human and animal  interactions to stimulate natural regeneration. The detailed site description can be

found online in the Supplementary Information.

2.2. Sample collection

The soil samples were taken from the biologically active layer (0-10). Seven replicates of soil samples were analyzed

for each land use type (5 land use types × 7 replicates), with each replicate consisting of 5 pooled samples. Visible

plant roots, stones, litter, and debris were removed from the composite soil samples using a 2-mm mesh size sieve.

The soil preparation was undertaken carefully to avoid cross contamination between soil samples. The soil sample

was split into two subsamples, where one subsample was stored at − 20 °C for DNA-based molecular analysis, and

the second subsample was stored at + 4 °C for analysis of the soil biological activities (enzymes), physicochemical

properties [soil pH, total soil organic C, N and P, and soil aggregate stability (SAS)]. The soil sampling and sample

preparation were performed as described previously (Delelegn et al., 2017).

2.3. Soil physicochemical and soil enzyme analysis

The soil chemical properties were analyzed as described in a previously published report  (Delelegn et al., 2018).

Briefly, the soil pH (pH) was determined in 1:2.5 soil suspensions in deionized water using a potentiometric pH

meter. The soil organic C (C) and total soil N (N) were analyzed with a LECO CN analyzer (TruSpec® CN, LECO

Inc.).  Labile  and  moderately  labile  P  were  determined  for  all  samples  using  sodium  bicarbonate  and  sodium

hydroxide extraction methods as described previously (Cherubin et al., 2016; Hedley & Stewart, 1982). Briefly, P

was sequentially extracted from 1 g of the dry soil samples, where labile P was extracted with 30 ml of 0.5 M

NaHCO3 followed by extraction of moderately labile P with 30 ml of 0.1 M NaOH. The bicarbonate and hydroxide

extracts  were  neutralized  using  HCl  and  H2SO4,  respectively.  The  extracted  labile  P  and  moderately  labile  P

concentrations were determined colorimetrically with a phosphomolybdate method  (Murphy & Riley, 1962).  The

SAS was  estimated  based  on the  methods and  apparatus  of  ÖNORM L 1072,  2014-04-01 (Austrian  Standard)

following the previously described method (Delelegn et al., 2017). Briefly, the SAS was determined from 4 g of air-

dried sample using a wet-sieving apparatus. The estimation of the soil aggregate stability following the wet-sieving

procedures was calculated as the mass of the aggregated soil remaining after wet sieving as a percent of the total
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mass of the soil without sand. The analysis of potential extracellular enzymatic activities, including β-glucosidase,

which mobilizes C; chitinase (N-acetyl-glucosaminidase), which mobilizes N and C from chitin; acid phosphatase,

which mobilizes P;  and protease (leucine aminopeptidase),  which mobilizes  N, were analyzed as described in  a

previous study (Delelegn et al., 2017). The method used by (Marx, Wood, & Jarvis, 2001) was applied to measure

the  potential  enzymatic  activity  based  on  fluorescently  labeled  substrates, including  7-amino-4-methylcoumarin

(AMC) for  protease  and 4-methylumbelliferone  (MUB) for  the  other three enzymatic  activities.  A fluorescence

spectrophotometer (Perkin Elmer Enspire Plate Reader) was used to measure the enzymatic activities. The potential

enzyme activities were calculated in units of nmol h−1 g−1 dry mass as described in a previous work (Delelegn et al.,

2017)

2.4. DNA extraction and Illumina sequencing

Total soil microbiome DNA was isolated from 0.25 g of each homogenized soil sample using the ZR Soil Microbe

DNA MiniPrep Kit (Zymo Research, Irvine, CA, USA) following the manufacturer’s protocols. The quality and

quantity of the DNA samples were evaluated through gel electrophoresis of 5 μl subsamples on a 1.5% agarose gel,

and  the  DNA  concentrations  were  quantified  using  a  NanoDrop  ND-1000  spectrophotometer  (Thermo  Fisher

Scientific, Dreieich, Germany) as recommended by the manufacturer.  Bacterial and fungal amplicon libraries were

obtained separately for Illumina sequencing using the primer combination 341F (5'CCTACGGGNGGCWGCAG3')

and 785R (5'GACTACHVGGGTATCTAAKCC3'),  which target  the V3–V4 region of  the 16S rRNA gene, and

fITS7 (5'GTGARTCATCGAATCTTTG3')  (Ihrmark et al.,  2012) and ITS4 (5'TCCTCCGCTTATTGATATGC3')

(White, Bruns, Lee, & Taylor, 1990), which target the fungal ITS2 region. The PCR mix included 5 ng of DNA

extract as template, 15 pmol of each forward primer (341F for bacteria and fITS7 for fungi) and reverse primer

(785R for bacteria  and ITS4 for  fungi) in  a  20  µL volume of MyTaq buffer  containing 1.5 units MyTaq DNA

polymerase (high-performance polymerase, Bioline) and 2 ml of Bio-StabII PCR Enhancer (Sigma, USA). For each

sample, the forward and reverse primers had the same 8-nt barcode sequence.  PCR was performed for 30 cycles

using the following parameters: 2 min 96 °C predenaturation; 96 °C for 15 s, 50 °C for 30 s, 72 °C for 60 s and a

final  extension  at  72  °C for  5  min.  The  concentration  of  amplicons  was  determined  by  gel  electrophoresis.

Approximately 20 ng amplicons of each sample were pooled for up to 48 samples carrying different barcodes. The
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amplicon pools were purified with one volume of AMPure XP beads (Agencourt) to remove primer dimers and other

short mispriming products, followed by additional purification on MinElute columns (Qiagen).  Approximately 100

ng of each purified amplicon pool was used to construct Illumina libraries using the Ovation Rapid DR Multiplex

System 1 - 96 (NuGEN). Illumina libraries were pooled, and size  was  selected by preparative  gel electrophoresis.

Sequencing  was  performed on  an  Illumina  MiSeq  using  V3  Chemistry  (Illumina)  at  LGC  Genomics,  Berlin,

Germany.

2.5. Bioinformatics

A bioinformatic analysis was performed to filter out high-quality reads from the paired-end sequences generated by

the Illumina MiSeq sequencing platform using MOTHUR (Schloss et al., 2009) and OBI Tools (Boyer et al., 2016)

software suits. Read pairs were extracted from raw libraries when the two reads held the expected primer (forward

primer for forward library, reverse primer for reverse library) at its 5’ end. Forward and reverse raw reads from the

same sample were assembled using the simple Bayesian algorithm with a threshold of 0.6 and a minimum overlap of

15 nucleotides as implemented in PANDAseq  (Masella, Bartram, Truszkowski, Brown, & Neufeld, 2012). Reads

fulfilling the following criteria  were  retained for  further  analyses:  a  minimum length of  250 (bacteria)  and 200

(fungi) nt; a minimum average quality of 25 Phred score; containing homopolymers with a maximum length of 10 nt;

and without ambiguous nucleotides. We then  preclustered the reads using CD-HIT-EST with a maximum of  1%

dissimilarity and only one base allowed per indel (Niu, Fu, Sun, & Li, 2010) to merge those reads likely arising from

sequencing errors  (Huse, Welch, Morrison, & Sogin, 2010). We detected chimeric sequences using the UCHIME

algorithm (Edgar, Haas, Clemente, Quince, & Knight, 2011) as implemented in MOTHUR and removed them from

the datasets. The obtained reads were then clustered into operational taxonomic units (OTUs) using the CD-HIT-EST

algorithm  (Fu, Niu, Zhu, Wu, & Li,  2012) at  a threshold of  97% sequence similarity.  The OTU representative

sequences (defined as the most abundant sequence in each OTU) were taxonomically assigned against the reference

sequences from the SILVA database v132 for prokaryote 16S and the UNITE database (version Unite. v7) (Kõljalg

et al., 2013) using the naive Bayesian classifier (Wang, Garrity, Tiedje, & Cole, 2007) as implemented in MOTHUR

using the default parameters. To improve their taxonomic annotation, the sequences identified as fungi were further

classified against the full version of the UNITE (v7.0) database. Finally, all of the sequences identified as fungi were

again classified against fungal sequences of the UNITE database augmented with nonfungal eukaryotic sequences
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from NCBI (version 211) (Benson et al., 2013) to detect sequences from nontarget organisms. The read counts were

normalized to the smallest read number per sample (10,205 and 9,273 reads for bacteria and fungi, respectively).

Therefore, the final normalized datasets were used for further statistical analysis unless otherwise stated. Specific

ecological functions were determined for each OTU using FAPROTAX for bacteria  (Louca, Parfrey, & Doebeli,

2016) and FUNGuild (Nguyen et al., 2016) for fungi. The bacterial 16S and fungal ITS2 raw read sequence datasets

are deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under

bioproject number PRJNA667338.

