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In forest ecosystems, habitat fragmentation negatively impacts stand structure and

biodiversity; the resulting fragmented patches of forest have distinct, disturbed edge

habitats that experience different environmental conditions than the interiors of the

fragments. In southwest Western Australia, there is a large-scale decline of the

keystone tree speciesCorymbia calophylla following fragmentation and land use change.

These changes have altered stand structure and increased their susceptibility to an

endemic fungal pathogen, Quambalaria coyrecup, which causes chronic canker disease

especially along disturbed forest habitats. However, the impacts of fragmentation on

belowground processes in this system are not well-understood. We examined the effects

of fragmentation on abiotic soil properties and ectomycorrhizal (ECM) and arbuscular

mycorrhizal (AM) fungal communities, and whether these belowground changes were

drivers of disease incidence. We collected soil from 17 sites across the distribution range

of C. calophylla. Soils were collected across a gradient from disturbed, diseased areas to

undisturbed, disease-free areas. We analysed soil nutrients and grewC. calophylla plants

as a bioassay host. Plants were harvested and roots collected after 6 months of growth.

DNAwas extracted from the roots, amplified using fungal specific primers and sequenced

using Illumina MiSeq. Concentrations of key soil nutrients such as nitrogen, phosphorus

and potassium were much higher along the disturbed, diseased edges in comparison

to undisturbed areas. Disturbance altered the community composition of ECM and AM

fungi; however, only ECM fungal communities had lower rarefied richness and diversity

along the disturbed, diseased areas compared to undisturbed areas. Accounting for

effects of disturbance, ECM fungal diversity and leaf litter depth were highly correlated

with increased disease incidence in C. calophylla. In the face of global change, increased

virulence of an endemic pathogen has emerged in this Mediterranean-type forest.

Keywords: Quambalaria coyrecup, land use change, habitat fragmentation, emerging forest disease, eDNA,
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INTRODUCTION

Globally, forest health is threatened by multiple factors including
invasive forest pests and pathogens and global change (i.e.,
climate change and anthropogenic disturbance). Anthropogenic
disturbances such as habitat fragmentation and land use change
are occurring at accelerated rates around the world and are
some of the leading causes of biodiversity loss (Jung et al.,
2019). For forested ecosystems, habitat loss results in small,
isolated fragments interspersed among a matrix of human-
modified land (Zambrano et al., 2019). Fragmented forests have
distinct edge habitats that experience different environmental
conditions than the interior of the fragments, including greater
fluctuations in temperature and moisture, increased windthrow
and evaporation, and increased access for people, invasive alien
species including pathogens, and fire (Arroyo-Rodríguez et al.,
2017; Latimer and Zuckerberg, 2017; Watson et al., 2018). Such
changes in environmental conditions can cause increases in tree
mortality, damage and turnover (Santo-Silva et al., 2016). The
loss of plant diversity and changes in overall forest structure
can, as a result, cause changes in litter return which can alter
soil nutrient cycling (Xiao et al., 2017). The magnitude of the
effects of fragmentation is also dependent on the type of land
use bordering forest fragments. For example, fertilisation is
common in horticultural and agricultural land, thus there is
an increased probability of deposition by nitrogen and other
nutrients and pollutants into edge habitats (Crockatt, 2012;
Department of Primary Industries Regional Development, 2016).
Edges adjacent to roads experience higher concentrations of
salt and heavy metals than forest interiors (Laurance et al.,
2009; Neher et al., 2017). Furthermore, highly fragmented
forests may be exposed to multiple types of land use (i.e., one
edge of a forest fragment is adjacent to a road and a second
edge adjacent to agricultural land). The effects of exposure to
multiple land uses may result in additive or interactive effects on
tree health.

The distinct microclimates along edge habitats of fragmented
forests are not only aboveground, but also belowground.
Changes in soil microclimates can further impact belowground
processes and communities. However, the implications of
fragmentation belowground are not as well-understood as the
effects aboveground. This has severe repercussions for the future
of forest health, as many soil fungi are beneficial mutualists of
trees. For example, mycorrhizal fungi (ectomycorrhizal (ECM)
and arbuscular mycorrhizal (AM) fungi) provide their hosts
with minerals and water through nutrient exchange, provide
increased resistance to root pathogens and improve soil structure
(Sapsford et al., 2017; Neuenkamp et al., 2019). Mycorrhizal
fungi are highly sensitive to changes in abiotic soil properties
(e.g., moisture, temperature, nutrients) and consequently, edge
habitats may become inhospitable. In addition, changes in abiotic
soil properties can alter processes these fungi are involved
in including leaf litter decomposition, fruit body production
and spore release (Crockatt, 2012). Nitrogen deposition alters
ECM fungal community structure and reduces ECM root
tip abundance and mycelial production (Kjøller et al., 2012).
These alterations can result in decreased uptake of nitrogen by

roots and fungi and increased losses of nitrogen by leaching
(Kjøller et al., 2012). ECM and AM fungi might also react
differently to fragmentation and land use change; for example,
edges along a white spruce and aspen forest had decreased
ECM richness but increased AM fungi in comparison to
undisturbed forests (Ramsfield et al., 2020). The combined
effects of abiotic and biotic changes in the soil can affect future
tree establishment (Tonn and Ibáñez, 2016; Sapsford et al.,
2017) and disruptions of these host-mutualist interactions will
have cascading effects, threatening the health and function of
forest ecosystems.

