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Abstract

Purpose Owing to their topographic location and
nutrient rich soils, riparian forests are often converted
to pastures for grazing. In recent decades, remnant
riparian forests cleared for grazing pastures have
been restored with native species. The impacts of
such land-use changes on soil fungal communities are
unclear, despite the central roles that soil fungi play
in key ecosystem processes. We investigated how
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soil fungal taxonomic and functional composition are
affected by land-use change at different depths, and
if variation in soil fungal communities is related to
edaphic properties and extant vegetation.

Methods The study was conducted in six waterways in
south-eastern Australia, each comprising three land-use
types: remnant riparian forest, cleared forest converted
to pasture, and pastures restored with native plants. We
surveyed three strata of vegetation and sampled top-soil
and sub-soil to characterise physicochemical proper-
ties and soil fungal communities. ITS1 region sequences
were used to assign soil fungal taxonomic and functional
composition.

Results Fungal taxonomic and functional composi-
tion infrequently varied with land-use change or soil
depth. Overall, environmental properties (soil and
vegetation) explained 35-36% of variation in both
fungal taxonomic and functional composition. Soil
fungal taxonomic composition was related to soil fer-
tility (N, P, K, pH and Ca) and ground cover charac-
teristics, whereas functional composition was related
to clay content, sub-canopy cover and tree basal area.
Conclusion Across the six studied waterways, fun-
gal taxonomic and functional composition were more
strongly associated with land-use mediated changes in
site-scale soil physicochemical properties and vegeta-
tion structure than broad-scale classes of land-use type.

Keywords Restoration - Mycorrhizae - Clay -

Soil fertility - Fungal taxonomic and functional
composition
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Introduction

Riparian forests are multifunctional hotspots able to
provide a wide range of functions and services, and
are host to a high diversity of organisms (Allan 2004;
Harner et al. 2011; Naiman et al. 2010). Despite their
ecological significance and due to their topographic
location and nutrient-rich soils, riparian forests have
often been cleared for agricultural purposes, includ-
ing grazing, resulting in the loss of a large propor-
tion of these ecosystems. In Europe and America,
the extent of riparian vegetation has declined by 80
— 95%, with most losses attributed to land clearing
for grazing (Naiman et al. 1993; Riis et al. 2020). In
Victoria, Australia, 32% of riparian land is in poor
or very poor condition (Victoria State Government
2015). Several policy-driven restoration initiatives
have aimed to reverse the effects of land-use conver-
sion by restoring grazing pastures with native ripar-
ian species (Daigneault et al. 2017). These initiatives,
however, are often focused on restoring and assess-
ing vegetation and seldom focus on soil microbial
communities, even though knowledge about changes
in soil fungal communities with changing land uses
could inform restoration practices. Previous studies in
grasslands and prairies have shown that the restora-
tion of soil fungal communities through inoculation
in degraded ecosystems can influence the pace and
trajectory of vegetation recovery and improve restora-
tion outcomes (Barber et al. 2017; Bever et al. 2003;
Middleton and Bever 2012; Stirmer et al. 2012;
Wubs et al. 2016). Further, active replanting of native
vegetation can also return important fungal functional
groups (Yan et al. 2018), as well as introducing novel
fungal associations (Bermidez-Contreras et al. 2020).

Soil fungal communities encompass a large phylo-
genetic diversity and are generally classified into three
functional groups—symbiotrophs, saprotrophs, and
pathogens (Borrell et al. 2017). Symbiotrophs include
mycorrhizal fungi, which form symbiotic associations
that expand plant root surface area, giving plants
greater access to nutrients and water in exchange
for carbon (Kramer et al. 2012; Schmidt et al. 2019;
van der Heijden et al. 2008). Approximately 20,000
plant species are dependent on soil microbial symbi-
onts for growth and survival, based on estimates for
the northern hemisphere (Hamonts et al. 2017; Jobim
et al. 2016; van der Heijden et al. 2008). Saprotrophs
decompose organic matter and are broken into trophic

@ Springer

guilds based on whether they decompose plants, litter,
soil, or wood (Otsing et al. 2018). During the decom-
position process, saprotrophs translocate carbon,
nitrogen and phosphorus into the soil, which is then
available for uptake by plants (Crowther et al. 2012).
Soil pathogens can be harmful but can also play an
important role in controlling populations of insects,
animals, plants or fungal pests (Schmidt et al. 2019).
Soil fungal communities are shaped by environmental
filters related to soil, vegetation and climate proper-
ties (Aponte et al. 2010a; Gémez Gallego et al. 2013;
Peay et al. 2013; Rincén et al. 2015; Sun et al. 2019)
and can respond rapidly to alterations in local condi-
tions, such as those induced by land-use change (Ban-
ning et al. 2011; Guo et al. 2019).

Soil fungal communities respond to soil proper-
ties including pH, nutrient availability, and texture
(Fierer et al. 2012; Lauber et al. 2008; Semchenko
et al. 2018; Siciliano et al. 2014). Clearing native
riparian vegetation for grazing has been shown to
alter soil properties in various ways (Richardson et al.
2007). Tilling or soil pugging from stock can affect
soil structure, which influences soil aeration, decreas-
ing nutrient content, and water-holding capacity and
has been related to differences in fungal taxonomic
composition (Alvarez-Sanchez et al. 2012; Bouffaud
et al. 2017; Xiang et al. 2014). Soil particle size dis-
tribution has also been found to affect fungal com-
munity composition in tropical riparian forests, with
clay soils harbouring a higher relative abundance of
arbuscular mycorrhizal fungi compared to sandy soil
(Peay et al. 2013). Other farming practices include
the addition of fertilisers, particularly nitrogen and
phosphate, to increase the growth of grass or crops
(Henzell 2007). Soils higher in phosphorus and nitro-
gen have a lower richness of ectomycorrhizal and
arbuscular mycorrhizal fungi compared to soils that
are depleted in phosphorus and nitrogen (Henry et al.
2015; Pagano et al. 2007; Sharma et al. 2010). The
use of lime is also a common way to improve grazing
pastures by increasing nutrient availability by chang-
ing soil pH. Many studies indicate that pH is a deter-
minant of fungal community structure in grasslands
and forests (e.g., Aponte et al. 2010b; Henry et al.
2015; Liang et al. 2015; Wasof et al. 2019). Addi-
tionally, soil fertility and pH have been found to alter
the abundance of Glomeromycota, symbionts that
form endomycorrhizal associations with the roots of
forbs and grasses (Leff et al. 2015; Sepp et al. 2019).
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To this end, land-use change effects on soil phys-
icochemical properties can play an important role in
shaping fungal communities.