2.6. Statistical analysis

Total and specific functional group community richness, which refers to the number of fungal and bacterial OTUs

per sample, was used to measure the soil microbial diversity. The effects of the land use types on the total and

specific functional group community richness were analyzed using one-way ANOVA incorporated with Tukey's post

hoc test  using PAST. The richness  datasets were tested for  normality and equality of  group variance  using the

Jarque–Bera  test  and  Levene  test,  respectively.  The  composition  of  microbial  communities  (total  and  specific

functional groups) and the corresponding factors were visualized using nonmetric multidimensional scaling (NMDS)

based on presence/absence data and Jaccard distance measurements using the PAST program (Hammer, Harper, &

Ryan, 2001). When the stress values from NMDS ordinations were higher than 0.20, a principal coordinate analysis

(PCoA) based on presence/absence data and the Jaccard distance measure were employed. The first and second axes

of ordinations (NMDS and PCoA) were used to capture the information on community composition. Relationships

between  microbial  community  composition  and  the  key  soil  parameters  were  analyzed  using  Spearman’s  rank

correlation. The effects of the land use types on the total and specific functional group community compositions

were analyzed using  one-way analysis of similarity (ANOSIM) based on presence/absence data and the Jaccard

distance measure. Accordingly, an overall similarity and “pairwise tests” of the microbial functional group richness

were analyzed. The statistical significance of the differences in both fungal and bacterial community compositions

was determined based on 999 permutations. Bonferroni-corrected  P values were applied because more than two

groups were compared. ANOSIM produces a sample statistic (R), which is supposed to vary between the test groups

ranging from -1 to 1 (R = 0, no separation; R = 0.30 – 0.75, there is separation but with some degree of overlapping;
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R = 1, complete separation (Purahong et al., 2014). Correlations between microbial richness, community composition

and enzyme activities were analyzed using Spearman’s rank correlation. All statistical tests were performed using the

PAST program (Hammer et al., 2001). P values < 0.05 were considered significant.

3. Results

3.1. General overview of the soil microbiome: gains and losses

A total of 12,765 fungal OTUs were detected in the five land use types, and approximately 2% (282 OTUs) of the

total fungal OTUs were shared among the land uses. The conversion of natural forest led to a significant loss of

native fungal OTUs, which accounted for approximately 40% (1,689 OTUs; 13% of the total detected fungal OTUs).

On the other hand, the conversion of the natural forest resulted in approximately 67% (8,586 OTUs) of OTUs that

were not detected in the natural forest (Table 1). The total fungal net change was less than 5%, but we estimated the

highest gain of ectomycorrhizal and ericoid mycorrhizal functional groups in eucalyptus plantations (51% and 99%,

respectively).  The ectomycorrhizal-forming fungal species that were abundant in the eucalyptus compared with the

natural forest were Inocybe sp., Laccaria sp., Ruhlandiella peregrine and Descomyces sp. Among them, Descomyces

sp. was unique to the eucalyptus land use (Table S17A). The ericoid mycorrhizal fungi detected in the eucalyptus

plantation were mainly from the Myxotrichaceae family and included Oidiodendron maius (481 OTUs), O. griseum

(125 OTUs), and O. echinulatum (1 OTU), which were not detected in any of the other land uses (Table S17B).

Comparatively, the highest  losses in arbuscular  mycorrhizae, plant  pathogens, and saprotrophic fungal functional

groups were recorded in the eucalyptus land use (30%, 31%, and 22%, respectively). The grassland and cropland

showed a net gain of the plant pathogen fungal functional groups (11% and 3%, respectively), while other land uses

exhibited a net loss in the plant pathogen fungal OTUs (Table 1 and Figure S2A; for details , see Table S1). Some of

the dominant plant pathogenic fungi found in cropland were Gibberella intricans, Edenia gomezpompae, and Lectera

longa; meanwhile, in grassland, they were Gibberella intricans, Ascochyta rabiei, and Macrophomina phaseolina. A

newly detected plant pathogenic fungal species in croplands and grasslands was Macrophomina phaseolina (Table

S17).
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A total of 12,325 bacterial OTUs were detected in the five land use types, and approximately 17% (2,088

OTUs) of the total bacterial OTUs were shared among the land uses.  The conversion of the natural forest led to

approximately 11% (683 OTUs; 6% of total detected bacterial OTUs) loss of native bacterial OTUs. On the other

hand, the conversion of the natural forest led to new bacterial OTUs, which accounted for approximately 48% (5,956

OTUs) of the total OTUs that did not exist originally (Table 1). The total bacterial net change was less than 5%, but

all  land  use  types  showed  a  net  loss  of  aromatic  compound-degrading  and  sulfur  cycling  bacteria  except  for

exclosure areas, where they did not decrease. In contrast, a net gain of soil carbon cycling bacterial communities was

recorded by all land uses (Table 1 and Figure S2B; for details, see Table S2).

3.2. Fungal and bacterial taxonomic richness across different land use types: total and specific functional groups

The total fungal and bacterial OTU-based richness showed no significant differences across different land use types

(P > 0.05) (Figures 1A and 2A); however, differences in specific fungal and bacterial richness among the land uses

were detected (Figures 1 and 2). The deeper analysis of specific fungal richness showed that the conversion of the

natural  forest  to  eucalyptus  promoted  a  significant  reduction  in arbuscular  mycorrhizae,  plant  pathogens and

saprotrophs (Figure 1B, 1E and 1F).  However,  the conversion to eucalyptus  promoted  a significant  increase  in

ectomycorrhizal and ericoid mycorrhizal richness (Figure 1C and 1D). Comparatively higher plant pathogenic fungal

richness was detected in grassland and cropland, as shown in the natural forest (Figure 1E).

The specific  bacterial  OTU-based  richness  analysis  confirmed significant  variation  only  in  carbon  and

nitrogen  cycling  bacterial richness  following  land  use  change  (Figure  2C  and  2E).  The  results indicated  no

differences in aromatic compound degradation, sulfur cycling, and predatory/exoparasitic  bacterial richness due to

land use  changes (Figure  2B,  2D,  and 2F).  The carbon-cycling  bacteria  richness  in  eucalyptus  plantations was

significantly higher than that in natural forest and exclosure areas (P = 0.02 and P = 0.03, respectively) (Figure 2C).

3.3. Effects of land use types on soil microbial community compositions

Overall, the total and specific fungal and bacterial OTUs were significantly impacted by the land use types. The

transition of natural forest to other land uses shifted the total fungal and bacterial OTUs (RANOSIM = 0.47 – 0.94, P <

0.05; RANOSIM = 0.52 – 0.77, P < 0.05, respectively). The exclosure showed a significant overlap in both the fungal
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and bacterial  communities with the natural forest (RANOSIM = 0.41, P = 0.07; RANOSIM = 0.23, P =0.32) (Table 2; for

details see Tables S3 and S9).

The land use types with woody vegetation showed significant separation from other land uses. The results

revealed  that  the fungal  community compositions in the natural  forest  and eucalyptus  plantations were  strongly

separated  from  those in  the grassland  and cropland (RANOSIM >  0.75,  P  < 0.05).  However, we observed  only a

moderate separation of the fungal community compositions of exclosure areas from grassland and cropland (RANOSIM

= 0.58, P = 0.02; RANOSIM = 0.66, P = 0.01, respectively) (Table 2; for details see Table S3).

The pairwise ANOSIM for arbuscular  mycorrhizal  fungi OTUs showed a strong similarity between the

forested land use types (natural forest, eucalyptus plantations and exclosure areas) (RANOSIM = 0.18 – 0.28, P > 0.05;

Table 2;  for details  see  Table S4). The eucalyptus  plantations exhibited a  significantly different  composition of

ectomycorrhizal and ericoid mycorrhizal communities than other land uses (RANOSIM = 0.31 – 0.50, P < 0.05; RANOSIM

= 0.46 – 0.52, P < 0.05; Tables 2, S5 and S6). The plant pathogen fungal compositions in the eucalyptus plantations

were significantly separated from cropland, grassland, and natural forest, but a strong separation from cropland and

grassland was observed (RANOSIM = 0. 80,  P = 0.01;  RANOSIM = 0. 85, P = 0.02; Tables 2 and S7). The saprotrophic

fungal compositions in the exclosure exhibited similarities with those in the natural forest (RANOSIM = 0. 42, P = 0.06).

Notably, the saprotrophic fungal compositions in the eucalyptus land use were strongly separated from those in the

cropland and grassland (RANOSIM = 0. 85, P = 0.01; RANOSIM = 0. 91, P = 0.02; Tables 2 and S8).

The aromatic compound-degrading bacterial compositions in the three forested land uses were significantly

separated from grassland and cropland, except for the high level of similarity observed between the exclosure areas

and cropland  (Tables  2  and  S10).  The  carbon-cycling  bacterial  community  composition  in  the  eucalyptus  was

significantly  separated  from  that  in  the  natural  forest  and  exclosure  grassland  (Tables  2  and  S11).  Significant

similarities were observed in chemoheterotrophic and nitrogen cycling bacterial compositions between natural forest

and exclosure areas (Tables 2, S12 and S13). The predatory/exoparasitic bacterial community composition in natural

forest  did not show significant differences from exclosure and grassland (Tables 2 and S14). The sulfur-cycling

bacterial  community  compositions  in  natural  forest  showed  a  significant  difference  from  that  of  eucalyptus

plantations, grassland and cropland, and the composition in eucalyptus plantations was significantly distinct from

that of cropland (Tables 2 and S15).
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3.4. Soil properties shaping the distribution of soil microbial functional groups

The difference between land use types in fungal and bacterial communities corresponded to soil properties. Overall,

the most important soil properties consistently corresponding to fungal and bacterial community composition (both

total  and specific functional  groups) were  soil  pH,  N,  and C and soil  aggregate  stability  (SAS).  The total and

specific fungal and bacterial correspondence with the soil properties are presented in Figure 3A and Table S16. The

total fungal, plant pathogenic, and saprotrophic fungal communities that clustered in the natural forest and exclosure

were  strongly associated  with soil  pH,  C,  and  N (Figure  3A,  3C,  and  3D).  On the  other  hand,  the  arbuscular

mycorrhizal fungi that separated the natural forest, eucalyptus plantations and exclosure areas from other land uses

were  correlated  with  soil  C,  N,  easily  available  P  (BP)  and  SAS  (Figure  3B).  Our  results showed  that  the

ectomycorrhizal and ericoid mycorrhizal OTUs found mainly in the eucalyptus were significantly  correlated only

with SAS and soil pH (Table S16A). The total bacterial and chemoheterotrophic bacterial community compositions

clearly clustered the land use types into three groups: cropland and grassland, natural forest and exclosure areas, and

eucalyptus  plantations  (Figure  3E  and  3F).  The  total  bacterial  and  chemoheterotrophic  bacterial  community

compositions in the natural forest and exclosure areas were significantly correlated with soil pH, C and N, while the

communities in the eucalyptus plantations were correlated with HP and SAS (Figure 3E and 3F).