The southwest of Western Australia (SWWA) consists of a
Mediterranean-type ecosystem and is a recognized biodiversity
hotspot (Klausmeyer and Shaw, 2009; Mittermeier et al.,
2011). However, this region is under threat by multiple
disturbances; extensive land clearing has led to a highly
fragmented landscape (Shepherd et al., 2002), the rainfall has
declined and temperatures increased since the 1970’s (Bates
et al., 2008), and invasive pathogens such as Phytophthora
cinnamomi have spread throughout the region (Burgess et al.,
2017). The combination of these disturbances has negatively
impacted forest health in SWWA. Specifically, aboveground,
these disturbances have impacted forest stand structure, with
highly disturbed fragmented areas having different overstory
composition in comparison to less disturbed areas (Paap et al.,
2018). These changes have led to the decline in health of marri
(Corymbia calophylla), a keystone species in SWWA forests. The
seeds of marri are an important food source for many species
of parrots including the endangered Carnaby’s black cockatoo
(Calyptorhynchus latirostris) (Cooper et al., 2003), and these trees
are common nesting locations for these birds. The effects of
anthropogenic disturbances (i.e., fragmentation, climate change,
Phytophthora spp.) have also increased the incidence and severity
of an endemic pathogen, Quambalaria coyrecup, that causes a
fatal canker disease in C. calophylla (Paap et al., 2017, 2018).

Increased incidence of Q. coyrecup in C. calophylla in
disturbed areas can be influenced by multiple factors. Highly
fragmented areas have resulted in remnant tree stands dominated
by C. calophylla. Originally, these areas consisted of mixed
Eucalyptus marginata and C. calophylla forest stands; however,
E. marginatamay be less tolerant to soil moisture variability and
soil pathogens (e.g., Phytophthora cinnamomi) present in these
fragmented areas than themore tolerantC. calophylla (Paap et al.,
2018). In addition, E. marginata is also removed by selective
logging practices. This loss of tree diversity may have led to
levels of pathogen pressure above those which C. calophylla is
adapted to in their naturally occurring forest setting (Ennos,
2015). Incidence of disease in C. calophylla can also be influenced
by changes in belowground. Fragmented remnant stands of C.
calophylla are surrounded by two types of land use: roads and
land used for horticulture, agriculture, viticulture or grazing.
Increased deposition of nitrogen and other fertilisers, pesticides
and other pollutants are likely to be higher in these fragmented
areas. These changes in abiotic soil properties can then alter
communities of mycorrhizal fungi (Sapsford et al., 2017). Overall,
disruptions in soil and mycorrhizal communities can alter
nutrient and water acquisition by the host; this increase in stress
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increases the hosts susceptibility to pathogens such asQ. coyrecup
(Manion, 1991). While the impacts of habitat fragmentation and
land use change on aboveground processes in C. calophylla forest
communities have been investigated, the effects on belowground
processes are not well-understood. Corymbia calophylla forms
associations with two types of mycorrhizal fungi: ECM and
AM fungi (Sapsford et al., 2020). In the complex decline of
C. calophylla, mycorrhizal fungal communities have yet to be
considered. Therefore, our aim was to determine how abiotic soil
properties, and ECM and AM fungal communities respond to
edge habitats of fragmented forests exposed to various types of
land use (road, agricultural/horticultural/viticultural/grazing or
both). We hypothesized fragmented forests exposed to multiple
land uses would have (1) increased concentrations of soil
nutrients and greater soil moisture, (2) decreased richness and
diversity of mycorrhizal fungi, and (3) increased richness and
diversity of pathogens in comparison to fragmented forests
exposed to a single land use change and undisturbed forests.
Furthermore, the combination of changes in abiotic and biotic
soil variables would drive canker incidence along disturbed edges
exposed to multiple land uses.

MATERIALS AND METHODS

Study Species and Area
Corymbia calophylla (Myrtaceae) is a bloodwood tree endemic
to southwest Western Australia (SWWA) (Figure 1). This forest
and woodland keystone species occurs in areas of 360–1,150mm
annual rainfall and average annual temperatures between 14 and
21◦C (Raupach et al., 2009).

Field Survey and Study Sites
Seventeen sites described by Paap et al. (2018) were selected
throughout the C. calophylla range in SWWA (Figure 1). In
brief, each site consisted of a gradient from a highly disturbed
area (fragment exposed to two types of land use) to healthy
forest (opposite side of road). The gradient included three lateral
transects that were perpendicular to the disturbance gradient.
The transect along the highly disturbed area (henceforth
disturbed edge) consisted of a dominant, remnant stand of
C. calophylla with many cankered trees (mean incidence of
canker = 0.44). This transect had edges exposed to two types
of land use: a road and land designated for agricultural,
horticultural, viticultural, or grazing purposes (Inset of Figure 1).
This remnant stand had few other tree and shrub species.
The remaining two transects were part of an intact forest:
one along the road edge (fragment exposed to only one type
of land use), opposite the disturbed edge (∼10m from the
disturbed edge), with few cankered trees (mean incidence of
canker = 0.21), the other 200m into the forest block (mean
incidence of canker = 0.03). Each transect was 100m in
length and 3m in width and thus an area of 300 m2. This
gradient of disturbance allowed the comparison of impacts of
multiple disturbances (e.g., the road and other land use along
disturbed edges), a single disturbance (e.g., road along the forest
edge) and no disturbance (e.g., healthy forest with no edge