Soil fungal communities are also tightly related
to vegetation properties through host specificity and
the production of diverse organic substrates, includ-
ing leaf litter and root exudates (Aponte et al. 2010a;
Kasel et al. 2008; Peay et al. 2013; Sun et al. 2019).
For instance, symbiotrophs exhibit a great degree
of specificity, with Glomeromycota being the domi-
nant mycorrhizal symbionts in grasses or forbs,
while Basidiomycota and Ascomycota are dominant
in woody vegetation (Brundrett 2002; Molina et al.
1992; Sepp et al. 2019). The canopy cover in con-
trast to canopy gaps and proximity to tree trunks have
also been related to differences in soil fungal taxo-
nomic and functional composition and abundance
(Bennett et al. 2009; Branco et al. 2013; Perreault
et al. 2020). Other features of vegetation have been
shown to have an impact on soil fungal community
composition such as the presence of exotic plants in
ground cover vegetation (Ba et al. 2018; Sielaff et al.
2018; Smith et al. 2018) or density of roots (Peay
et al. 2013). The latter, which decreases exponentially
with soil depth (Poesen and De Baets 2005), has been
positively related to fungal taxonomic and functional
abundance (Wang et al. 2013). Furthermore, vegeta-
tion can indirectly influence soil fungal communities
by modifying soil structure and soil chemical proper-
ties (Aponte et al. 2010a; Klopf et al. 2017). Land-
use change from native vegetation to grazing pastures
results in a loss of diversity, structure and cover of
native species that are replaced with exotic pasture
and thus could have a profound effect on soil fungal
communities (Calvo-Polanco et al. 2016; Wasof et al.
2019). Understanding feedbacks between above- and
below-ground biota could inform restoration prac-
tices that facilitate the return of soil communities that
enhance the persistence of above-ground vegetation
(Ettema and Wardle 2002; Wardle et al. 2004).

Our study characterises changes in soil fungal
taxonomic and functional community compositions
in response to the conversion of riparian vegetation
to grazing pasture and subsequent restoration with
native plant species of the remnant riparian vegeta-
tion. Specifically, we hypothesised: (1) that soil fun-
gal taxonomic and functional composition would
change with land use, with communities in rem-
nant forests and pastures being most dissimilar and

communities in restored sites showing more similari-
ties with remnant vegetation; (2) that land use related
changes would be concentrated in the top-soil relative
to sub-soil; and (3) that fungal communities would be
related to both vegetation and soil physicochemical
properties, which are both expected to vary strongly
with land-use change.

Materials and Methods
Study sites

Study sites were located near six different waterways
in south-eastern Australia (Fig. 1) and encompassed
a range of topographies and soil types. Mean annual
maximum temperature ranged from 17-19 °C and
mean minimum temperature ranged from 7-11 °C
(Bureau of Meteorology 2020). Each site supported
three different land-use types; pasture, restored and
remnant riparian forests. These three land uses rep-
resent the transition from intact riparian forest that
was cleared for grazing pasture and then restored
with native species that were common to the riparian
forest. Remnant riparian forest comprised of species
common in well-watered areas of south-eastern Aus-
tralia such as Eucalyptus viminalis Labill., Eucalyp-
tus ovata Labill., and Acacia dealbata Link (Online
Resource 1). In contrast pasture was primarily exotic
grasses including Holcus lanatus L. and Anthoxan-
thum odoratum L. and regularly grazed by sheep or
cattle (Online Resource 1). Restoration sites were
formerly pasture that had been planted with nurs-
ery grown indigenous trees and shrubs typical of the
riparian forest three to nine years prior to our study
(Online Resource 1).

Vegetation surveys

Vegetation surveys were conducted as described in
Waymouth et al. (2021). Briefly, one 25 mXx25 m
quadrat (625 m?) was located within each land-use
type, at each of the six study sites for sampling of
vegetation and soils. Vegetation surveys charac-
terised three strata: canopy (trees with diameter at
breast height (DBH)>15 cm), sub-canopy (trees
and tall shrubs with DBH< 15 cm); and ground
cover (herbaceous vegetation) within each quad-
rat. Canopy species were assessed at four random
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Fig. 1 Location of the study area in south-eastern Australia (left) and six study sites (right)

locations within the 625 m? the quadrat using the
point-centred quarter method (total of 16 points
assessed; Cottam and Curtis 1956). From the point-
centred quarter method we obtained measurements
of cover, basal area, and average plant to plant dis-
tance (APPD). Basal area was calculated across all
plants and for Eucalyptus species, which dominated
the canopy. Sub-canopy cover was assessed via the
line-intercept method, with three 20 m transects
established within each quadrat (Canfield 1941).
We used the line intercept data to determine the
total number of species and total number of Aca-
cia spp. (dominant species) in the sub-canopy. For
ground cover, the cover of litter, bare ground, and
each plant species was assessed using a 1 m” sub-
quadrat placed every 5 m along each transect (5
sub-quadrats per transect).

Soil sampling and analyses
Soil sampling and physicochemical analyses
Soils were sampled from within each quadrat

according to protocols established by the Biomes
of Australian Soil Environments (BASE; Bissett
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et al. 2016). Soil was sampled as per Waymouth
et al. (2021). Briefly, each soil sample was a com-
posite of 27 cores, taken from nine locations (3
cores per location) that were evenly spaced along
two diagonal transects that dissected each quadrat.
Soil samples were taken from two depths (0-10 cm
and 20-30 cm) and kept separate for further analy-
sis. Soils were kept on ice until homogenised and
sieved; material>5 mm was removed e.g. litter,
roots and stones. Approximately 20 g of field moist
soil was frozen at—80 °C for later genetic analysis.
The remaining soil was weighed, then dried in an
oven at 40 °C and weighed again for soil moisture
(%). Approximately 500 g of soil was sent to CSBP
Soil and Plant Analysis Laboratory (Bibra Lake,
Western Australia) for soil physical and chemical
analysis. Tests included: pH, electrical conductivity,
available nitrogen, available phosphorus, sulphur,
organic carbon, total nitrogen, exchangeable cations
(Mg, K, Na, Ca), extractable trace elements (Cu, Fe,
Mn, Zn, Al, B), and soil particle size (CSBP Lab
2019). Soil bulk density was measured by the volu-
metric method for 0-10 cm depth, on one core per
quadrat. Samples were not adjusted for stone content
and were dried at 80 °C.
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Soil DNA extraction, sequencing, OTU identification
and function

DNA extraction and sequence analyses were con-
ducted using methods described in Bissett et al.
(2016) and Waymouth et al. (2020). Sample identi-
fiers of samples used are listed in Online Resource
2. Briefly, soil DNA was extracted and then pooled
from 3x0.25 g soil samples per replicate at the Aus-
tralian Genome Research Facility (AGRF, Adelaide,
Australia) using MoBio powersoil DNA extraction
kits according to manufacturer’s instructions. The
fungal internal transcribed spacer (ITS) region was
PCR-amplified using primers ITS1F (Gardes and
Bruns 1993) and ITS4 (White et al. 1990). Sequences
(300 bp PE) were then produced using the Illumina
MiSEQ platform. The ITS1 region was extracted
from Illumina R1 reads using ITSx (Bengtsson-Palme
et al. 2013), and sequences containing ambiguous
bases removed. Sequences were denoised using the
UNOISES3 algorithm (Edgar and Flyvbjerg 2015) in
the program USEARCH v11 (Edgar 2010) (—minsize
4) and abundance profiles built by mapping all data
to identified zOTUs (usearch —otutab —maxaccepts 0).
Amplicon sequence variants were classified using the
RDP classifier (Wang et al. 2007) in MOTHER at a
60% probability cutoff, against UNITE SH v7 (Nils-
son et al. 2018).