3.5. Relationship between soil microbial functional groups and potential enzyme activities

The four tested potential enzyme activities ß-glucosidase, chitinase, phosphatase and protease showed a significant

correspondence with the total fungal (ρ = 0.48, P < 0.003; ρ = 0.50, P < 0.002; ρ = 0.39, P < 0.002; and ρ = -0.57, P < 

0.0004, respectively) and total bacterial (ρ = 0.61, P < 0.0001; ρ = 0.41, P < 0.01; ρ = 0.46, P < 0.005; and ρ = -0.42,

P < 0.015;, respectively) community compositions. However, the specific microbial functional groups were related

differently  to the  potential  enzyme  activities  (Figure  S3A  and  S3B).  The  arbuscular  mycorrhizal  fungi  were

associated with all potential enzyme activities except phosphatase, while the ectomycorrhizal community showed a

significant  correspondence  with  chitinase  and  protease  enzyme  activities.  The  ericoid  mycorrhizal  community

showed a significant correspondence with chitinase, protease and phosphatase. The plant pathogen community was

significantly  correlated  only  with  protease  activity,  whereas  the  saprotrophic  community  corresponded  with
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glucosidase and protease (Figure S3A). For the bacterial functional groups, the aromatic compound degradation and

chemoheterotrophic bacterial  community showed a significant correlation with phosphatase and protease  (Figure

S3B).  The  carbon  cycling  bacterial  community  was  associated  with  only  chitinase,  while  the  nitrogen  cycling

bacterial  community  showed  a  significant  correspondence  with  ß  glucosidase,  chitinase  and  protease.  The

predator/exoparasitic community was significantly correlated with chitinase and protease.

Focusing on richness, we found that total fungal community richness was significantly correlated with ß-

glucosidase, chitinase, and protease but not with phosphatase (Figure S4A and S4B). Arbuscular mycorrhizal fungal

community richness  showed a significant  correlation  with ß-glucosidase and chitinase,  whereas  ectomycorrhizal

fungal  community  richness  was  correlated  with  chitinase  and  protease. Ericoid  mycorrhizae and  saprotrophic

mycorrhizae exhibited a significant correlation only with chitinase. Plant pathogenic fungal community richness did

not show any correspondence with the potential enzymatic activities. Overall, neither fungal nor bacterial community

richness were correlated with phosphatase.

4. Discussion

4.1. Land use change altered the total fungal and bacterial community compositions but not richness

This study demonstrated distinct differences in the fungal and bacterial  community composition among land use

types that could be connected to changes in soil properties and the quality of soil substrates in response to land use

change.  Although  the  total  fungal  and  bacterial  OTU richness  was  not  significantly  affected,  we  showed  that

conversion of forest to cropland resulted in a loss of  approximately 40% and 11% of the total native fungal and

bacterial  OTUs, respectively.  The higher fungal  OTU loss compared with the bacterial  OTUs in our study may

suggest that fungal communities are more sensitive to disturbance than bacteria  (Kumar & Ghoshal, 2017), which

could partly be because a large part of the fungal species live in closer and host-specific interactions with plants as

symbionts,  pathogens  and  saprotrophs  compared  with  bacteria  (Heinemeyer  et  al.,  2004;  Christian  L  Lauber,

Strickland, Bradford, & Fierer, 2008).

4.2. Changes in soil properties due to land use change impacted the soil microbial compositions
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The changes in microbial community composition shown in our study are partly explained by the change in soil

properties caused by the land use change. Land use change and management practices are the predominant driving

factors  of changes in soil attributes, such as soil organic carbon, soil nitrogen, soil phosphorus, soil pH and soil

aggregate stability  (Delelegn et al.,  2017; Sharma, Rai, Sharma, & Sharma, 2004). The soil C and N variations

determined  in  areas  with  different  land  uses  are  an  effect  of  erosion  and  soil  organic  matter  decomposition

presumably due to the changes in vegetation and litter quality. Among the soil factors, soil pH was determined to be

the second main factor shaping the microbial community, especially for bacteria; however, the small differences in

the soil pH determined between the land uses make the effect of pH not dominant, as found in many other studies

(Rousk  et  al.,  2010).  Hydroxide-reactive  P  was  a  strongly  influential  soil  parameter  in  the  eucalyptus  stands,

explaining the difference in microbial community compositions in this stand which could be associated with the

limited  supply  of  P  relative  to  plant  requirements  for  growth  (Crous,  Osvaldsson,  & Ellsworth,  2015),  where

fertilization is not commonly practiced in plantation forests (Figure 3).

The chemoheterotrophic bacterial distribution has been shown to be related to soil N, C, hydroxide-reactive

P,  pH and soil  aggregate  stability.  Chemoheterotrophic  bacteria  include a wide range of  heterotrophic  bacterial

communities that derive energy from chemicals, thus presumably corresponding to different soil parameters. Several

studies have reported soil pH as the main factor shaping bacterial community compositions (Christian L Lauber et

al., 2008; Rousk et al., 2010). Nevertheless, in our study, among the studied bacterial functional groups, nitrogen

cycling  and  sulfur  cycling  bacteria  exhibited  no  significant  correspondence.  Other  bacterial  functional  groups,

including aromatic compound degradation, carbon cycling, chemoheterotrophic, and predatory/exoparasitic bacteria,

showed a strong correspondence with soil pH (Christian L. Lauber, Hamady, Knight, & Fierer, 2009). We found that

soil N and C were the best predictors for plant pathogenic fungi, while soil N and soil aggregate stability were the

best predicting factors for saprotrophic fungal community composition (Table S16). The clustered pattern of forested

land use types shown in our  results (Figure 3B) could indicate vegetation composition as an additional factor that

drives the divergence of the microbial community, especially mycorrhizae, which are symbiotically associated with

vegetation clustered to vegetation types.

4.3. Land use change altered the composition of specific fungal functional groups in different land use types 
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In the eucalyptus plots, a net gain in fungal functional groups, specifically ectomycorrhizal and ericoid mycorrhizal

fungi, was observed. Eucalyptus is known to form ectomycorrhizas in many types of ecosystems. The presence of

ericoid mycorrhizal fungi in the eucalyptus stand is unexpected, although it is known that these fungi also associated

with non-ericaceous  host  taxa  (Chambers,  Curlevski,  & Cairney, 2008). The ericoid mycorrhizal  fungal  species

detected  only  in  the  eucalyptus  land  use  type  were  exclusively  in  the  Myxotrichaceae family, including

Oidiodendron maius, O. griseum, and O. echinulatum (Table S17). The ground vegetation in the eucalyptus stands is

sparse and dominated by grasses with no obvious presence of ericaceous plants. The presence of ericoid mycorrhizal

fungal  richness  in  eucalyptus  soil  could  be  associated  with  the  low  decomposability  of  eucalyptus  leaves

(allelopathic effect  of eucalyptus)  (Briones & Ineson, 1996; Cornelissen, Aerts,  Cerabolini, Werger,  & Van Der

Heijden, 2001). Ericoid mycorrhizal fungi have been reported to have a high degrading potential for complex organic

N (Wurzburger & Hendrick, 2007), as would be expected to be present in the leaf litter of eucalyptus.

The  dominant  ectomycorrhizal  fungal species  identified  were  Descomyces  sp., Pisolithus  albus

Hysterangium inflatum, and Tomentella pilosa (Table S17). Another species identified,  Ruhlandiella peregrine, is

reported  to  be  disseminated  worldwide  through  the  cross-continental  human-driven  dispersal  of  eucalyptus  or

melaleuca tree species of Australasian origin for commercial plantations (Kraisitudomsook et al., 2019). According

to a previous study (Lu, Malajczuk, Brundrett, & Dell, 1999), the genera Laccaria, Pisolithus and Scleroderma are

typically dominant in young eucalyptus plantations, whereas the  genera  Inocybe, Descomyces, Hysterangium,  and

Cortinarius were  reported  to  be  found  only  in  older  plantations.  Interestingly,  we  found  all  of  the  stated

ectomycorrhizal fungal species in the soils of the old eucalyptus plantation (> 30 years) in this study (Table S17A).

Although the surrounding agricultural  landscape and the natural  forest  are dominated by arbuscular  mycorrhizal

fungi, the origin of either the ectomycorrhizal or ericoid mycorrhizal species is unknown. However, the high species

richness in the eucalyptus stands of these fungi suggests that within the surrounding landscape, there are as-yet

unknown sources.

The lower species richness of fungal plant pathogens and saprotrophic fungi in eucalyptus plantations could

be due to the antagonistic effect of ectomycorrhizal fungi  (Smith & Read, 1997). The ectomycorrhizal fungi, e.g.,

Laccaria species,  detected  in  the  eucalyptus  stand  could  have  contributed  to the  reduction  of  common  plant

pathogens (Smith & Read, 1997). Eucalyptus was also the only land use that showed lower saprotrophic fungal OTU
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richness than the natural forest. This could be explained by both the low dead wood levels in the eucalyptus stand

(Zhou, Wang, Ren, & Sun, 2020) and by ectomycorrhizal suppression of saprotrophic fungi (Fernandez & Kennedy,

2016; Leake, Donnelly, & Boddy, 2002). The composition and richness of fungal functional group showed distinct

correlation with the key soil enzyme activities. The detailed explanation on these correlations can be found online in

the Supplementary Information (S7).