habitats). Assessment of canker presence was based on the
presence of symptoms and signs associated with Q. coyrecup
infection, as previously confirmed by Paap et al. (2018). For
each transect, the number of C. calophylla trees with cankers
was converted to a proportion by dividing it by the total
number of surveyedC. calophylla trees present along the transect.
All C. calophylla with a diameter at breast height of > 5 cm
within each 300 m2 transect were assessed for canker. While
floristically diverse, the dominant species in the forest block were
C. calophylla, Eucalyptus marginata (Myrtaceae), and the mid-
story species Xanthorrhoea preissii (Asphodelaceae) and Banksia
grandis (Proteaceae).

Soil and Litter Collection
At each site, 30 C. calophylla trees were randomly selected,
10 from each transect (we walked along each transect and, at
10m intervals, soil was collected from the nearest C. calophylla).
One soil sample was collected 30 cm from the base of each
tree to a depth of 20 cm using an auger (10 cm dia.). Samples
were collected in June 2015 (austral winter) and bulked for
each transect (51 bulked samples from the 17 sites). Bulked
samples were mixed thoroughly using a cement mixer and then
divided for soil nutrient analysis and a glasshouse bioassay.
In addition, one handful of leaf litter around each tree was
collected and bulked for each transect, for use in the glasshouse
bioassay experiment, to mimic natural conditions along each
transect at each site. This addition accounted for effects of leaf
litter on mycorrhizal communities and soil abiotic variables.
Leaf litter depth was recorded at each transect by taking
the average of four measurements around each tree to the
nearest 0.1 cm.

Abiotic Soil Properties and Nutrient
Analysis
Soil temperature was recorded every 2 h for 12 months (October
2015 – October 2016) by placing a Thermochron iButton
datalogger (model DS1921G, precision: 0.5◦, accuracy: 1◦) 10 cm
below the surface of the soil at each transect. Dataloggers were
placed ∼1m from a C. calophylla tree at the mid-point of
each transect. If there was a layer of leaf litter, the litter was
removed and the iButton placed 10 cm below the soil, and the
leaf litter replaced.

Soil moisture was measured in March 2016 (end of austral
summer and the driest time of year) and September 2016 (end
of austral winter and the wettest season) by collecting soil
from each transect at each site, weighing the soil, allowing
the soil to dry (at a constant 37◦ for 2 weeks), and weighing
the dried soil. The percentage difference in weight was used
as a proxy for soil moisture throughout the analyses. Soil
(500 g) from each transect, at each site, was sent for nutrient
analysis (i.e., macro- and micronutrients, conductivity and pH;
CSBP Soil and Plant Laboratory, Bibra Lake, Western Australia)
(Supplementary Table 1).
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FIGURE 1 | Map of the distribution range of Corymbia calophylla in southwest Western Australia and the 17 study sites. Inset: Each site consisted of three lateral

transects perpendicular to the disturbance gradient. The disturbed edge consisted of a remnant stand of C. calophylla bordering agricultural land and a road; the

forest edge was adjacent to the road; and the intact forest block was 200m into intact forest.

Community Composition of Mycorrhizal
Fungi
To determine the mycorrhizal communities associated with
C. calophylla, plants were grown in soil collected from each
transect (Sapsford et al., 2020), divided between five replicate
(2.8 L) free-draining polyurethane pots (P175STK, 2.8L, Garden
City Plastics, Canning Vale, Western Australia, 6155) for a total
of 255 pots. Three C. calophylla seeds (provenance Plantagenet
collected from 34◦39’11.8512”S 117◦30’5.8356”E) were placed
into pots and each pot was covered in leaf litter collected (∼1 cm
depth) from the respective site and transect. An additional
ten pots filled with pasteurized river sand (steamed at 65◦

for 3 h) acted as controls to account for potential glasshouse
fungal contaminants present in glasshouse environments, giving
a total of 265 pots. Control pots were covered in high density
polyethylene beads (Qenos Pty Ltd, Altona, Victoria, Australia)
to replicate leaf litter (∼1 cm depth). Once germinated, seedlings
were thinned to one per pot. Pots were watered to container

capacity every 3 days. Due to the river sand being nutrient
poor, the controls received one-quarter of the recommended rate
of Thrive R© (nitrogen: phosphorus = 5: 1; all-purpose soluble
fertiliser; Yates Australia, Padstow, New SouthWales, 2211) twice
during the 6 months of the experiment to prevent plant death.
Pots were placed in a randomized plot design, with each pot
moved randomly every 2 weeks.

Plants were harvested after 6months and the roots were rinsed
of soil and stripped of fine roots (Sapsford et al., 2020) which were
then separated from larger lateral roots using a sieve. To prevent
contamination between samples, new gloves were worn for each
sample. Fine roots (50mg) were stored in 2mL vials at−20◦.