In total, across all samples, we found 9891 ITS1
zOTUs across 12 phyla. Rare phyla were character-
ised as<0.05% relative abundance. The number of
sequence reads ranged from 14,157 to 180,164, with
a mean of 47,400 per sample. 35% of sequence reads
that were assigned to the kingdom fungi could not
be assigned further. Preliminary analysis showed no
significant difference in the sequence numbers per
sample with land use and depth, and observed rich-
ness was strongly correlated with rarefied richness, as
such samples were not rarefied (see Online Resources
3 and 4; refer to McMurdie and Holmes 2014).

We used FUNGuild v1.0 (Nguyen et al. 2016) to
assign fungal zOTUs to different functional guilds
based on trophic strategies: ‘symbiotroph’, ‘sap-
rotroph’ and ‘pathotroph’ with a confidence rating
of ‘highly probable’, ‘probable’ and ‘possible’. We
labelled all zOTUs with a ‘possible’ confidence rat-
ing as unassigned in the stacked bar graph due to
the low confidence rating. In total we had 2781 dif-
ferent zOTUs assigned to functional guilds across

24 different trophic guilds. The 5% of zOTUs with
a mixed trophic mode (e.g., saprotroph-symbio-
troph-pathotroph), or guild were categorised as mul-
timode. Rare trophic guilds were characterised as
those < 0.05% relative abundance (trophic guilds with
trophic modes are listed in Online Resource 5). Sam-
ples within the dataset had sequence reads ranging
from 773 to 46,790 reads, with a mean sample size
of 9649, and 79% of sequence reads were unassigned,
either due to low confidence rating or no functional
data available.

Datasets for overall fungal taxonomic composi-
tion (within-phyla composition and within-class)
and functional composition (trophic mode and guild)
were used to investigate differences in abundance
(sequence abundance of single fungal species), rich-
ness and Shannon diversity index (Peet 1974; referred
to from here on as diversity) among land uses, and
with soil depth.

Statistical analysis

Differences in vegetation, soil physicochemical prop-
erties and fungal taxonomic and functional composi-
tion between land uses were assessed using GLMs,
with soil analyses also including sampling depth as an
explanatory variable. Land use and depth were fixed
factors, and site (waterway) was a random factor.
Dependent variables are listed in Online Resources
6 (for vegetation properties) and 10 (for soil proper-
ties). Models were implemented in R package /me4
(Bates et al. 2014), using the gaussian method. Pair-
wise differences were assessed using post hoc Tukey
HSD tests in the R package emmeans (Lenth 2020).
Non-parametric Permutational Multivariate Anal-
ysis of Variance (PERMANOVA) was used to test
the overall effects of land use, sampling depth (for
soil properties only) and their interactions on envi-
ronmental properties (vegetation and soil properties)
and fungal community (taxonomic and functional
composition). Euclidean dissimilarity measures of
environmental properties were significance tested
using post hoc comparisons with 999 permutations
in the R package vegan version 2.4—6 (Oksanen et al.
2018). Bray—Curtis distances were used for fungal
taxonomic and functional composition using 999 per-
mutations with outputs visualised using non-metric
multidimensional scaling (NMDS). Dispersion was
assessed by calculating the average distance between
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data points and the centroid in multivariate space
with differences (by land use or depth) analysed using
ANOVAs, with post hoc Tukey HSD tests. Analyses
were conducted using vegan version 2.4—6 R package
(Oksanen 2015).

Principal component analysis (PCA) was used to
identify differences in variables between land-use
types and depth and to generate independent PCs rep-
resentative of vegetation and soil properties for use in
the subsequent Redundancy Analysis (RDA). Visu-
alisation of PCA used the function prcomp in R core
stats package (Kassambara and Mundt 2017), and
packages factoextra (Husson et al. 2020) and Facto-
MineR (Barber et al. 2017). Dimensions for variables
with eigenvalues > 1 that cumulatively explained 80%
or more of the variation were used in the RDA that
was used to assess the relationship between envi-
ronmental properties and soil fungal taxonomic and
functional composition. This approach was used by
Waymouth et al. (2021) where variables included
in the RDA are dimensions from the PCA and were
fitted using the envfit function in vegan package
(Oksanen 2015). Vegetation factors were duplicated
for both soil depths. Bulk density and soil moisture
were removed as they were only sampled in top-soil.

Mantel tests were used to test bivariate relation-
ships between environmental properties and soil fungal
community composition (taxonomic and functional;
Mantel 1967). Pearson correlation coefficients were
used to test for correlations between dissimilarity
matrices using 9999 comparative trials. As in the PER-
MANOVA, Euclidean distance dissimilarities were
used for environmental properties and Bray—Curtis
dissimilarities were used for soil fungal communities.
Variance partitioning was used to examine the relative
importance of environmental properties in determining
the variability of soil fungal community taxonomic and
functional composition and using the function varpart
(Borcard et al. 1992; Legendre and Legendre 2012).

Prior to analyses, environmental data (soil physico-
chemical and vegetation) were either log,, or square-
root transformed as necessary to meet assumptions
of normality and homogeneity of variance. Hellinger
transformations were performed on fungal commu-
nity data, using the vegan package (Oksanen 2015)
and decostand function (Anderson et al. 2006; Leg-
endre and Gallagher 2001; Oksanen 1983). All sta-
tistical analyses were conducted in R version 1.0.153
(RStudio Team 2016).
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Results

Environmental properties — vegetation and soil
physicochemical properties

Vegetation properties were clearly distinct among
land uses, with pasture having more exotic ground
cover species, lower sub-canopy cover and more dis-
tance between plants (APPD) than restored and rem-
nant quadrats (Fig. 2; Online Resource 6). Pasture
sites had significantly fewer plant species across all
strata compared to restored and remnant sites (Online
Resource 6). Pasture had significantly different veg-
etation properties relative to restored and remnant
land-use types (PERMANOVA P<0.01; Online
Resource 6). More details about differences with land
use in both vegetation and soil physicochemical prop-
erties can be found in Waymouth et al. (2021).