4.4. The fate of arbuscular mycorrhizal fungi under land use changes

Arbuscular mycorrhizal fungi are ubiquitous in most terrestrial ecosystems and are associated with more than 80% of

all  plant  species  (Davison et  al.,  2015) with low endemism. Our investigation shows a  clear  separation  of  the

arbuscular mycorrhizal fungal community between forested land uses and non-forested land uses (i.e., cropland and

grassland) as well as similarity between natural forest and exclosure areas. This pattern shows a potential separation

between woody and  nonwoody vegetation  but  also between continuous vegetation cover  and  systems with soil

disturbance (Lumini, Orgiazzi, Borriello, Bonfante, & Bianciotto, 2010). The arbuscular mycorrhizal fungal species

richness in the exclosure was not significantly different from that of the natural forest (Figure 3B). This suggests that

the recovery of woody vegetation promotes a rapid recovery of arbuscular mycorrhizal fungal species richness, even

though the exclosure has a lower plant species diversity and lacks the majority of the native tree species found in the

natural forest (Birhane, Gebremedihin, Tadesse, Hailemariam, & Solomon, 2017; Delelegn et al., 2018). In contrast,

the other woody plant system, eucalyptus, had low arbuscular mycorrhizal fungal species richness, which could be

due to the density of understory vegetation and the potential suppression by ectomycorrhizal and ericoid mycorrhizal

species (Becklin, Pallo, & Galen, 2012; Zobel & Öpik, 2014).

4.5. Conversion of natural forest to cropland and grassland leads to enriched fungal plant pathogens

Notably, our results showed the highest species richness of plant pathogenic fungi in the croplands and grasslands.

Studies also reported that the conversion of natural forest to commercial monoculture led to higher pathogen pressure

(Brinkmann et al.,  2019). The increase in plant pathogenic fungal species could be due to a number of reasons,

including soil disturbance and/or fertilizer inputs suppressing beneficial  fungi  (Borowicz, 2001; Edy, Zakaria,  &

Lakani, 2019; Wehner, Antunes, Powell, Mazukatow, & Rillig, 2010) as well as the low plant species diversity of
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these land uses (Banerjee et al., 2019; McDonald & Stukenbrock, 2016). Moreover, the increase in newly detected

pathogenic fungal richness in cropland and grasslands was perhaps facilitated by the induced spread of pathogens

mediated by traditional seed exchange systems between smallholder farmers in different agroecological zones and

spreading by grazing animals (Buddenhagen et al., 2017; McGuire, 2008).

The abundant plant pathogenic fungi found in cropland were  Gibberella intricans, Edenia gomezpompae,

and  Lectera  longa, while  those  in  grasslands  were  Gibberella  intricans,  Ascochyta  rabiei, and  Macrophomina

phaseolina. The newly detected plant pathogenic fungal species in both cropland and grassland was Macrophomina

phaseolina (Tassi). The fungus M. phaseolina is one of the most harmful and economically important seed- and soil-

borne pathogenic fungi, causing charcoal rot disease (Pandey, Burlakoti, Rathore, & Nair, 2020). This plant pathogen

is  widely adapted  to  more  than  500 cultivated  and  wild plant  species, including corn  (Zea mays L.),  sorghum

(Sorghum  bicolor [L.]  Moench),  wheat  (Triticum  aestivum  L.),  soybean  (Glycine  max [L.]  Merrill),  cotton

(Gossypium hirsutum L.), and vegetables and other wild crops (Khan, 2007; Su, Suh, Schneider, & Russin, 2001).

4.6. Land use changes altered the composition and richness of bacterial functional groups

Soil bacterial community compositions (both total and specific functional groups) were significantly changed with

land use types, especially in the eucalyptus plantation, croplands and grasslands, compared with natural forests. This

can be explained by the alteration of litter and organic matter and land use intensity (Jangid et al., 2011; Suleiman,

Manoeli, Boldo, Pereira, & Roesch, 2013; J. Zeng et al., 2016). However, the similarity of the total and specific

bacterial  functional  group composition between  the  exclosure  and  natural  forest  was  similar  to  that  shown for

arbuscular mycorrhizal fungi. As bacteria are less plant dependent than arbuscular mycorrhizal fungi, this suggests

that a driving factor could be the recovery of soil chemical properties after exclosure (da C Jesus, Marsh, Tiedje, &

de  S  Moreira,  2009;  Q.  Zeng,  An,  &  Liu,  2017).  Among  the  detected  carbon  cycling  bacteria,  the  genus

Acidothermus of the phylum Actinobacteria  was the uniquely dominant bacterial  OTU detected in the eucalyptus

land use. The dominant occurrence of the genus Acidothermus in the eucalyptus plantation could be associated with

its ability to play important ecological roles, including recycling and degradation of complex polymers (Alvarez et

al.,  2017).  Its  dominance  in  this  land  use  type  could  therefore  be  explained  by  the  phenolic  polymers  of  the

eucalyptus  litter  and  their  potential  role  in  lignocellulose  degradation, as  the  self-pruning  nature  of  eucalyptus
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contributes to the accumulation of lignocellulosic material in the forest floor (Větrovský, Steffen, & Baldrian, 2014).

Interestingly, our results showed the loss in total native aromatic compound-degrading bacteria in all land use types

compared with the natural forest. This bacterial  composition in the natural forest  can be attributed to the higher

vegetation diversity and the possible accumulation of complex organic compounds (aromatic compounds) in the old

forest floor compared with anthropogenically influenced land use types (Guggenberger, Pichler, Hartmann, & Zech,

1996; Obrist, Zielinska, & Perlinger,  2015). The composition and richness of bacterial  functional group showed

distinct correlation with the key soil enzyme activities. The detailed explanation on these correlations can be found

online in the Supplementary Information (S7).

4.7. Exclosure areas of degraded ecosystems facilitate recovery of native soil microbiomes

It is now obvious that natural forest ecosystems provide refuge to native soil microbial communities  (Guo et al.,

2016;  Haichar  et  al.,  2008;  Muñoz‐Arenas  et  al.,  2020); thus, to  restore  the  native  soil  microbiomes lost to

deforestation, promoting regeneration could be an ideal approach. This study demonstrated the role of exclosure

areas  in restoring soil fungal and bacterial  community compositions (both total and specific functions), with the

exception  of  fungal  plant  pathogens.  Exclosure  practices  are  reported  to  promote  the  natural  regeneration  of

indigenous trees and shrubs, fostering vegetation diversity  (Birhane et al., 2017; Mekuria & Aynekulu, 2013). In

addition to the regeneration potential of exclosure practices, the change in soil physicochemical parameters (Birhane

et  al.,  2017;  Mekuria  &  Aynekulu,  2013) could  have  contributed  to the  shift  in  soil  microbial  community

compositions (Guo et al., 2016; Li et al., 2014). Overall, it has been suggested that the depauperation of microbial

communities through the loss of natural forest cannot easily be reversed (Sui et al., 2019); however, in our study, we

could show a clear recovery of the microbial community in the exclosure to one similar to the native forest.

5. Conclusion and outlook

In this study, we showed that land use changes significantly altered the soil fungal and bacterial  taxonomic and

functional  group richness and community compositions. Lower plant diversity and higher land use intensity in the

grazing land and cropland were linked to newly detected fungal plant pathogens in soil. Ericoid mycorrhiza-forming

fungi were found in the soil of eucalyptus plantations, suggesting that when grown as an exotic species, eucalyptus

20

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512



may use symbiotic fungi outside the normally considered spectrum. However, we do not know for certain whether

ericoid  mycorrhiza-forming  fungi  are  directly  associated  with  eucalyptus  or  from  where  they  originate  in  the

landscape. The strategy of excluding human and grazing animals from degraded lands leads not only to recovery of

the aboveground vegetation but also to enrichment of soil microbial communities that overlap with the communities

of the natural forest. This indicates  the potential of soil microbial communities to recover faster than aboveground

vegetation, suggesting that soil factors rather than vegetation factors are the driving force of microbial community

recovery.  Clearly, native  forests  act  as  refugia  for  microbial  communities,  but  the restoration  of  microbial

communities and concomitant recovery of ecosystem function via deintensification of land use  are possible. Our

results highlight the need for further studies to deeply understand the belowground ecosystem dynamics and the

above- and  belowground interactions in different land use types, including  the  exclosure of degraded lands at  the

landscape level. Moreover, in view of the changing land management policy and the increasing rate of deforestation,

particularly in Ethiopia and generally in Africa, we suggest undertaking a coordinated regional study on the impact

of exclosure practices that could help to recover native soil microbial communities to ensure sustainable ecosystem

function.

Acknowledgements

This  research  was  funded  by  the  Austrian  Federal  Ministry  of  Agriculture,  Forestry,  Environment  and  Water

Management (BMLFUW – UW.1.3.2/0122 – V/4/2013), and the molecular data analysis was financed by the annual

budget of  T.W. from Helmholtz Center  for  Environmental  Research—UFZ,  Germany.  We thank  the  laboratory

technicians of the University of Natural Resources and Life Sciences, Vienna and UFZ, Department of Soil Ecology,

Halle/Saale, for their support during the sample preparation and analysis. We also greatly acknowledge the strong

support we received from Amhara Agricultural Research Institute (ARARI), Ethiopia, during the field study.