DNA Extraction and High-Throughput
Sequencing
DNA was extracted from all roots using a PowerPlant Pro
DNA isolation kit as per the manufacturer’s protocol (now
DNeasyPowerPlant Pro Kit from Qiagen). Amplicon library
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preparationwas performed according to recommended protocols
(Illumina Demonstrated Protocol: 16S Metagenomic Sequencing
Library Preparation) with exceptions. eDNA was amplified
using the fungal specific primer fITS7 (Integrated DNA
Technologies, Baulkham Hills, New South Wales, 2153) and
eukaryotic primer ITS4 as the reverse primer (Integrated DNA
Technologies, Baulkham Hills, New South Wales, 2153) which
amplified the ITS2 region (universal genetic barcode for fungi)
(Ihrmark et al., 2012). Twelve extraction controls (i.e., no root
sample included in the extraction) and 11 PCR controls (i.e.,
water used in place of DNA) were negative. PCR products
were visualized on 2% agarose gels, and pooled based on
DNA concentrations determined using the Qubit Flourometric
Quantification (ThermoFisher). Some glasshouse controls only
produced faint bands, but this was equalized at the pooling stage.
Uniquely indexed libraries (265) were pooled for the sequencing
run, which was performed on an Illumina MiSeq using 600-
cycle V3 chemistry (300 bp paired-end reads) following the
manufacturer’s recommendations.

Bioinformatic Analysis
Paired-end reads were merged using USEARCH v8.0.1623
(Edgar, 2010) with a minimum overlap length of 50 bp
with no gaps allowed in the merged alignments. Sequence
deconvolution such as quality control and clustering was carried
out using the bioinformatics platform Sequence Clustering and
Analysis of Tagged Amplicons (SCATA; scata.mykopat.slu.se),
developed and maintained by the Swedish University of
Agricultural Sciences in Uppsala [parameters were set as per
Clemmensen et al. (2015)]. Reads with low mean quality
(<20) and sequences with missing primers were removed.
Primer sequences were removed and sequences passing quality
control were then clustered into operational taxonomic units
(OTUs). The threshold distance for clustering was set at
0.015 [corresponding approximately to species level for ITS
(Nguyen et al., 2017)] and minimum alignment for clusters (i.e.,
minimum length of pairwise alignment in the clustering process
required to consider a sequence pair for clustering) was 0.85.
Taxonomy of OTUs were identified by searching against the
internally curated SCATA database (UNITE version 7.1) (Kõljalg
et al., 2013; Clemmensen et al., 2015) and through BLAST
searches in GenBank (https://www.ncbi.nlm.nih.gov/genbank/)
using Geneious (version R9 http://www.geneious.com/). All
identifications provided by SCATA were confirmed in Genbank.
Positive identifications and phylogenetic analysis were conducted
following methods outline by Sapsford et al. (2020).

Ecological information of each phylotype was based primarily
on FUNGuild (https://github.com/UMNFuN/FUNGuild),
following the user’s manual where assignments were made
on ranks of “probable” and “highly probable” (Nguyen et al.,
2016a). Where there was no match or a phylotype was ranked
as “possible,” literature searches were conducted and phylotypes
assigned to a guild based on published literature. If more than
one guild was applicable to a phylotype, then assignment was
based on the most likely guild that would be found on tree roots.
If no information was found than the phylotype was classified in
an “unidentified fungus” guild.

Through SCATA, 76.5% of reads (total 14,035,861) passed
quality control resulting in 1704 OTU’s. OTUs that represented
at least 0.001% of the reads (most dominant) were retained for
analysis, and OTUs that were present in the glasshouse control
pots were removed. This resulted in a library of 1665 OTU’s.
Of these, 255 were identified as mycorrhizal fungi through the
library developed in a pilot study (Sapsford et al., 2020), literature
and FUNGuild (Nguyen et al., 2016a) (Supplementary Table 2).
Only OTUs that were classified as ectomycorrhizal (ECM),
arbuscular mycorrhizal (AM) fungi or putative plant pathogens
were retained in the following analyses, resulting in three separate
OTU tables, one for each group. ECM fungi consisted of 191
OTUs, AM fungi consisted of 64 OTUs and putative plant
pathogens consisted of 37 OTUs (Supplementary Table 2).

Statistical Analysis
All analyses were performed using R version 3.6.3 (R Core
Team, 2020). Data exploration was carried out according to
Zuur et al. (2010). Many soil nutrients and properties were
collinear, and those with high variance inflation factor (VIF)
were removed as collinearity can bias results (Zuur et al., 2010)
(Supplementary Table 3). After accounting for collinearity, we
finally included macronutrients: nitrate, nitrogen, phosphorus,
potassium and sulfur; micronutrients: copper, iron, manganese
and zinc; and soil properties: conductivity, leaf litter depth, mean
soil temperature of wettest quarter, and winter soil moisture in
the remaining analyses.

Soil Nutrients and Properties
Our first aim was to determine the effect of disturbance (i.e.,
habitat fragmentation and exposure to multiple land use) on
abiotic soil properties; therefore, we used linear mixed models
(LMM) to determine whether the concentration of soil nutrients
differed across the three transects. Concentration (of each
nutrient) was the response variable and the factor transect as
the predictor variable. To incorporate the dependency among
sites, site was used as a random intercept. Model assumptions
were verified by visually inspecting residuals for assumptions of
normality and homoscedasticity (Zuur and Ieno, 2016).