Principal component analysis (PCA) of vegeta-
tion properties grouped pasture quadrats distinct to
other land-use types (Fig. 2c¢ for PC1 and 2; Online
Resource 7). 84% of the total variance was explained
by the first four components, the remaining compo-
nents explained less than 10% of the variance (Online
Resource 8). PC1 (45% variance explained) reflected
the results of the GLM and PERMANOVA (Fig. 2a,
b, d, and e; Online Resource 6) and separated pasture
from restored and remnant quadrats with separation
most strongly correlated with canopy richness, aver-
age basal area, abundance of eucalypts, and total
richness of sub-canopy (contribution> 10%; Online
Resource 9). None of the other PC axes showed a
clear separation of quadrats based on land use, instead
reflecting the variability in ground cover characteris-
tics (bare ground, litter, total ground cover; Online
Resource 8).

There were few differences in soil physicochemical
properties among land uses (Fig. 3; Online Resource
10). For example, pasture quadrats had greater availa-
ble phosphorus and less acidic soil (pH ~5) than rem-
nant (pH ~4, Fig. 3a, b). Pasture also had greater pro-
portions of silt and clay, with less sand than restored
quadrats (Fig. 3c; Online Resource 10). Across all
land uses top-soil was characterised as having greater
C, NH,™-N, available P, Fe and Mn than sub-soil
(Fig. 3a, e, f; Online Resource 10).

The PCA of soil physicochemical properties indi-
cated no clear separation of quadrats according to
land use or depth (Fig. 3d; Online Resource 11).
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Fig. 2 Key vegetation properties in ground cover (a, Litter;
b, Richness of Exotic Species), sub-canopy (d, Total Cover),
Canopy (e, Average Point to Plant Distance) and PCA of veg-
etation properties (c). For a, b, d and e values represent means
(= SE) with P values from general linear models (GLM) test-
ing for the effect of land use (L). Significant differences
(Tukey HSD test) between land uses are indicated by super-
script letters. PCA of vegetation properties, points are col-
oured based on land use (red=pasture (P), green=restored
(RS), and blue=remnant (RM)). Abbreviations are as fol-

The soil fertility gradient separated quadrats in PC1
(33%), whereas differences in soil texture separated
the quadrats along PC2 (26%; Online Resource 12).
Mn and Na separated quadrats along PC3 (11%) and
PC4 (7%) respectively (Online Resource 7).

Land use and depth effects on soil fungal taxonomic
composition

Fungal taxonomic composition by phylum and class
did not differ with land use (P=0.34 F=1.07) or
depth (P=0.52 F=0.77; Fig. 4). No dispersion effect
was found for land use (P=0.71 F=0.34) or depth
(P=0.74 F=0.11). Overall fungal taxonomic abun-
dance, richness, and diversity did not differ with
either land use or depth (Online Resource 13). Once
separated into different phyla however, remnant soils

lows; for Ground Cover — Bareground (BG), Litter (L), Rich-
ness of exotic species (GC_Exotic), Richness of native species
(GC_Native), and Total Cover (GC_TC); For Sub-Canopy —
Richness of Acacia spp. (SC_Acacia), Total Cover (SC_TC),
Total Richness of Native and Exotic species (SC_TR); For
Canopy—Average Basal Area (BA), Average Basal Area of
Eucalyptus spp. (BA_Euc), Average Point to Plant Distance
(APPD), Relative Density (RD), Abundance of Eucalyptus
spp. (C_Euc), Total Density (C_Den), and Total Richness (C_
Rich)

tended to have lower fungal abundance and diver-
sity than restored and pasture, which had the great-
est abundance and diversity (Table 1). GLM results
within class showed that only three of the 14 taxo-
nomic classes investigated (Archaeorhizomycetes,
Glomeromycetes and Tremellomycetes) differed
in abundance, richness, or diversity with land use
(Table 1).

Archaeorhizomycetes (Ascomycota) were rela-
tively more abundant in pasture quadrats than in rem-
nant quadrats, with restored showing intermediate
values (Table 1). Glomeromycetes were more abun-
dant in restored, where Tremellomycetes (Basidi-
omycota) also showed the greater diversity than in
remnant, with pasture having intermediate values
(Table 1). Top-soil tended to have higher richness and
diversity of phyla and classes compared to sub-soil
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Plant Soil

Fig. 4 NMDS ordination
of Fungal Taxonomic Com-
position (stress 0.16, non-
metric R? 0.98 and linear
fit R? 0.90). Land-use type:
P =Pasture, RS =Restored
and RM =Remnant

(Table 1). Glomeromycota had significantly higher
diversity and Mucoromycota had significantly higher
richness in top-soil than sub-soil (Table 1). Arthonio-
mycetes on the other hand had higher abundance in
sub-soil than top-soil (Table 1).

Few differences were observed in the distribution
of taxa across the vertical profile in relative abun-
dance of taxonomic groups (Fig. 5). Top-soil in pas-
ture quadrats had the greatest proportion of Asco-
mycota (48%) and lowest of Basidiomycota (13%;
Fig. 5b and c), while sub-soil had more equal pro-
portions with 29% and 24% respectively. Sub-soil of
restored quadrats had the largest relative abundance
of Glomeromycota (4%), driven by increased abun-
dance of Glomeromycetes (Fig. 5d and Table 1).

Land use and depth effects on soil fungal functional
composition

PERMANOVA analyses by trophic guild revealed
marginal differences in fungal community function
with land use (P=0.07 F=1.70), but not with depth
(P=0.99 F=0.25; Fig. 6). Pairwise comparisons
showed that remnant quadrats were significantly dif-
ferent in functional composition to restored quadrats,
but pasture quadrats were not different to restored or
remnant quadrats (Fig. 6). There were no differences
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in dispersion of soil fungal functional data by land
use (P=0.80 F=0.23), or depth (P=0.66 F=0.20;
Fig. 6).

Abundance, richness and diversity did not differ
consistently within trophic modes between land-use
types or soil depth (Online Resource 13). In contrast,
when examined at the level of trophic guilds, abun-
dance, richness, or diversity of seven of the ten guilds
differed with land use (Table 2). Remnant quad-
rats had lower richness and diversity of all pathogen
types and dung saprotrophs than pasture and restored
(Table 2). In contrast, both pasture and remnant had
similar abundance of wood saprotrophs, which was
greater than that found in restored sites. Ectomycor-
rhizal fungi showed higher diversity in pasture and
restored than remnant quadrats (Table 2). Only arbus-
cular mycorrhizal fungi showed a difference with
depth, where top-soil had higher richness and diver-
sity than sub-soil (Table 2).