21

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535



References

Alvarez, A., Saez, J. M., Costa, J. S. D., Colin, V. L., Fuentes, M. S., Cuozzo, S. A., . . . Amoroso, M. J. (2017).
Actinobacteria:  Current  research  and  perspectives  for  bioremediation  of  pesticides  and  heavy  metals.
Chemosphere, 166, 41–62. doi:10.1016/j.chemosphere.2016.09.070

Ananbeh,  H.,  Stojanović,  M.,  Pompeiano,  A.,  Voběrková,  S.,  & Trasar-Cepeda,  C.  (2019).  Use of  soil  enzyme
activities to assess the recovery of soil functions in abandoned coppice forest systems. Science of the Total
Environment, 694, 133692. doi:10.1016/j.scitotenv.2019.133692

Balami, S., Vašutová, M., Godbold, D., Kotas, P., & Cudlín, P. (2020). Soil fungal communities across land use
types. [Soil fungal communities across land use types]. iForest - Biogeosciences and Forestry, 13(6), 548–
558. doi:10.3832ifor3231-013

Banerjee, S., Walder, F., Büchi, L., Meyer, M., Held, A. Y., Gattinger, A., . . . Van Der Heijden, M. G. (2019).
Agricultural intensification reduces microbial network complexity and the abundance of keystone taxa in
roots. The ISME Journal, 13(7), 1722–1736. doi:10.1038/s41396-019-0383-2

Bardgett, R. D., & Van Der Putten, W. H. (2014). Belowground biodiversity and ecosystem functioning.  Nature,
515(7528), 505–511. doi:10.1038/nature13855

Becklin,  K.  M.,  Pallo,  M.  L.,  &  Galen,  C.  (2012).  Willows  indirectly  reduce  arbuscular  mycorrhizal  fungal
colonization  in  understorey  communities.  Journal  of  Ecology,  100(2),  343–351.  doi:10.1111/j.1365-
2745.2011.01903.x

Benson, D. A., Cavanaugh, M., Clark, K., Karsch-Mizrachi, I., Lipman, D. J., Ostell, J., & Sayers, E. W. (2013).
GenBank. Nucleic Acids Research, 41, D36–D42. doi:10.1093/nar/gks1195

Birhane, E., Gebremedihin, K. M., Tadesse, T., Hailemariam, M., & Solomon, N. (2017). Exclosures restored the
density and root  colonization of  arbuscular  mycorrhizal  fungi  in  Tigray,  Northern Ethiopia.  Ecological
Processes, 6(1), 33. doi:10.1186/s13717-017-0101-9

Borowicz, V. A. (2001). Do arbuscular mycorrhizal fungi alter plant–pathogen relations?  Ecology, 82(11), 3057–
3068. doi:10.1890/0012-9658(2001)082[3057:DAMFAP]2.0.CO;2

Boyer, F., Mercier, C., Bonin, A., Le Bras, Y., Taberlet, P., & Coissac, E. (2016). obitools: A unix inspired software‐
package  for  DNA  metabarcoding.  Molecular  Ecology  Resources,  16(1),  176–182.  doi:10.1111/1755-
0998.12428

Brinkmann, N., Schneider, D., Sahner, J., Ballauff, J., Edy, N., Barus, H., . . . Daniel, R. (2019). Intensive tropical
land use massively shifts soil fungal communities. Scientific Reports, 9(1), 3403. doi:10.1038/s41598-019-
39829-4

Briones,  M. J.  I.,  & Ineson, P.  (1996).  Decomposition of eucalyptus  leaves in litter  mixtures.  Soil  Biology and
Biochemistry, 28(10-11), 1381–1388. doi:10.1016/S0038-0717(96)00158-7

Buddenhagen, C. E., Hernandez Nopsa, J. F., Andersen, K. F., Andrade-Piedra, J., Forbes, G. A., Kromann, P., . . .
Garrett,  K. A. (2017). Epidemic network analysis for mitigation of invasive pathogens in seed systems:
Potato in Ecuador. Phytopathology, 107(10), 1209–1218. doi:10.1094/PHYTO-03-17-0108-FI

Campos, S. B., Lisboa, B. B., Camargo, F. A. O., Bayer, C., Sczyrba, A., Dirksen, P., . . . Costa, P. B. (2016). Soil
suppressiveness and its relations with the microbial community in a Brazilian subtropical agroecosystem
under  different  management  systems.  Soil  Biology  and  Biochemistry,  96,  191–197.
doi:10.1016/j.soilbio.2016.02.010

Chambers,  S. M., Curlevski,  N. J. A., & Cairney, J. W. G. (2008).  Ericoid mycorrhizal  fungi are common root
inhabitants of non-Ericaceae plants in a south-eastern Australian sclerophyll forest.  FEMS Microbiology
Ecology, 65(2), 263–270. doi:10.1111/j.1574-6941.2008.00481.x

Chang, H. X., Haudenshield, J. S., Bowen, C. R., & Hartman, G. L. (2017). Metagenome-wide association study and
machine learning prediction of bulk soil microbiome and crop productivity.  Frontiers in Microbiology, 8,
519. doi:10.3389/fmicb.2017.00519

Chaparro,  J. M., Sheflin,  A. M., Manter,  D. K., & Vivanco, J. M. (2012). Manipulating the soil microbiome to
increase soil health and plant fertility. Biology and Fertility of Soils, 48(5), 489–499. doi:10.1007/s00374-
012-0691-4

Cherubin, M. R., Franco, A. L. C., Cerri, C. E. P., Karlen, D. L., Pavinato, P. S., Rodrigues, M., . . . Cerri, C. C.
(2016). Phosphorus pools responses to land-use change for sugarcane expansion in weathered Brazilian
soils. Geoderma, 265, 27–38. doi:10.1016/j.geoderma.2015.11.017

22

536

537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587



Cleveland,  C.  C.,  Townsend,  A.  R.,  Schmidt,  S.  K.,  & Constance,  B.  C.  (2003).  Soil  microbial  dynamics  and
biogeochemistry in tropical forests and pastures, southwestern Costa Rica.  Ecological Applications, 13(2),
314–326. doi:10.1890/1051-0761(2003)013[0314:SMDABI]2.0.CO;2

Cornelissen, J., Aerts, R., Cerabolini, B., Werger, M., & Van Der Heijden, M. (2001). Carbon cycling traits of plant
species are linked with mycorrhizal strategy. Oecologia, 129(4), 611–619. doi:10.1007/s004420100752

Crous, K. Y., Osvaldsson, A., & Ellsworth, D. S. (2015). Is phosphorus limiting in a mature Eucalyptus woodland?
Phosphorus fertilisation stimulates stem growth.  Plant and Soil, 391(1-2), 293–305. doi:10.1007/s11104-
015-2426-4

da C Jesus, E., Marsh, T. L., Tiedje, J. M., & de S Moreira, F. M. (2009). Changes in land use alter the structure of
bacterial  communities  in  Western  Amazon  soils.  The  ISME  Journal,  3(9),  1004–1011.
doi:10.1038/ismej.2009.47

Davison, J., Moora, M., Öpik, M., Adholeya, A., Ainsaar, L., Bâ, A., . . . Zobel, M. (2015). Global assessment of
arbuscular  mycorrhizal  fungus  diversity  reveals  very  low  endemism.  Science,  349(6251),  970–973.
doi:10.1126/science.aab1161

Delelegn, Y. T., Purahong, W., Blazevic, A., Yitaferu,  B., Wubet, T., Göransson, H., & Godbold, D. L. (2017).
Changes in land use alter soil quality and aggregate stability in the highlands of northern Ethiopia. Scientific
Reports, 7(1), 1–12. doi:10.1038/s41598-017-14128-y

Delelegn,  Y.  T.,  Purahong,  W.,  Sandén,  H.,  Yitaferu,  B.,  Godbold,  D.  L.,  & Wubet,  T.  (2018).  Transition  of
Ethiopian  highland  forests  to  agriculture-dominated  landscapes  shifts  the  soil  microbial  community
composition. BMC Ecology, 18(1), 58. doi:10.1186/s12898-018-0214-8

Dube, J.  P., Valverde,  A., Steyn, J.  M.,  Cowan, D. A.,  & van der  Waals,  J. E. (2019).  Differences in bacterial
diversity, composition and function due to long-term agriculture in soils in the eastern free state of South
Africa. Diversity, 11(4), 61. doi:10.3390/d11040061

Dubey, A., Malla, M. A., Khan, F., Chowdhary, K., Yadav, S., Kumar, A., . . . Khan, M. L. (2019). Soil microbiome:
A key player for conservation of soil health under changing climate. Biodiversity and Conservation, 28(8-
9), 2405–2429. doi:10.1007/s10531-019-01760-5

Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., & Knight, R. (2011). UCHIME improves sensitivity and speed
of chimera detection. Bioinformatics, 27(16), 2194–2200. doi:10.1093/bioinformatics/btr381

Edy, N., Zakaria, E. K., & Lakani, I. (2019). Forest conversion into cacao agroforestry and cacao plantation change
the diversity  of  arbuscular  mycorrhizal  fungi. Paper  presented at  the IOP conference  series:  Earth and
environmental science, Bristol, UK.