Community Composition of Soil Fungal Communities
To evaluate whether changes in the composition of communities
of ectomycorrhizal (ECM) fungi were related to abiotic soil
nutrients and properties, a distance-based redundancy analysis
(dbRDA) was performed using function “capscale” in package
vegan (Oksanen et al., 2015). We used the Bray-Curtis
dissimilarity index to calculate dissimilarity values from the
ECM fungal OTU relative abundance data. The dissimilarity
matrix was used as the response variable and abiotic soil
nutrients and properties (i.e., those that were significantly
different across the disturbance gradient; Table 1) and transect
(i.e., disturbance) were the explanatory variables. Transect
was included to determine whether any abiotic soil nutrients
or properties improve predictions or simply co-vary with
disturbance. Relevant explanatory variables were selected by
permutation tests with forward model selection using function
ordiR2step in the vegan package (Oksanen et al., 2015). To
test the significance of the model, we ran a permutation test
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TABLE 1 | Abiotic soil properties across seventeen sites in southwest Western Australia along a disturbance gradient.

Disturbance Site Goodness of fit

Abiotic soil properties Disturbed edge Forest edge Forest F-value P-value Stan. Dev. AIC R2 (conditional)

Copper (mg/kg) 0.37 ± 0.28 0.21 ± 0.08 0.15 ± 0.05 2.69 0.08 0.136 46.41 0.24

Iron (mg/kg) 60.9 ± 11.7 58.0 ± 13.2 44.4 ± 10.4 4.42 0.020 15.98 437.67 0.52

Nitrate nitrogen (mg/kg) 1.18 ± 0.60 0.76 ± 0.35 0.50 ± 0.00 3.86 0.032 0.353 128.25 0.29

Manganese (mg/kg) 5.39 ± 2.25 3.98 ± 1.63 5.06 ± 2.69 1.70 0.199 3.613 266.90 0.70

Phosphorus (mg/kg) 6.31 ± 0.84 4.88 ± 1.04 3.47 ± 0.58 9.00 < 0.001 1.28 249.1 0.38

Potassium (mg/kg) 129.6 ± 33.7 104.7 ± 25.2 65.8 ± 13.8 18.5 < 0.001 42.29 500.07 0.74

Sulfur (mg/kg) 5.81 ± 1.08 4.54 ± 0.71 5.78 ± 3.12 2.44 0.104 0.723 221.29 0.19

Zinc (mg/kg) 1.63 ± 0.96 0.81 ± 0.64 0.17 ± 0.06 7.36 0.002 0.688 174.37 0.40

Conductivity (dS/m) 0.05 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 4.00 0.030 0.018 189.14 0.46

pH 5.86 ± 0.17 5.95 ± 0.22 5.85 ± 0.24 0.98 0.388 0.228 75.62 0.27

Winter soil moisture (%) 8.80 ± 2.06 8.15 ± 2.14 5.66 ± 1.17 8.10 0.001 2.716 258.72 0.62

Mean soil temperature of wettest quarter (◦C) 12.30 ± 0.54 11.50 ± 0.45 11.29 ± 0.40 13.49 < 0.001 0.682 127.35 0.66

Leaf litter depth (cm) 5.84 ± 1.60 3.28 ± 0.91 1.76 ± 0.39 16.27 < 0.001 0.524 222.90 0.422

Values are means +/− 95% confidence intervals (CI). LMM results of the effect of anthropogenic disturbance (fixed effect) on soil nutrients and properties, including site as a random

effect. Goodness of fit statistics include Akaike information criterion (AIC) and the conditional R-squared value.

(permutations = 1,000) using function ANOVA. We repeated
this using Jaccard dissimilarity index to calculate dissimilarity
values from the ECM fungal OTU presence-absence data. To
evaluate changes in the composition of arbuscular mycorrhizal
(AM) fungi and putative plant pathogens, we repeated the above
dbRDA analysis on the AM fungal OTU data and plant pathogen
OTU data.

We used linear mixed models (LMM) to determine whether
rarefied richness and diversity of ECM, AM fungi and putative
plant pathogens differed across the three transects; site was
used as a random intercept. Model assumptions were verified
by visually inspecting residuals for assumptions of normality
and homoscedasticity (Zuur and Ieno, 2016). To determine
richness (number of phylotypes) of each sample, OTUs were
rarefied based on the minimum number of sequences (i.e.,
1,000 for ECM fungi, 50 for AM fungi and 50 for putative
plant pathogens) observed per sample using the rarefy function
in the vegan package (Oksanen et al., 2015). The function
diversity in the vegan package was used to calculate Shannon
diversity and the exponent of Shannon diversity was calculated
to obtain the effective number of species (Jost, 2006). To
test the relationship between ECM fungi and plant pathogens,
we also compared whether the richness or diversity of ECM
fungi influenced the richness and diversity of plant pathogens
irrespective of disturbance.

Canker Incidence
To investigate belowground drivers of canker presence, we
modeled canker presence against belowground soil and fungal
community factors. We used a binomial generalised linear
mixed model with function glmer in the package lme4.
Canker incidence of C. calophylla was the response variable.
Fixed covariates included transect, soil nutrients (nitrate,
phosphorus, potassium, copper, iron, zinc) and abiotic and biotic
soil properties (ECM fungal diversity, ECM fungal richness,

conductivity, winter soil moisture, leaf litter depth, and mean soil
temperature of wettest quarter). All covariates were standardized
(i.e., subtracting the mean and dividing by the standard
deviation) before fitting the model, to ease the comparison
of model coefficients. To incorporate the dependency among
sites, site was used as a random intercept. Model assumptions
were verified by visually inspecting residuals for assumptions
of normality and homoscedasticity (Zuur and Ieno, 2016). The
best model was based on Akaike’s Information Criterion (AIC)
(Burnham and Anderson, 2004). Models with lower AIC values
are considered more parsimonious explanations of the data than
models with higher AIC values. To tease out specific soil drivers
within each transect, we also repeated the above analysis on each
transect separately.