Comparisons of relative abundances of sequences by
trophic mode and guild revealed the largest differences
between pasture and other land uses (Fig. 7). Pasture soils
were characterised by higher relative abundance of dung
saprotrophs (Ascomycota; Fig. 7c) and a lower relative
abundance of pathotrophs and symbiotrophs (Fig. 7bb,
d; Online Resources 14-16). Restored soils harboured
greater relative proportions of plant pathogens particularly

@ Springer
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Table 1 Summary of fungal taxonomic differences measured
as abundance, richness and diversity with land use (pasture,
restored and remnant) and sampling depth (Top-soil=0-10 cm
and Sub-so0il=20-30 cm). Abundance was measured as
sequence abundance of single fungal species within each class,
diversity was calculated using the Shannon diversity index.
Values represent means (+ SE) with P values from general lin-

ear models (GLM) testing for the effects of land use (L) depth
(D) and interaction (LxD). Significant differences (Tukey
HSD test) between land uses are indicated by superscript let-
ters and are bold for P values <0.05, non-significant values
are shown as ns. Table only shows significant relationships;
observed in only two of 12 phyla and seven of the 14 classes
assessed

Phylum Class Measure Depth Land use GLM P values
Pasture Restored Remnant L D LxD
Ascomycota Archaeorhizomycetes Abundance Top-soil 1641 (451)* 1010 (372)® 154 (80)® <0.01 ns ns
Sub-soil 1182 (661)* 702 (371)*® 337 (231)°
Arthoniomycetes Abundance Top-soil 5 (4) 1(1) 0(0) ns 0.03 ns
Sub-soil 14 (9) 14 (7) 0 (0)
Leotiomycetes Richness Top-soil 16 (3.8) 11.5(2.3) 103 (2.1) ns 0.04 ns
Sub-soil 8.7 (2.2) 10.1 (1.2) 8.1(1.6)
Orbiliomyetes Richness Top-soil 3.6 (0.6) 3.1(0.6) 2.3(0.5) ns 0.03 ns
Sub-soil 2.4 (0.3) 1.9 (0.3) 2.6 (0.3)
Basidiomycota  Tremellomycetes Richness Top-soil 5.8(1.2)® 84(2.4)% 3.8(0.9)° 0.01 ns ns
Sub-soil 6.8 (1.4 6.5 (1.1)* 43 (0.8)"
Diversity Top-soil 1.6(02)® 1.8(0.4)% 12(02)°  0.02 ns ns
Sub-soil 1.8(0.2)® 1.8(0.2)2 1.3(0.2)°
Glomeromycota Diversity Top-soil 1.9 (0.2) 1.9 (0.3) 2.0(0.2) ns 0.01 ns
Sub-soil 1.3 (0.3) 1.4 (0.4) 1.5(0.2)
Archaeosporomycetes Diversity Top-soil 0.5 (0.8) 1.0 (0.1) 0.7 (0.2) ns 0.04 ns
Sub-soil 0.9 (0.5) 0.8 (0.3) 0.4 (0.2)
Glomeromycetes Abundance Top-soil 663 (197) ® 797 (318) 287 (10)®  0.03 ns ns
Sub-soil 569 (19)%® 1332 (424)* 732(349)°
Diversity Top-soil 1.7 (0.2) 1.5(0.3) 1.7 (0.2) ns 0.02 ns
Sub-soil 1.2 (0.3) 1.1 (0.3) 1.2(0.2)
Mucoromycota Richness Top-soil 9.0 (1.0) 5.1 (0.6) 7.0 (0.9) ns 0.04 ns
Sub-soil 5.0 (0.7) 3.7 (0.6) 3.7 (0.6)

in top-soil (primarily comprised of taxonomic class Aga-
ricomycetes and Sordariomycetes from phylum Ascomy-
cota), wood saprotrophs and arbuscular mycorrhizal fungi
(Fig. 6; Online Resources 14—16). Remnant soils had the
greatest proportions of animal pathogens (in top-soil) and
ectomycorrhizal fungi (symbiotrophs; class Agaricomy-
cetes from phylum Basidiomycota, in sub-soil, Fig. 6b, d;
Online Resources 14-16).

Relationships between fungal taxonomic composition
and environmental properties

Environmental properties explained 35% of the total
variation in fungal taxonomic composition by phyla
(P=0.03, Fig. 8a). RDAIl explained 18.5% and
RDA?2 explained 7.4% of the constrained variation.

@ Springer

No clear groups were observed based on land use or
depth (Fig. 8a). One vegetation and two soil principal
components were related to fungal taxonomic compo-
sition (Fig. 8a; Online Resource 17). These were Veg
PC3 (P=0.04), which represents a gradient of varia-
tion in ground cover features (litter, ground cover of
exotics, total ground cover, bare ground and average
point-plant distance (APPD; Online Resource 9), Soil
PC1 (P=0.01) and Soil PC2 (P <0.001), which rep-
resent gradients in soil fertility (N, P, K and Ca) and
soil texture, respectively (Online Resource 12). RDA
results indicate that Ascomycota, Basidiomycota and
Mucoromycota were more abundant in areas with
greater canopy cover, little ground cover, lower pro-
portion of clay and lower soil fertility (N, P, K and
Ca) relative to other areas (Fig. 8a).
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Plant Soil

Fig. 6 NMDS ordination
of Fungal Functional Com-
position (stress 0.15, non-
metric R? 0.98 and linear
fit R 0.91). Land-use type:
Pasture (P), Restored (RS)
and Remnant (RM). Only
significant PERMANOVA
pairwise comparisons (P
values < 0.05) for each land-
use combination are shown
in bold

Mantel tests showed that variation in taxonomic
composition of soil fungal communities was signifi-
cantly correlated with soil chemical properties at both
depths and with soil physical properties only in top-
soil (Table 3). Notably, no significant correlations
were observed between variation in sub-canopy veg-
etation and variation in fungal taxonomic composi-
tion (Table 3). Variation in ground cover vegetation
correlated with variation in sub-soil fungal taxonomic
composition, except for Glomeromycota where no
correlation was observed (Table 3). Ascomycota and
Mucoromycota at both depths were significantly cor-
related with variation in canopy vegetation, whereas
Basidiomycota and Glomeromycota in top-soil were
significantly correlated with variation in canopy veg-
etation (Table 3).

Variance partitioning analysis indicated that the
total variation in fungal taxonomic composition in
top-soil explained by environmental properties (veg-
etation and soil physicochemical properties) ranged
from 7-35%, a lower proportion was explained in
sub-soil (6-21%; Online Resource 18). Soil chemical
properties explained the largest proportion of varia-
tion in fungal taxonomic composition (average 8.7%,
Online Resource 18). Vegetation properties explained
the largest proportion of variation in top-soil com-
munities of Glomeromycota (11%), whereas none of

@ Springer
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the variation in sub-soil communities of Glomeromy-
cota was explained by vegetation properties (Online
Resource 18).