Feng, C., Ma, Y., Jin, X., Wang, Z., Ma, Y., Fu, S., & Chen, H. Y. H. (2019a).  Soil enzyme activities increase
following  restoration  of  degraded  subtropical  forests.  Geoderma,  351,  180–187.
doi:10.1016/j.geoderma.2019.05.006

Feng, Y., Hu, Y., Wu, J., Chen, J., Yrjälä, K., & Yu, W. (2019b). Change in microbial communities, soil enzyme and
metabolic  activity  in  a  Torreya  grandis  plantation in  response  to  root  rot  disease.  Forest  Ecology  and
Management, 432, 932–941. doi:10.1016/j.foreco.2018.10.028

Fernandez, C. W., & Kennedy, P. G. (2016). Revisiting the ‘Gadgil effect’: Do interguild fungal interactions control
carbon cycling in forest soils? New Phytologist, 209(4), 1382–1394. doi:10.1111/nph.13648

Fu,  L.,  Niu,  B.,  Zhu,  Z.,  Wu,  S.,  &  Li,  W.  (2012).  CD-HIT:  Accelerated  for  clustering  the  next-generation
sequencing data. Bioinformatics, 28(23), 3150–3152. doi:10.1093/bioinformatics/bts565

Goss-Souza,  D.,  Mendes,  L. W.,  Borges,  C. D.,  Rodrigues,  J.  L. M.,  & Tsai,  S.  M. (2019).  Amazon forest-to-
agriculture  conversion  alters  rhizosphere  microbiome  composition  while  functions  are  kept.  FEMS
Microbiology Ecology, 95(3), fiz009. doi:10.1093/femsec/fiz009

Guerra, C. A., Heintz-Buschart, A., Sikorski, J., Chatzinotas, A., Guerrero-Ramírez, N., Cesarz, S., . . . Eisenhauer,
N. (2019). Blind spots in global soil biodiversity and ecosystem function research. Nature Communications,
11(1), 3870. doi:10.1038/s41467-020-17688-2

Guggenberger, G., Pichler, M., Hartmann, R., & Zech, W. (1996). Polycyclic aromatic hydrocarbons in different
forest  soils:  Mineral  horizons.  Zeitschrift  für  Pflanzenernährung  und  Bodenkunde,  159(6),  565–573.
doi:10.1002/jpln.1996.3581590607

Guo, X., Chen, H. Y. H., Meng, M., Biswas, S. R., Ye, L., & Zhang, J. (2016).  Effects of land use change on the
composition  of  soil  microbial  communities  in  a  managed  subtropical  forest.  Forest  Ecology  and
Management, 373, 93–99. doi:10.1016/j.foreco.2016.03.048

23

588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640



Haichar, F. e. Z., Marol, C., Berge, O., Rangel-Castro, J. I., Prosser, J. I., Balesdent, J., . . . Achouak, W. (2008).
Plant host habitat and root exudates shape soil bacterial community structure.  The ISME Journal, 2(12),
1221–1230. doi:10.1038/ismej.2008.80

Hammer, Ø., Harper, D. A. T., & Ryan, P. D. (2001). PAST-palaeontological statistics, ver. 1.89.  Palaeontologia
Electronica, 4(1), 1–9. 

Hedley,  M. J.,  & Stewart,  J.  W. B. (1982).  Method to measure  microbial  phosphate in soils.  Soil  Biology and
Biochemistry, 14(4), 377–385. doi:10.1016/0038-0717(82)90009-8

Heinemeyer, A., Ridgway, K. P., Edwards, E. J., Benham, D. G., Young, J. P. W., & Fitter, A. H. (2004). Impact of
soil warming and shading on colonization and community structure of arbuscular mycorrhizal fungi in roots
of  a  native  grassland  community.  Global  Change  Biology,  10(1),  52–64.  doi:10.1111/j.1365-
2486.2003.00713.x

Huse, S. M., Welch, D. M., Morrison, H. G., & Sogin, M. L. (2010). Ironing out the wrinkles in the rare biosphere
through improved OTU clustering.  Environmental  Microbiology, 12(7),  1889–1898. doi:10.1111/j.1462-
2920.2010.02193.x

Ihrmark, K., Bödeker, I., Cruz-Martinez, K., Friberg, H., Kubartova, A., Schenck, J., . . . Clemmensen, K. E. (2012).
New primers  to amplify the fungal  ITS2 region–evaluation  by 454-sequencing  of  artificial  and natural
communities. FEMS Microbiology Ecology, 82(3), 666-677. 

Jangid, K., Williams, M. A., Franzluebbers, A. J., Schmidt, T. M., Coleman, D. C., & Whitman, W. B. (2011). Land-
use history has a stronger impact on soil microbial community composition than aboveground vegetation
and soil properties. Soil Biology and Biochemistry, 43(10), 2184–2193. doi:10.1016/j.soilbio.2011.06.022

Jiao, S., Chen, W., Wang, J., Du, N., Li, Q., & Wei, G. (2018). Soil microbiomes with distinct assemblies through
vertical soil profiles drive the cycling of multiple nutrients in reforested ecosystems. Microbiome, 6(1), 1–
13. doi:10.1186/s40168-018-0526-0

Kassa, H., Dondeyne, S., Poesen, J., Frankl, A., & Nyssen, J. (2017). Impact of deforestation on soil fertility, soil
carbon  and  nitrogen  stocks:  The  case  of  the  Gacheb  catchment  in  the  White  Nile  Basin,  Ethiopia.
Agriculture, Ecosystems & Environment, 247, 273–282. doi:10.1016/j.agee.2017.06.034

Khan, S. N. (2007). Macrophomina phaseolina as causal agent for charcoal rot of sunflower. Mycopath, 5(2), 111–
118. 

Kõljalg, U., Nilsson, R. H., Abarenkov, K., Tedersoo, L., Taylor, A. F., Bahram, M., . . . Callaghan, T. M. (2013).
Towards a unified paradigm for sequence based identification of fungi. ‐ Molecular Ecology, 22(21), 5271–
5277. doi:10.1111/mec.12481

Kothari, R., Singh, R. P., & Kothari, V. (2016). Application of next generation sequencing technologies in revealing
plant-microbe  interactions.  Journal  of  Next  Generation  Sequencing  &  Applications,  3,  e108.
doi:10.4172/2469-9853.1000e108

Kraisitudomsook, N., Healy, R. A., Mujic, A. B., Pfister, D. H., Nouhra, E. R., & Smith, M. E. (2019). Systematic
study  of  truffles  in  the  genus  Ruhlandiella,  with  the  description  of  two  new  species  from Patagonia.
Mycologia, 111(3), 477–492. doi:10.1080/00275514.2019.1574490

Kumar, C. M., & Ghoshal, N. (2017).  Impact of land-use change on soil microbial community composition and
organic carbon content in the dry tropics. Pedosphere, 27(5), 974–977. doi:10.1016/S1002-0160(17)60404-
1

Lakshmanan,  V.,  Selvaraj,  G.,  & Bais,  H.  P.  (2014).  Functional  soil  microbiome: Belowground solutions to an
aboveground problem. Plant Physiology, 166(2), 689–700. doi:10.1104/pp.114.245811

Lauber,  C. L.,  Hamady,  M.,  Knight,  R.,  & Fierer,  N. (2009).  Pyrosequencing-based assessment  of  soil  ph as a
predictor  of  soil  bacterial  community  structure  at  the  continental  scale.  Applied  and  Environmental
Microbiology, 75(15), 5111–5120. doi:10.1128/aem.00335-09

Lauber,  C. L., Strickland, M. S.,  Bradford,  M. A.,  & Fierer,  N. (2008).  The influence of soil  properties  on the
structure of bacterial and fungal communities across land-use types. Soil Biology and Biochemistry, 40(9),
2407–2415. doi:10.1016/j.soilbio.2008.05.021

Leake, J. R., Donnelly, D. P., & Boddy, L. (2002). Interactions between ecto-mycorrhizal and saprotrophic fungi. In
M.  G.  A.  v.  d.  Heijden  & I.  Sanders  (Eds.),  Mycorrhizal  ecology (pp.  345–372).  Berlin,  Heidelberg:
Springer.

24

641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691



Li, H., Ye, D., Wang, X., Settles, M. L., Wang, J., Hao, Z., . . .  Ma, Z. S. (2014). Soil bacterial communities of
different natural forest types in Northeast China.  Plant and Soil, 383(1-2), 203–216. doi:10.1007/s11104-
014-2165-y

Louca,  S.,  Parfrey,  L.  W.,  &  Doebeli,  M.  (2016).  Decoupling  function  and  taxonomy  in  the  global  ocean
microbiome. Science, 353(6305), 1272-1277. 

Lu, X., Malajczuk, N., Brundrett, M., & Dell, B. (1999). Fruiting of putative ectomycorrhizal fungi under blue gum
(Eucalyptus  globulus)  plantations  of  different  ages  in  Western  Australia.  Mycorrhiza,  8(5),  255–261.
doi:10.1007/s005720050242

Lumini, E., Orgiazzi,  A., Borriello, R., Bonfante, P., & Bianciotto, V. (2010). Disclosing arbuscular mycorrhizal
fungal biodiversity in soil through a land use gradient using a pyrosequencing approach.  ‐ Environmental
Microbiology, 12(8), 2165–2179. doi:10.1111/j.1462-2920.2009.02099.x

Marx, M. C., Wood, M., & Jarvis, S. C. (2001). A microplate fluorimetric assay for the study of enzyme diversity in
soils. Soil Biology and Biochemistry, 33(12), 1633–1640. doi:10.1016/S0038-0717(01)00079-7

Masella, A. P., Bartram, A. K., Truszkowski, J. M., Brown, D. G., & Neufeld, J. D. (2012). PANDAseq: Paired-end
assembler for illumina sequences. BMC Bioinformatics, 13(1), 31. doi:10.1186/1471-2105-13-31

McDonald, B. A., & Stukenbrock, E. H. (2016). Rapid emergence of pathogens in agro-ecosystems: Global threats to
agricultural sustainability and food security. Philosophical Transactions of the Royal Society B: Biological
Sciences, 371(1709), 20160026. doi:10.1098/rstb.2016.0026

McGuire, S. J. (2008). Securing access to seed: Social relations and sorghum seed exchange in eastern Ethiopia.
Human Ecology, 36(2), 217–229. doi:10.1007/s10745-007-9143-4

Mekuria, W., & Aynekulu, E. (2013). Exclosure land management for restoration of the soils in degraded communal
grazing  lands  in  northern  Ethiopia.  Land  Degradation  &  Development,  24(6),  528–538.
doi:10.1002/ldr.1146

Muñoz Arenas, L. C., Fusaro, C., Hernández Guzmán, M., Dendooven, L., Estrada Torres, A., & Navarro Noya,‐ ‐ ‐ ‐
Y. E. (2020). Soil microbial diversity drops with land use change in a high mountain temperate forest: A‐
metagenomics  survey.  Environmental  Microbiology  Reports,  12(2),  185–194.  doi:10.1111/1758-
2229.12822

Murphy, J., & Riley, J. P. (1962). A modified single solution method for the determination of phosphate in natural
waters. Analytica Chimica Acta, 27, 31–36. doi:10.1016/S0003-2670(00)88444-5

Nguyen, N. H., Song, Z., Bates, S. T., Branco, S., Tedersoo, L., Menke, J., . . . Kennedy, P. G. (2016). FUNGuild: an
open annotation tool for parsing fungal community datasets by ecological guild. Fungal Ecology, 20, 241-
248. 