RESULTS

The concentrations of most of the nutrients were
significantly different (Table 1) across the disturbance
gradient, with concentrations higher along disturbed edges
(Supplementary Table 1). Copper, manganese and sulfur were
the only nutrients that did not differ significantly across the
disturbance gradient. Winter soil moisture and mean soil
temperature of the wettest quarter were both significantly
higher along disturbed edges. Disturbance had no effect
on pH. Leaf litter depth was significantly higher along
disturbed edges in comparison to forest transects (Table 1,
Supplementary Table 1).

The most parsimonious distance- based redundancy analysis
(dbRDA) model for ectomycorrhizal (ECM) fungi using Bray-
Curtis dissimilarity suggested disturbance, moisture and zinc
were the main drivers (F4,45 = 0.2.753, p = 0.001, R2 =

0.13) explaining the variation among the communities of
ECM fungi (Figure 2A). The presence-absence of ECM fungi
(Jaccard dissimilarity) suggested nitrate, potassium and soil
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FIGURE 2 | Distance-based redundancy analysis (dpRDA) demonstrating the communities of (A,D) ectomycorrhizal (ECM) fungi, (B,E) arbuscular mycorrhizal (AM)

fungi, and (C,F) putative fungal plant pathogens associated with Corymbia calophylla grown in soils collected across a disturbance gradient: filled orange circles

represent the disturbed edge [i.e., remnant stand of C. calophylla bordering a road with anthropogenic disturbance (agricultural, horticultural, viticultural or grazing

purposes)], filled blue triangles indicate forest edge, and filled green sqaures indicate 200m within a forest. Ellipses were included when disturbance significantly

affected community composition. (A–C) represent the relative abundance (Bray-Curtis dissimilarity) of the communities and (D–F) represent presence-absence

(Jaccard dissimilarity) of the communities.

moisture improved predictions of species presence-absence in
addition to the effect of disturbance (F5,44 = 2.016, p =

0.001, R2 = 0.09) (Figure 2D). The most parsimonious dbRDA
model for arbuscular mycorrhizal (AM) fungi (using Bray-Curtis
dissimilarity) suggested disturbance, soil moisture and potassium
were the main drivers of AM fungal communities (F4,45 =

2.594, p = 0.001, R2 = 0.12) (Figure 2B). Nitrate and iron
were additional abiotic soil properties explaining the variation
in the presence-absence of AM fungi (F6,43 = 2.859, p = 0.001,
R2 = 0.20) (Figure 2E). The most parsimonious dbRDA model
for putative plant pathogens (using Bray-Curtis dissimilarity)
suggested leaf litter depth and soil moisture were the main
drivers explaining the variation among these communities (F2,47
= 2.824, p = 0.001, R2 = 0.08) (Figure 2C). There was no effect

of disturbance on community composition of plant pathogens
based on relative abundance. Alternatively, disturbance, along
with potassium and soil moisture were drivers of the presence-
absence of plant pathogens (F4,45 = 1.898, p = 0.001, R2 = 0.09)
(Figure 2F).

Both rarefied richness (F= 10.001, P < 0.001) and diversity (F
= 7.192, P= 0.003) of ECM fungi significantly differed across the
disturbance gradient with communities from intact forests with
the highest richness and diversity (Figures 3A,B). The diversity
(p = 0.854) and richness of AM fungi (p = 0.936) did not differ
across the disturbance gradient. The diversity (p = 0.300) and
richness of plant pathogens (p = 0.100) did not differ across the
disturbance gradient. No abiotic soil properties influenced ECM,
AM fungi and pathogen richness and diversity. Neither ECM
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FIGURE 3 | (A) Rarefied ectomycorrhizal (ECM) fungal richness and (B) effective number of species (exponent of Shannon diversity) of ectomycorrhizal (ECM) fungi

across the disturbance gradient: disturbed edge [i.e., remnant stand of Corymbia calophylla bordering a road with anthropogenic disturbance (agriculture, horticulture,

viticulture or grazing)], forest edge, and 200m within a forest. For each boxplot, the median value is represented by a horizontal line, the first and third quartiles by

boxes and values outside the quartiles by whiskers. Outliers are values >1.5 times the interquartile range. Squares indicate mean values and circles indicate range of

data. Lower case letters that differ are significantly (p < 0.003) different from each other.

fungal richness (p = 0.436) nor diversity (p = 0.594) influenced
the richness or diversity of pathogens.

Based on the most parsimonious binomial GLMM, the
proportion of trees with canker (canker incidence) was driven
by leaf litter depth, ECM fungal diversity (exponent of Shannon
diversity) and disturbance (Table 2; Figure 4). These results
are corroborated by our most parsimonious binomial GLMM
looking at disturbed edges only. Both leaf litter depth (estimate=
0.415, z = 5.163, p < 0.001) and ECM fungal diversity (estimate
= −0.350, z = −2.804, p = 0.005) were significant drivers
of canker incidence along disturbed edges only. By looking at
the disturbed edges separately, we determined that leaf litter
depth and ECM fungal diversity improved predictions of canker
incidence (and did not co-vary with disturbance). There were no
significant drivers of canker incidence along the forest edges or
forest transect.