Relationships between fungal functional composition
and environmental properties

In total 36% of the variation in fungal commu-
nity trophic guilds was explained by environmental
properties (P<0.001; Fig. 8b). RDA1 and RDA2
explained 12.5% and 7.3% of the constrained vari-
ation respectively. As for the taxonomy, no clear
groupings were observed with land use or depth
(Fig. 8b). Variation in functional composition was
related to Veg PC4 (a gradient of increasing sub-can-
opy cover and decreasing canopy tree basal area and
bareground; P=0.02) and Soil PC2 (a textural-pH
gradient of increasing clay, and decreasing sand con-
tent and pH, P <0.01; Online Resources 7, 9 and 12).
Soil PC2 was positively corelated with RDA1 and
2, whereas Veg PC4 was negatively corelated with
RDA1 but positively correlated with RDA2 (Fig. 8b).
Therefore, sites with higher clay content, lower sub-
canopy cover and higher tree basal area tended to har-
bour more plant pathogens (PPath), dung saprotrophs
(DSap) and arbuscular mycorrhizal fungi (AMF;
Fig. 8b). In contrast, areas with higher sub-canopy
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Table 2 Summary of fungal community functional composi-
tion measured as abundance, richness and diversity with land
use (pasture, restored and remnant) and sampling depth (Top-
$0il=0 — 10 cm and Sub-soil=20 — 30 cm). Abundance was
measured as sequence abundance of single fungal species
within each functional guild, diversity was calculated using
the Shannon diversity Index. Values represent means (+SE)
with P values from general linear models (GLM) testing for

the effects of land use (L) depth (D) and interaction (L xD).
Significant differences (Tukey HSD test) between land uses
are indicated by superscript letters and are bold for P val-
ues < 0.05, non-significant values are shown as ns. Table only
shows significant relationships; none were found at trophic
mode, and only seven of 10 guilds assessed showed significant
relationships

Trophic Mode Trophic Guild Measure Depth Land use GLM P values
Pasture Restored Remnant L D LxD
Pathotroph Animal Pathogens Richness Top-soil 2.3 (0.6)® 1.5(0.3)® 1.20.1)* 0.03 ns ns
Sub-soil 1.7(0.4H° 1.9(0.5® 120.1)°
Plant Pathogens Diversity Top-soil 1.3 (0.3) b 1.2 (0.3) % 1.500.3)* 0.02 ns ns
Sub-soil 12(02)° 1.602)® 1.30.2)°
Rare Pathogens Diversity Top-soil 0.2 (0.2)° 0.3 (0.1 0@)* 0.02 ns ns
Sub-soil  0.3(0.1)® 0(0)® 0(0)*
Saprotroph Wood Saprotrophs Abundance Top-soil 63 (25)? 868 (418)®  172(62)*  0.01 ns ns
Sub-soil 124 (25)* 579 (497)® 131 (71)?
Dung Saprotrophs Richness Top-soil 1.3 (0.2)° 1.4 (0.2) ® 1.0(0)* 0.02 ns ns
Sub-soil 1.4(0.2)°®  1.0(0)® 1.0(0)°
Diversity Top-soil 0.2 (0.1)® 0.3 (0.1) % 0@)* 0.02 ns ns
Sub-soil  0.3(0.1)°®  0(0)® 0(0)*
Symbiotroph  Arbuscular Mycorrhizae Abundance Top-soil 886 (177) b 1118 321)° 433 (140)* 0.01 ns ns
Sub-soil 794 (228) ®® 1684 (418)® 758 (326)*
Richness Top-soil 8.6 (1.6) 7.8 (2.2) 8.3 (2.0) ns 0.04 ns
Sub-soil 6.1 (1.9) 54(1.9) 4.8 (1.2)
Diversity Top-soil 2.0 (0.2) 1.8 (0.3) 2.0(0.3) ns 0.02 ns
Sub-soil 1.4 (0.2) 1.4 (0.3) 1.5(0.3)
Ectomycorrhizal Fungi ~ Diversity Top-soil 1.4 (0.4)* 2.0(0.2)° 1.7(03)® 001 ns ns
Sub-soil  1.2(0.3)*  2.1(0.1)®  1.9(0.2)°

cover and lower tree basal area encompassed a greater
abundance of animal pathogens (APath), wood sap-
rotrophs (WSap) and Ectomycorrhizal fungi (EcM;
Fig. 8b). Our results from Mantel test and the vari-
ance partitioning analysis support these results and
show differences with soil depth (Table 3; Online
Resource 18). A notable difference with depth was in
the composition of saprotrophs, in top-soil, relation-
ships between composition and environmental prop-
erties were found, but not in sub-soil (Table 3; Online
Resource 18).

Discussion

Our study investigated changes to soil fungal taxo-
nomic and functional composition in response to

the conversion of riparian vegetation to grazing pas-
ture and subsequent restoration. In contrast to our
hypothesis, we found few differences in fungal taxo-
nomic and functional composition between land
uses. Instead, soil fungal community composition
responded more strongly to variations in soil physico-
chemical properties and canopy cover.

Land use effects on soil fungal (taxonomic and
functional) composition

Fungal community composition (both taxonomic and
functional) changed little with land use, with few spe-
cific differences observed within phyla, class or guild.
Soils at restored sites were characterised by a higher
abundance of class Glomeromycetes within Glom-
eromycota (which includes arbuscular mycorrhizal

@ Springer
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Fig. 8 Redundancy analysis using environmental proper-
ties from PCA dimensions (Figs. 2c, 3d) to explain variation
in (a) Fungal community taxonomic phyla and (b) Fungal
community function shown through trophic guilds. The direc-
tion of constraints is derived from principal components and
shown as a grey arrow, black lines indicate constraints that
were overlapping other text. Fungal community had a P value
of 0.03, and Trophic Guild had a P value <0.01. Land-use type
abbreviations; Pasture (P), Restored (RS) and Remnant (RM).
Names for phyla have been abbreviated in Fig. 8a, as follows:

fungi), and a greater richness and diversity of Tremel-
lomycetes within Basidiomycota (which includes
pathogens) compared to remnant and pasture soils.
Investigations of functional guilds showed soils at
restored sites had a higher abundance of pathogens,
arbuscular mycorrhizal fungi and wood saprotrophs
than pasture or remnant soils.