Niu, B., Fu, L., Sun, S., & Li, W. (2010). Artificial and natural duplicates in pyrosequencing reads of metagenomic
data. BMC Bioinformatics, 11(1), 187. doi:10.1186/1471-2105-11-187

Obrist, D., Zielinska, B., & Perlinger, J. A. (2015). Accumulation of polycyclic aromatic hydrocarbons (PAHs) and
oxygenated  PAHs  (OPAHs)  in  organic  and  mineral  soil  horizons  from  four  US  remote  forests.
Chemosphere, 134, 98–105. doi:10.1016/j.chemosphere.2015.03.087

Pandey, A. K., Burlakoti, R. R., Rathore, A., & Nair, R. M. (2020). Morphological and molecular characterization of
Macrophomina phaseolina isolated from three legume crops and evaluation of mungbean genotypes for
resistance to dry root rot. Crop Protection, 127, 104962. doi:10.1016/j.cropro.2019.104962

Prober, S. M., Leff, J. W., Bates, S. T., Borer, E. T., Firn, J., Harpole, W. S., . . . Bakker, J. D. (2015). Plant diversity
predicts beta but not alpha diversity of soil microbes across grasslands worldwide. Ecology Letters, 18(1),
85–95. doi:10.1111/ele.12381

Purahong, W., Hoppe, B., Kahl, T., Schloter, M., Schulze, E. D., Bauhus, J., . . . Krüger, D. (2014). Changes within a
single land-use category alter microbial diversity and community structure: Molecular evidence from wood-
inhabiting  fungi  in  forest  ecosystems.  Journal  of  Environmental  Management,  139,  109–119.
doi:10.1016/j.jenvman.2014.02.031

Ramin, K. I., & Allison, S. D. (2019). Bacterial tradeoffs in growth rate and extracellular enzymes.  Frontiers in
Microbiology, 10, 2956. doi:10.3389/fmicb.2019.02956

Rosinger, C., Rousk, J., & Sandén, H. (2019). Can enzymatic stoichiometry be used to determine growth-limiting
nutrients for microorganisms?-A critical assessment in two subtropical soils. Soil Biology and Biochemistry,
128, 115–126. doi:10.1016/j.soilbio.2018.10.011

25

692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743



Rousk, J.,  Bååth,  E., Brookes, P. C., Lauber,  C. L., Lozupone, C., Caporaso, J. G.,  .  .  .  Fierer,  N. (2010). Soil
bacterial and fungal communities across a pH gradient in an arable soil.  The ISME Journal, 4(10), 1340–
1351. doi:10.1038/ismej.2010.58

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., . . . Robinson, C. J. (2009).
Introducing mothur: Open-source, platform-independent, community-supported software for describing and
comparing  microbial  communities.  Applied  and  Environmental  Microbiology,  75(23),  7537–7541.
doi:10.1128/AEM.01541-09

Sharma, P., Rai, S. C., Sharma, R., & Sharma, E. (2004). Effects of land-use change on soil microbial C, N and P in
a Himalayan watershed. Pedobiologia, 48(1), 83–92. doi:10.1016/j.pedobi.2003.09.002

Smith,  S.  E.,  &  Read,  D.  J.  (1997).  Chapter  17:  Mycorrhizas  in  managed  environments:  Forest  production,
interactions with other microorganisms and pollutants. In S. E. Smith & D. J. Read (Eds.),  Mycorrhizal
symbiosis (2nd ed., pp. 470–489). London: Academic Press.

Su,  G.,  Suh,  S.  O.,  Schneider,  R.  W.,  & Russin,  J.  S.  (2001).  Host  specialization  in  the  charcoal  rot  fungus,
Macrophomina phaseolina. Phytopathology, 91(2), 120–126. doi:10.1094/PHYTO.2001.91.2.120

Sui, X., Zhang, R., Frey, B., Yang, L., Li, M. H., & Ni, H. (2019). Land use change effects on diversity of soil
bacterial,  Acidobacterial  and fungal communities in wetlands of the Sanjiang Plain, northeastern China.
Scientific Reports, 9(1), 1–14. doi:10.1038/s41598-019-55063-4

Suleiman, A. K. A., Manoeli, L., Boldo, J. T., Pereira, M. G., & Roesch, L. F. W. (2013). Shifts in soil bacterial
community after eight years of land-use change.  Systematic and Applied Microbiology, 36(2), 137–144.
doi:10.1016/j.syapm.2012.10.007

Sun, Y., Luo, C., Jiang, L., Song, M., Zhang, D., Li, J., . . . Zhang, G. (2020). Land-use changes alter soil bacterial
composition and diversity in tropical forest soil in China. Science of the Total Environment, 712, 136526.
doi:10.1016/j.scitotenv.2020.136526

Szoboszlay, M., Dohrmann, A. B., Poeplau, C., Don, A., & Tebbe, C. C. (2017). Impact of land-use change and soil
organic carbon quality on microbial diversity in soils across Europe. FEMS Microbiology Ecology, 93(12),
fix146. doi:10.1093/femsec/fix146

Tekle, K., & Hedlund, L. (2000). Land cover changes between 1958 and 1986 in Kalu District, southern Wello,
Ethiopia.  Mountain  Research  and  Development,  20(1),  42–51.  doi:10.1659/0276-
4741(2000)020[0042:LCCBAI]2.0.CO;2

Van Der Heijden, M. G. A., Bardgett, R. D., & Van Straalen, N. M. (2008). The unseen majority: Soil microbes as
drivers  of  plant  diversity  and  productivity  in  terrestrial  ecosystems.  Ecology  Letters,  11(3),  296–310.
doi:10.1111/j.1461-0248.2007.01139.x

Větrovský, T., Morais, D., Kohout, P., Lepinay, C., Algora, C., Hollá, S. A., . . . D’Alò, F. (2020). GlobalFungi, a
global database of fungal occurrences from high-throughput-sequencing metabarcoding studies.  Scientific
Data, 7(1), 1–14. doi:10.1038/s41597-020-00647-3

Větrovský, T., Steffen, K. T., & Baldrian, P. (2014). Potential of cometabolic transformation of polysaccharides and
lignin in lignocellulose by soil Actinobacteria. PLoS one, 9(2), e89108. doi:10.1371/journal.pone.0089108

Wang, Q., Garrity, G. M., Tiedje, J. M., & Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of
rRNA sequences into the new bacterial taxonomy. Applied and Environmental Microbiology, 73(16), 5261–
5267. doi:10.1128/AEM.00062-07

Wehner,  J.,  Antunes, P. M., Powell, J. R., Mazukatow, J., & Rillig, M. C. (2010). Plant pathogen protection by
arbuscular  mycorrhizas:  A  role  for  fungal  diversity?  Pedobiologia,  53(3),  197–201.
doi:10.1016/j.pedobi.2009.10.002

Wei, Z., Yang, T., Friman, V. P., Xu, Y., Shen, Q., & Jousset, A. (2015). Trophic network architecture of root-
associated bacterial communities determines pathogen invasion and plant health. Nature Communications,
6(1), 1–9. doi:10.1038/ncomms9413

White, T. J., Bruns, T., Lee, S., & Taylor, J. (1990). Amplification and direct sequencing of fungal ribosomal RNA
genes for phylogenetics. PCR protocols: a guide to methods and applications, 18(1), 315-322. 

Wu, Z., Hao, Z., Sun, Y., Guo, L., Huang, L., Zeng, Y., . . . Chen, B. (2016). Comparison on the structure and
function of the rhizosphere microbial community between healthy and root-rot Panax notoginseng. Applied
Soil Ecology, 107, 99–107. doi:10.1016/j.apsoil.2016.05.017

26

744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794



Wurzburger, N., & Hendrick, R. L. (2007). Rhododendron thickets alter N cycling and soil extracellular enzyme
activities  in  southern  Appalachian  hardwood  forests.  Pedobiologia,  50(6),  563–576.
doi:10.1016/j.pedobi.2006.10.001

Zeleke, G., & Hurni, H. (2001). Implications of land use and land cover dynamics for mountain resource degradation
in  the  Northwestern  Ethiopian  highlands.  Mountain  Research  and  Development,  21(2),  184–191.
doi:10.1659/0276-4741(2001)021[0184:IOLUAL]2.0.CO;2

Zeng, J., Liu, X., Song, L., Lin, X., Zhang, H., Shen, C., & Chu, H. (2016). Nitrogen fertilization directly affects soil
bacterial diversity and indirectly affects bacterial community composition. Soil Biology and Biochemistry,
92, 41–49. doi:10.1016/j.soilbio.2015.09.018

Zeng, Q., An, S., & Liu, Y. (2017). Soil bacterial community response to vegetation succession after fencing in the
grassland of China. Science of the Total Environment, 609, 2–10. doi:10.1016/j.scitotenv.2017.07.102

Zhou, Z., Wang, C., Ren, C., & Sun, Z. (2020). Effects of thinning on soil saprotrophic and ectomycorrhizal fungi in
a  Korean  larch  plantation.  Forest  Ecology  and  Management,  461,  117920.
doi:10.1016/j.foreco.2020.117920

Zobel, M., & Öpik, M. (2014). Plant and arbuscular mycorrhizal fungal (AMF) communities–which drives which?
Journal of Vegetation Science, 25(5), 1133–1140. doi:10.1111/jvs.12191

27

795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810

811



Data accessibility

The  bacterial  16S  and  fungal  ITS2  raw  read  sequence  datasets  are  deposited  in  the  National  Center  for

Biotechnology Information (NCBI) Sequence Read Archive (SRA) under BioProject number PRJNA667338.