DISCUSSION

Drivers of Canker Incidence
Leaf litter depth and diversity of ectomycorrhizal (ECM) fungi
were the two main drivers (along with disturbance) of canker
incidence. Specifically, deeper leaf litter was found around trees
with high incidence of canker along highly disturbed areas. It is
most likely leaf litter is not a direct driver of canker incidence,
but is imposing indirect effects on soil conditions which are
resulting in the increase of C. calophylla’s susceptibility to canker

disease. For example, the increase in leaf litter along disturbed
edges could be a by-product of tree mortality as a result of canker
disease. Infection by Quambalaria coyrecup can result in fatal
canker lesions on the stem and/or branches (Trudy Paap et al.,
2017). As trees and limbs die, there is greater accumulation of
leaf litter. Increased leaf litter could be acting as an insulator,
thus preventing evaporation of water and preventing changes in
soil temperatures along disturbed edges (Sydes and Grime, 1981).
Along these disturbed, diseased edges we observed higher levels
of soil moisture and less variation in soil temperatures. Therefore,
this by-product of disease could be promoting a positive feedback
loop (i.e., increased canker incidence results in increased leaf
litter which results in excess soil moisture and thus increased
susceptibility of C. calophylla to canker disease). However, over
time, as the decline progresses, this feedback could be disrupted
and there could be less litter along these disturbed edges. Long-
term monitoring combined with leaf litter removal experiments
at these disturbed sites could disentangle the direct and indirect
effects of leaf litter and soil conditions on driving canker disease.

ECM fungal diversity was a biotic driver of canker incidence
in C. calophylla, but not as strongly correlated as leaf litter
depth. Low ECM fungal diversity was associated with disturbed,
diseased edges in comparison to undisturbed areas. ECM fungi
are important for tree health as they provide nutrients for their
host and produce a mantle around root tips which is thought
to provide protection against root pathogens (Albornoz et al.,
2017); however, Q. coyrecup most likely spreads aerially, but
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TABLE 2 | Binomial GLMM results of the effects of soil nutrients and properties on

the proportion of canker incidence.

Estimate Std. error z-value P-value

Intercept −0.629 0.259 −2.431 0.015

Leaf litter depth (cm) 0.145 0.029 5.081 < 0.001

ECM fungal diversity −0.083 0.0329 −2.528 0.012

Forest edge −0.771 0.177 −4.347 <0.001

Forest −2.319 0.405 −5.727 < 0.001

Fixed effects include leaf litter depth, ectomycorrhizal (ECM) fungal diversity

and disturbance.

FIGURE 4 | Canker incidence in Corymbia calophylla as a function of (A) leaf

litter depth (cm) and (B) effective number of species (exponent of Shannon

diversity) of ectomycorrhizal (ECM) fungi. Lines indicate mean fitted values

extracted from the best fit model and gray ribbons represent 95% confidence

intervals about the means.

epidemiology of this pathogen in relatively unknown (Paap
et al., 2016). Therefore, communities of ECM fungi are not
directly protecting against Q. coyrecup. However, it has been
demonstrated in various ecosystems that healthy trees have a
greater diversity of ECM fungi in comparison to disease-induced
declining trees (Corcobado et al., 2014, 2020; Chu et al., 2016;
Bzdyk et al., 2019). Greater diversity increases nutrient uptake
efficiency which increases host productivity (Köhler et al., 2018).
The changes in diversity we observed may be influencing the
ability of their hosts to combat Q. coyrecup, but as ECM fungi
are sensitive to edaphic changes, disentangling the role of these
fungi in tree declines is challenging (Sapsford et al., 2017).

Abiotic Soil Properties
In our study, disturbed edges had higher concentrations of
many soil nutrients (e.g., nitrate nitrogen, phosphorus and
potassium) and had higher temperature (in austral winter) and
moisture (both austral winter and summer) than forest edges.
The magnitude of edge effects on abiotic soil properties were
dependent on the type of land use bordering forest edges: the
response of soil nutrients and properties along disturbed edges
seem to be enhanced by the dual effects of the two types of land
use change at our sites (i.e., road and farming). In comparison,

our forest edges only bordered roads and thus soil conditions
were more similar to conditions in undisturbed forests. The
additive effect of exposure to multiple land uses could be due
to the differences in how the two types of land uses alter abiotic
soil properties. Roads are usually constructed using a cut-and-
fill approach which can impede drainage and can also be a
large source for nutrient and pollutant run-offs, which can be
intensified by the increased water collected along these edges
(Laurance et al., 2009). In comparison, nutrient fertilisation is
common on farming land (Bolan et al., 1990; Lockie, 1997;
Chudleigh and Simpson, 2001) and can have effects on the
chemical properties of the rhizosphere such as changes in pH
(although there was no significant change across the disturbance
gradient in this study) and the presence and availability of soil
nutrients (Jacobs and Timmer, 2005).