Fungi within the phylum Glomeromycota are
arbuscular mycorrhizal fungi that are known to
associate with grasses and forbs (Sepp et al. 2019).
Previously it has been shown that grazing pasture
had lower relative abundance of arbuscular mycor-
rhizal fungi than grasslands with high plant diver-
sity (Oehl et al. 2003; Vilyi et al. 2015). Our results
agree with this finding as we found intermediate

b) Functional Composition
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Ascomycota (Asco), Basidiomycota (Basi), Glomeromy-
cota (Glom), Mucoromycota (Muco), Rozellomycota (Roze),
with rare Phyla grouped (Rare) and unclassified fungi (Uncl).
Names for trophic guilds have been abbreviated in Fig. 8b, as
follows: animal pathogens (Apath), plant pathogens (Ppath),
rare pathogens (Rpath), arbuscular mycorrhizal fungi (AMF),
ectomycorrhizal fungi (EcM), rare symbiotrophs (Rsym), dung
saprotroph (Dsap), wood saprotroph (Wsap), rare saprotrophs
(Rsap) and undefined saprotrophs (Usap)

abundances of class Glomeromycetes and functional
group arbuscular mycorrhizal fungi in pasture soils,
which also had a lower richness of native ground
cover than restored. Other studies also show that a
change in land use from pasture to forest reduces
the abundance of arbuscular mycorrhizal commu-
nities (Balami et al. 2020; Melo et al. 2020). Simi-
larly, we found that remnant soils consistently had
the lowest abundance of class Glomeromycetes and
trophic guild arbuscular mycorrhizae. Furthermore,
the comparatively higher abundance of arbuscular
mycorrhizal fungi in restored soils may be related to
changes in nutrient acquisition due to the dual myc-
orrhizal status of some myrtaceous species. Euca-
lyptus species had been planted in the restored areas

@ Springer
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Table 3 Mantel test results for dissimilarity in fungal commu-
nity taxonomic composition and dissimilarity in environmen-
tal properties for top-soil and sub-soil. Significant differences

are indicated in bold for P values <0.05, non-significant values
are shown as ns. Table only shows significant relationships; as
none were found for sub-canopy this variable was omitted

Fungal Community Depth Ground cover vegeta-  Canopy vegetation Soil physical Soil chemical
tion properties properties
r P values r P values r P values r P values
Taxonomic Composition
Ascomycota Top-soil 0.12 ns 0.30 0.02 0.42 <0.01 0.39 <0.01
Sub-soil 0.21 0.01 0.02 0.15 0.04 0.38 <0.01
Basidiomycota Top-soil 0.17 ns 0.22 0.01 0.26 0.01 0.42 <0.01
Sub-soil 0.18 0.03 0.13 ns 0.13 ns 0.34 <0.01
Glomeromycota Top-soil 0.06 ns 0.30 <0.01 0.27 0.01 0.29 <0.01
Sub-soil -0.04 ns 0.06 ns 0.16 0.02 0.35 <0.01
Mucoromycota Top-soil 0.12 ns 0.19 0.02 0.15 0.02 0.19 0.02
Sub-soil 0.17 0.01 0.14 0.04 0.02 ns 0.28 <0.01
Rozellomycota Top-soil 0.07 ns 0.02 ns 0.39 0.01 0.55 <0.01
Sub-soil 0.09 0.03 -0.05 ns -0.02 ns 0.25 ns
Functional Composition
Pathotrophs Top-soil 0.13 ns 0.13 ns 0.19 0.02 0.22 0.01
Sub-soil 0.05 ns -0.01 ns 0.18 ns 0.35 <0.01
Saprotrophs Top-soil 0.16 0.03 0.18 0.03 0.27 <0.01 0.27 <0.01
Sub-soil 0.10 ns 0.12 ns 0.06 ns 0.19 0.01
Symbiotrophs Top-soil 0.11 ns 0.39 <0.01 0.16 ns 0.23 0.05
Sub-soil 0.10 ns 0.02 0.10 ns 0.27 <0.01

and this is a group in which root associations shift
from arbuscular mycorrhizal fungi to ectomycor-
rhizal dominance as plants age (Chen et al. 2000;
Teste et al. 2020). Therefore, mature extant vegeta-
tion would have a lower colonisation of arbuscular
mycorrhizal fungi compared with the young plants
in the restored sites as previously shown by Bermi-
dez-Contreras et al. (2020).

Our results indicated that land use also influenced
soil fungal communities that decompose organic mat-
ter (saprotrophs). Soil at restored sites had the great-
est abundance of wood saprotrophs, pasture had the
greatest richness of dung saprotrophs and remnant
had similar abundance of wood saprotrophs to pas-
ture, but lowest diversity and richness of dung sap-
rotrophs. Previous studies have shown higher abun-
dance of wood saprotrophs in natural forests than in
plantation forests or farmland (Zhang et al. 2021),
a difference that was related to plant community
composition and soil chemical characteristics (pH
and NH,*-N concentration). A similar relationship
is shown in our results, with restored sites having

@ Springer

the lowest soil pH and the greatest wood saprotroph
abundance suggesting an increase in nutrient cycling
3-9 years after restoration. The greater diversity of
dung saprotrophs found in our pasture compared to
remnant sites is consistent with the history of graz-
ing. We support research by Eldridge and Delgado-
Baquerizo (2018) that showed that increasing inten-
sity of cattle grazing and historic grazing by livestock
in pasture and woodland communities had a positive
effect on the relative abundance of dung saprotrophs.
Consistent with that, the restoration and destocking of
pastures here was associated with a decrease in rich-
ness and diversity of dung saprotrophs.

The main group of potential fungal pathogens (dis-
ease causing) found here were plant pathogens, which
had twice the relative abundance in restored soils than
other land-use types. It has been shown that plant patho-
gens have higher diversity in grazed pasture than in nat-
ural systems (Makiola et al. 2019) which contrasts with
the result in our study. The greater relative abundance of
plant pathogens in restored soils here may be due to the
planting technique introducing new fungal taxonomic
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groups, bearing in mind that functional guild is only
known for~30% of the sequences. Previous research by
Bermudez-Contreras et al. (2020) showed transplanted
plants had novel fungi compared to plants sown directly
on site. It may be that these novel fungi were patho-
gens, and account for the observed higher abundance
of plant pathogens, however that study reported fungal
taxonomy, not functional guilds. Another avenue for
the high relative abundance of plant pathogens may be
due to a lack of sterilisation procedures in the nursery
or during the transplanting process. Consequently, the
restoration provides opportunities for the introduction
of plant pathogens (Hancock 2015; Rooney-Latham
et al. 2019; Simamora et al. 2018). The increase in plant
pathogens may also be due to differences in plant spe-
cies richness particularly between pasture and restored
land-use types, the latter having significantly greater
species richness than pasture. Previous studies report
that plant species richness is a dominant factor affect-
ing plant pathogens as plants provide diverse substrates
for pathogens (Chen et al. 2018; Yang et al. 2017). Soil
disturbance from farming practices may also play a role
in pathogen abundance (Hu et al. 2021) and explain
the differences between restored and remnant which
both had high plant species richness. A higher plant
species richness could have a greater root biomass and
diversity of root exudates (Cui et al. 2018; Zhang et al.
2019), thus providing a higher abundance of resources
for fungi. Therefore, increasing plant species richness
would likely increase the biomass and diversity of plant
pathogens. Furthermore, in remnant riparian forests it is
likely that some degree of equilibrium had been reached
between soil fungal communities and pathogens as the
vegetation community is relatively stable. On the other
hand, restored sites are in a state of flux, with the vegeta-
tion community changing rapidly as the planted species
grow, increasing the likelihood of opportunistic patho-
gens. Consequently, the observed higher relative abun-
dance of plant pathogens in restored soils has implica-
tions for plant establishment and restoration outcomes
and requires further investigation.