Authors contributions

Y.T.D., T.W., D.L.G., and H.S. conceived the project.  Y.T.D.,  D.L.G., and H.S. planned the field sampling and

collected samples.  T.W. and A.N. analyzed the sequence  data.  W.P. and Y.T.D.  led the statistical  analysis  and

prepared the first draft of the manuscript, and A.N., T.W., D.L. G and H.S. read and commented on the manuscript.

Conflict of interests

We have no conflict of interests.

28

812

813

814

815

816

817

818

819

820

821

822

823



Figure legends
Figure 1. Comparison of total and specific fungal functional group OTU richness across different land uses (A – F).
Different letters indicate significant differences between land uses.
Figure 2. Comparison of total and specific bacterial functional group OTU richness across different land uses (A –
F). Different letters indicate significant differences between land uses.
Figure 3. Nonmetric dimensional scaling (NMDS) ordinations showing factors corresponding  to total and specific
fungal (A – D) and bacterial (E and F) functional  group community compositions distributed across five different
land uses. The stress values of all NMDS ordinations are less than 0.2 based on Jaccard distance measures and 999
permutations,  where SAS = soil aggregate stability; BP = bicarbonate-reactive P; HP = hydroxide-reactive P; C =
organic carbon; and N = total soil nitrogen.
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Tables
Table 1. Fungal and bacterial OTUs gained and lost due to land use changes. The fungal and bacterial OTUs were
classified based on their ecological functions. Gain, loss and net balance were also calculated, where NF = natural
rainforest; EX = exclosure area; CL = cropland; GL= grassland; and EU = eucalyptus. (Fungal functional groups:
AMF = arbuscular mycorrhizal fungi; EM = ectomycorrhizal fungi; EriM = ericoid mycorrhizal fungi; PP = plant
pathogen; SAP = saprotrophs;  bacterial functional groups: AD = aromatic-compound-degrading bacteria; CC =
carbon-cycling bacteria; CH = chemoheterotrophic bacteria; NC = nitrogen-cycling bacteria; and SC = sulfur-cycling
bacteria).

F
un

ga
l C

om
m

un
it

y
C

om
po

si
ti

on

Treatments Total fungi AMF EM EriM PP SAP
Fungi shared by all land uses (NF, EX, CL, GL, and EU) 282 25 0 0 23 36
Fungi in NF partly shared with at least one land use 2208 155 7 0 169 291
Native fungi lost from all land uses due to land use change 1689 83 2 1 77 211
Newly detected fungi that did not appear in the NF 8586 233 24 628 392 818

Sum 12765 496 33 629 661 1356
Gain/loss of fungi compared with NF Total fungi AMF EM EriM PP SAP
Net balance EX (%) 0.14 0.2 -12.12 0.16 -6.96 -2.95
Net balance CL (%) -2.64 -17.74 -27.27 0.32 3.33 -6.93
Net balance GL (%) -0.62 -25 -6.06 0.32 10.89 -0.66
Net balance EU (%) -4.15 -29.64 51.52 98.89 -31.01 -21.76

B
ac

te
ri

al
 C

om
m

un
it

y
C

om
po

si
ti

on

  Total Bacteria AD CC CH NC SC
Bacteria shared by all land uses (NF, EX, CL, GL, and EU) 2088 19 10 287 98 27
Bacteria in NF partly shared with at least one land use 3598 26 9 463 162 42
Native bacteria lost from all land uses due to land use change 683 2 2 60 29 8
Newly detected bacteria that did not appear in the NF 5956 16 43 658 252 51

Sum 12325 63 64 1468 541 128
Gain/loss of bacteria compared with NF Total Bacteria AD CC CH NC SC
Net balance EX (%) 3.59 -14.29 12.5 2.04 3.14 0
Net balance CL (%) 3.59 -11.11 23.44 -2.59 5.55 -3.13
Net balance GL (%) -0.24 -11.11 10.94 3.27 -1.66 -7.81
Net balance EU (%) -4.05 -15.87 29.69 -1.57 -5.91 -6.25
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Table 2. Analysis of similarity (ANOSIM) based on Jaccard distance measures using abundance data comparing
total  and  specific  fungal  functional  group  community  compositions  among  land  uses,  where AM:  arbuscular
mycorrhizal  fungi;  EM: ectomycorrhizal;  EriM: ericoid mycorrhiza;  PP: plant  pathogen; SAP: saprotrophs; AD:
aromatic compound degrading bacteria, CC: carbon cycling bacteria, CH: chemoheterotrophic bacteria, NC: nitrogen
cycling bacteria, and SC: sulfur cycling. Significant factors (P < 0.05) are indicated in bold.

Soil
microbes

Land Use Categories

(LU1 Vs. LU2)

R (P) R (P) R (P) R (P) R (P) R (P)

F
un

ga
l F

un
ct

io
na

l G
ro

up
s

All Fungi AMF EM EriM PP SAP

Overall 0.67(0.001) 0.46(0.001) 0.13(0.001) 0.20(0.001) 0.57(0.001) 0.67(0.001)

Natural Forest – Eucalyptus 0.74 (0.02) 0.18 (0.16) 0.31 (0.04) 0.50 (0.01) 0.72 (0.02) 0.68 (0.01)

Natural Forest – Exclosure 0.41 (0.07) 0.28 (0.11) 0.07 (1.00) 0.00 (1.00) 0.34 (0.03) 0.42 (0.06)

Natural Forest – Grassland 0.80 (0.02) 0.72 (0.02) -0.01 (1.00) 0.00 (1.00) 0.69 (0.02) 0.75 (0.02)

Natural Forest – Cropland 0.76 (0.01) 0.59 (0.02) 0.02 (1.00) 0.02 (1.00) 0.63 (0.02) 0.68 (0.03)

Eucalyptus – Exclosure 0.56 (0.02) 0.24 (0.12) 0.36 (0.01) 0.5 (0.01) 0.32 (0.12) 0.63 (0.02)

Eucalyptus – Grassland 0.83 (0.01) 0.44 (0.02) 0.32 (0.01) 0.46 (0.03) 0.85 (0.02) 0.91 (0.02)

Eucalyptus – Cropland 0.94 (0.01) 0.37 (0.02) 0.50 (0.01) 0.52 (0.02) 0.80 (0.01) 0.85 (0.01)

Exclosure – Grassland 0.58 (0.02) 0.56 (0.01) -0.07 (1.00) 0.00 (1.00) 0.38 (0.04) 0.48 (0.03)

Exclosure – Cropland 0.66 (0.01) 0.56 (0.01) 0.05 (1.00) 0.00 (1.00) 0.35 (0.05) 0.56 (0.02)

Grassland – Cropland 0.47 (0.01) 0.69 (0.02) 0.02 (1.00) 0.02 (1.00) 0.50 (0.03) 0.55 (0.01)

B
ac

te
ri

al
 F

un
ct

io
na

l G
ro

up
s

  All Bac AD CC CH NC SC

Overall 0.58(0.001) 0.29(0.001) 0.19(0.001) 0.55(0.001) 0.62(0.001) 0.34(0.001)

Natural Forest – Eucalyptus 0.65 (0.01) 0.23 (0.33) 0.31 (0.03) 0.70 (0.01) 0.74 (0.02) 0.73 (0.01)

Natural Forest – Exclosure 0.23 (0.32) 0.12 (0.97) 0.04 (1.00) 0.29 (0.23) 0.38 (0.05) 0.11 (1.00)

Natural Forest – Grassland 0.72 (0.02) 0.39 (0.02) 0.21 (0.20) 0.69 (0.02) 0.74 (0.02) 0.68 (0.02)

Natural Forest – Cropland 0.59 (0.04) 0.43 (0.03) 0.16 (0.57) 0.55 (0.03) 0.53 (0.04) 0.65 (0.02)

Eucalyptus – Exclosure 0.52 (0.01) 0.13 (1.00) 0.37 (0.02) 0.50 (0.01) 0.64 (0.01) 0.20 (0.29)

Eucalyptus – Grassland 0.77 (0.01) 0.51 (0.01) 0.35 (0.06) 0.84 (0.01) 0.74 (0.00) 0.15 (0.84)

Eucalyptus – Cropland 0.66 (0.02) 0.31 (0.04) 0.20 (0.32) 0.61 (0.01) 0.68 (0.01) 0.50 (0.02)

Exclosure – Grassland 0.72 (0.01) 0.43 (0.01) 0.22 (0.06) 0.66 (0.01) 0.72 (0.01) 0.26 (0.21)

Exclosure – Cropland 0.54 (0.01) 0.22 (0.31) 0.00 (1.00) 0.42 (0.02) 0.45 (0.01) 0.20 (0.36)

Grassland – Cropland 0.56 (0.02) 0.26 (0.10) 0.10 (1.00) 0.39 (0.01) 0.57 (0.01) 0.06 (1.00)

Note: R degree of separation between test groups ranging from − 1 to 1;  R = 0, not different;  R = 1, completely
different (i.e., where the R - value between 0 – 0.299 “no separation/overlapping”; 0.300 – 0.749 “different but with
some overlapping”; and > 0.750 “well separated”); N = population size. P values were based on 999 permutations,
and Bonferroni correction was applied in all cases.
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