In addition to disturbance effects, concentrations of nutrients
along disturbed edges could also be higher (than undisturbed
areas) due to the increased amount of leaf litter. The amount
and composition of leaf litter can influence soil organic matter,
other nutrient concentrations and pH (De Groote et al., 2018).
Tree species also differ in their chemical litter characteristics
and thus can affect soil abiotic properties in a species-specific
way (Grossman et al., 2020). Therefore, the disturbed edge
dominated by C. calophylla is influencing soil conditions
through its dominant leaf litter in comparison to the more
diverse healthy forest stand. Comparing litter decomposition
and the resulting changes in biogeochemical cycles across the
disturbance gradient would provide insight into understanding
the impacts of disturbance on abiotic soil properties
and processes.

Soil Fungal Communities
Disturbance was also the main factor behind changes in
community composition of ECM, AM fungi and putative plant
pathogens. Both the relative abundance and presence-absence
of species within each of these communities (besides pathogen
relative abundance) was affected by disturbance. The changes in
soil nutrients and properties as a result of habitat fragmentation
can alter soil fungal communities: mycorrhizal fungi are sensitive
to changes in soil moisture, temperature and nutrients availability
(Ge et al., 2017; McBurney et al., 2017). Specifically, soil
moisture along disturbed edges drove both abundance and
presence-absence of these communities. ECM, AM fungi and
pathogens are sensitive to changes in soil conditions, especially
soil moisture. For example, plants in flooded soils have lower
AM fungal diversity than plants exposed to soil moistures
between 20 and 50% (Deepika and Kothamasi, 2015). ECM
fungal species are also sensitive to changes in soil moisture,
where certain species like to occupy soils of low moisture and
others of high moisture (McBurney et al., 2017). Similarly, fungal
pathogens tend to survive better in moist environments where
the negative effects of pathogens are more prolific (Domínguez-
Begines et al., 2020). Changes in soil nutrients, such as potassium
and nitrate, had a greater influence on the presence-absence
of soil fungal communities than the relative abundance. Both
ECM (Morrison et al., 2016) and AM fungi (Jiang et al., 2018)
community composition are sensitive to long-term nitrogen
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addition; however, certain ECM fungal genera such as Laccaria
and Paxillus are nitrophilic and thus this sensitivity is species
specific (Fransson, 2012).

Community compositional changes were reflected in changes
of richness and diversity, but only in ECM fungi. The interior
forest sites had higher ECM fungal species richness and diversity
than the disturbed edges. Disturbance was the main predictor
of changes in richness and diversity suggesting abiotic soil
properties co-varied with disturbance (rather than improved
predictions of richness and diversity). Interestingly, richness
and diversity of ECM fungi did not differ between disturbed
edges and forest edges, suggesting no additive effect of multiple
disturbances. A single disturbance is enough to disrupt the
richness and diversity of ECM fungi. We observed no effect
of disturbance or abiotic soil properties on AM fungi or plant
pathogen communities. In this case, however, an absence of
an effect does not necessarily mean there is no effect. In our
study, we used fungi-specific primers and these primers do
not amplify AM fungi or root pathogens such as Phytophthora
spp. well. Interestingly, in Eucalyptus gomphcephela seedlings,
colonisation by AM fungi was greater in roots from sites
with declining canopies than from sites with healthy canopies
(Ishaq et al., 2018). Therefore, to fully understand AM fungi
and oomycetes, further work is needed. In addition, root
infection of ECM, AM fungi and plant pathogens could also be
impacted by disturbance and abiotic soil properties. It has been
demonstrated ECM fungal infection of root tips in healthy trees
is between 57 and 64% greater than in Phytophthora-induced
declining trees (Corcobado et al., 2020). Understanding how
AM and ECM fungi and oomycetes interact at the root level
is not well-understood and is an avenue for future research
(Sapsford and Waller, 2020).

Overstory diversity can also influence communities of soil
fungi; ECM fungal species richness is positively influenced
by plant phylogenetic diversity (Nguyen et al., 2016b). In
our study, disturbed edges had low tree species diversity as
they were dominated by C. calophylla. In comparison, our
forest transects had greater tree diversity (Paap et al., 2018).
Increased plant diversity may result in more heterogeneous
litter inputs which provides a variety of different niches for
mycorrhizal fungi (Dickie, 2007). This may partially explain the
increased ECM fungal species richness, and thus the increase
in abundance of certain taxa found within the forest. Even
though we only measured colonisation in C. calophylla, our
community represents what was available as propagules in
the soil and thus the forest interiors potentially provided
more diverse communities of propagules for C. calophylla to
associate with. This host diversity, in combination with low
anthropogenic disturbance, within the healthy forest transects
may be promoting an increase in ECM fungal species richness.

The complex decline of C. calophylla represents an example
of, in the face of global change, how endemic pathogens may
become more prevalent and pose as great a threat as invasive

alien pathogens in forest ecosystems. Habitat fragmentation and
land use change are altering abiotic soil properities and beneficial
mycorrhizal communities. In addition, climate and drought
events are playing a major role in the development of cankers
in C. calophylla: incidence of canker is higher in wetter, cooler
environments (Paap et al., 2017), and the timing of droughts
within these environments are important in disease development
(Hossain et al., 2018). Pathogens such as Phytophthora spp. (Paap
et al., 2017; Croeser et al., 2018) in combination with Q. coyrecup
are further contributing to the overall decline of this endemic
tree species. By highlighting the complexity of tree decline,
we shed light on the importance of considering both abiotic
and biotic factors above and belowground in understanding
tree declines.
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