Depth effects on soil fungal (taxonomic and
functional) composition

Contrary to our hypotheses we found a lack of differ-
ences with depth in both fungal taxonomic and func-
tional composition. The few differences we observed
showed a similar pattern of Mucoromycota and

Glomeromycota taxa having greater diversity in top-
soil. Root exudates, root density, litter, carbon and nutri-
ent availability change along the soil profile (Carnovale
et al. 2019; Zhang et al. 2020) inducing a shift in fungal
community composition (Aponte et al. 2010a; Gregory
2008; Kasel et al. 2008; Otsing et al. 2018; Peay et al.
2011). Mucoromycota are saprophytic fungi that inhabit
litter and coarse woody debris and therefore, and con-
sistent with previous research (Posada et al. 2012), it
is expected that they are more diverse in the top-soil
than in the sub-soil. Furthermore, greater carbon and
nitrogen were observed in the top-soil compared with
sub-soil, a difference that could underpin the observed
changes. Glomeromycota form arbuscular mycorrhizal
associations with non-woody species and their diversity
is strongly dependent on root depth (Peay et al. 2011).
Forbs and grasses have shallower roots than woody spe-
cies therefore underpinning the observed greater diver-
sity of Glomeromycota in top-soil than sub-soil (Greg-
ory 2008). In our study, few differences were found in
soil chemistry with soil depth, which agrees with the
few changes noted in the fungal community.

Arthoniomycetes (phyla Ascomycota) abun-
dances showed a contrasting pattern with soil depth.
In pastures they were more abundant on the top-soil,
whereas in restored quadrats they were more abun-
dant on the sub-soil. Arthoniomycetes are usually
lichen-forming fungi that inhabit exposed surfaces
(Nelsen et al. 2011). It is possible that the soil tillage
and turn-over that was implemented during the resto-
ration may have altered the distribution of this taxa
through the soil profile.

Relationships between soil fungal community
composition and environmental properties

Consistent with our hypothesis, fungal taxonomic and
functional composition were related to several veg-
etation properties. Interestingly soil fungal taxonomic
composition was related to ground cover vegetation,
but functional composition was more strongly related
to canopy vegetation. This is in contrast with our previ-
ous research where variation in soil fungal communities
was strongly related to variation in sub-canopy vegeta-
tion at one site (Waymouth et al. 2020). It may be that
at different scales (within a site or across multiple sites)
relationships with vegetation properties differ. Ascomy-
cota and Basidiomycota, which contain ectomycorrhi-
zal species, were more abundant in areas with greater
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canopy cover, and little ground cover, a relationship
which may be due to shading and associated differences
in soil microclimate which vary with canopy cover. Pre-
vious investigations by Perreault et al. (2020) showed
a relationship between canopy density and both soil
fungal taxonomic and functional composition, where
fungal abundance was higher in areas with canopy
gaps, soil temperature was higher and more phosphorus
was available compared to areas without canopy gaps.
Another study by Branco et al. (2013) reported dif-
ferences in fungal community in two canopy defined-
zones (inner — close to trunk and outer — further away)
under single trees, showing higher diversity of ectomy-
corrhizal fungi close to tree trunks, where root densi-
ties are higher. Other vegetation properties, such as
native plant species richness, can also influence fungal
diversity (Sielaff et al. 2018), and exotic plant species
can reinforce the degraded state of soils by changing
nutrient cycles and soil biota composition (Ba et al.
2018; Smith et al. 2018). We found that Ascomycota
and Basidiomycota were more abundant in areas with
greater canopy cover, and less ground cover possibly
related to differences in the richness of native plant spe-
cies in ground cover between land-use types.

Our results also highlight a strong relationship
between soil chemical attributes and soil fungal com-
munity composition, where these differences may
underpin to a great extent the observed variation in the
fungal community composition. Despite the absence
of overall differences in soil chemistry with land use,
we found significant differences in P, Ca and pH. Cal-
cium (and pH) was higher in pasture quadrats and top-
soil compared to remnant quadrats, potentially due to
increased inputs from farming practices. Available P
was higher in pasture and restored soils than in rem-
nant forests. Soil pH, Ca concentration (as a modulator
of soil pH) and the availability of nutrients (P and N)
may select for particular taxonomic groups and func-
tions in the soil fungal community (e.g., Aponte et al.
2010b, Newbound et al. 2012, Leff et al. 2015, Cass-
man et al. 2016, and Ye et al. 2020). The greater abun-
dance of symbiotrophic phyla Ascomycota, and Basidi-
omycota in areas with lower soil fertility (N, P, K and
Ca) in this study is consistent with previous work in
which sites with low nutrient content and higher pH
were characterised by a higher fungal taxonomic and
functional diversity and greater abundance of symbio-
trophs (Aponte et al. 2010b; Henry et al. 2015; Lauber
et al. 2008).
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Soil texture also emerged as a strong predictor of
soil fungal composition. Soil texture modulates soil
fertility (N, P, K and Ca), influencing soil microbial
communities and restoration (Bach et al. 2010). We
found soil texture, primarily the proportions of clay
and sand, were related to changes in both soil fungal
taxonomic and functional composition. Other stud-
ies have shown that variations in soil clay content are
related to changes in soil fungal communities (Cass-
man et al. 2016; Schmidt et al. 2019). Our results are
also in agreement with Xiang et al. (2014) who found
a relationship between fungal taxonomic composi-
tion and soil texture (particle size distribution), and
suggested it was due to the influence of soil texture
on soil aeration, nutrient content, and water-holding
capacity. Contrastingly, investigations by Klopf et al.
(2017) in grasslands showed no correlation between
soil texture and soil fungal community. Our research
indicates that in riparian ecosystems of south-eastern
Australia soil texture is an important determinant for
soil fungal taxonomic and functional composition.

Conclusion

Fungal taxonomic and functional composition var-
ied more with soil physicochemical properties, rather
than land use or depth. We found that Ascomycota and
Basidiomycota were more abundant in areas with little
ground cover and lower soil fertility (N, P, K and Ca),
whereas the opposite was true for Glomeromycota. Sites
with higher clay content, lower sub-canopy cover and
higher tree basal area tended to harbour more plant path-
ogens, dung saprotrophs and arbuscular mycorrhizae. In
contrast, areas with higher sub-canopy cover and lower
tree basal area encompassed a greater abundance of ani-
mal pathogens, wood saprotrophs and ectomycorrhizal
fungi. Contrary to our hypothesis, land-use change had
little effect on the taxonomic and functional composi-
tion of soil fungal communities, however changes in soil
chemistry and vegetation related to the conversion of
riparian forest to grazing pasture were associated with a
shift in soil fungal community composition.
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