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Pine invasion drives loss of soil fungal diversity
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Abstract Plant invasions can cause biotic

homogenisation which can have cascading effects on

the diversity of invaded ecosystems. These impacts on

diversity are likely to be scale-dependent and thus

affect different aspects of diversity (i.e. beta, gamma

and alpha). For example, the widespread invasion of

non-native pine trees causes a loss of plant gamma

diversity; however, the effects of this invasion and co-

invasion by ectomycorrhizal fungi on belowground

fungal communities remain unknown. We established

thirteen 400 m2 plots across a Pinus nigra density

gradient in Canterbury, New Zealand. We sampled

twenty-four soil samples from each plot and extracted

and sequenced DNA for fungi from each sample

independently, allowing determination of within-

sample (a) and plot-scale (c) diversity and turnover

(b-diversity). Pine invasion was associated with a

positive unimodal response in soil fungal b-diversity,
reflected by an increase in saprotroph diversity at low

pine density following a loss of this group of fungi at

high pine densities. Pine invasion was also associated

with an overall 47.7% loss of fungal a-diversity and a

50% loss of c-diversity. Loss of diversity correlated to
a shift from a saprotroph-dominated fungal commu-

nity in low pine density plots to an ectomycorrhizal-

dominated community in high pine density plots.

However, despite the resulting dominance of ectomy-

corrhizal fungi, there was no increase in c-diversity of
ectomycorrhizal fungi as pine density increased. Our

results support the concept that low-density invasions

increase ecosystem heterogeneity and therefore beta-

diversity, but that as aboveground plant communities

become more homogenised there is a dramatic loss of

fungal diversity across all scales that could inhibit

recovery and restoration of invaded ecosystems.

Keywords Belowground diversity � Biotic
homogenisation � Plant invasion � Scale-dependent
impacts � Soil fungal community � Spatial turnover

Introduction

Pinaceae have been introduced globally for timber and

pulp, amenity values, and erosion control (Richardson

& Rejmánek, 2011). These introductions have led to

wide-spread invasions, especially in the southern

hemisphere, which have resulted in major ecological
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and economic problems. In the southern hemisphere,

pines co-invade with ectomycorrhizal fungi from their

native range (Dickie et al. 2010; Policelli et al. 2020),

which through the global movement of fungal inocu-

lum and soils are no longer a limiting factor for pine

establishment within their invading range (Pringle

et al. 2009). Co-invasion of pines and ectomycorrhizal

fungi causes large shifts in biological diversity and

ecosystem function (Nuñez & Dickie, 2014).

Biotic homogenisation is a major impact of the co-

invasion of pines and ectomycorrhizal fungi (Garcı́a

et al. 2018) and has implications on the diversity of

ecosystems (Socolar et al. 2016). For example,

homogenisation is particularly discernible in above-

ground communities when pines invade largely tree-

less systems because they can transform open

grasslands and shrublands to monodominant closed

canopy stands (Nuñez et al. 2017; Rundel et al. 2014).

This is observed as a loss of plant diversity at high pine

densities, despite pine increasing plant diversity at

intermediate densities (Dickie et al. 2011; Sapsford

et al. 2020). A decrease in aboveground plant diversity

is a common trend in plant invasions at the local scale

(Vila et al. 2011), but the impacts of these invasions on

the diversity of soil fungal communities (Gomes et al.

2018), particularly saprotrophic communities, remain

comparatively unknown.

The effect of pine invasions on fungal diversity may

also depend on what scale is examined. Diversity at a

plot-scale is a function of both the number of species at

points within that plot, and the turnover in species

composition between points (termed b-diversity)
(Anderson et al. 2006). New Zealand grasslands are

spatially heterogeneous in terms of plant community

composition, comprising patches of different grass

and shrub species, which may create diverse soil

conditions supporting a high b-diversity of fungi. At

the initial stages of pine invasion, where individual

trees create isolated patches of novel soil conditions,

environmental heterogeneity and b-diversity may be

further increased. However, as pines continue to

invade and form a closed, often mono-dominant,

forest canopy, environmental heterogeneity and there-

fore fungal b-diversity may be greatly reduced,

resulting in biotic homogenisation.

Since pines co-invade with ectomycorrhizal fungi,

we may also see changes in both the composition and

diversity of key functional guilds, especially when

pines invade open grass- and shrublands. Open grass-

and shrublands have distinct soil fungal communities

from closed canopy forest stands (e.g. Chen et al.

2008; Wang et al. 2019). For example, as ectomyc-

orrhizal fungi are largely absent from grasslands, we

expect the effect of pine invasion on ectomycorrhizal

fungal diversity to be positive. This positive effect

may be small, as Hayward et al. (2015) suggested that

pine invasion could be driven by a single species of

ectomycorrhizal fungus, while Dickie et al. (2010)

found that even well-established pine invasions were

species poor (14 ectomycorrhizal operational taxo-

nomic units (OTUs)). An increased ectomycorrhizal

diversity is likely driven by the addition of late-stage

fungal partners such as Amanita muscaria through

succession (Vellinga et al. 2009; Vlk et al. 2020a), but

ectomycorrhizal succession in southern hemisphere

pine invasions has not been documented. Other

functional groups, such as saprotrophs, also may

respond to invasion. Saprotrophs are involved in the

break-down of organic matter and dominate grassland

fungal communities. However, in contrast to the

arbuscular mycorrhizal fungi that dominate grass-

lands, ectomycorrhizal fungi have enzymatic capabil-

ities to break-down organic matter and hence can

inhibit saprotrophs (Fernandez & Kennedy, 2016;

Lindahl & Tunlid, 2015; Orwin et al. 2011; Sterken-

burg et al. 2018). We may expect that pine invasions

may lead to the exclusion of saprotrophic fungi where

ectomycorrhizal fungi become dominant (Clem-

mensen et al. 2015; Kyaschenko et al. 2017) and

cause a decrease in saprotrophic fungal diversity.

Certain species of ectomycorrhizal fungi (e.g. Corti-

narius) may complement saprotrophs as decomposers

to facilitate nutrient mobilisation from organic matter

(Lindahl et al. 2021). However, the effects of Corti-

narius spp. have been described for a boreal forest

system, and the impacts of pine invasion on saprotroph

diversity represent a major gap in our knowledge of

the effects of pine invasion on fungal functional

diversity.

In order to understand the impacts of pine invasions

on fungal communities, we determined how invasion

alters soil fungal community composition, specifically

considering ectomycorrhizal fungi and saprotrophic

fungal diversity at both point and plot scales. To

accomplish this, we established 20 9 20 m plots

across a pine invasion gradient and collected 24 soil

samples within each plot. We sequenced DNA for

fungi from each sample independently which allowed
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us to measure the spatial effects of pine invasion on

fungal diversity (e.g. within-sample, plot-scale, and b-
diversity).We hypothesized that an increased density

of pine invasion would: (1) result in an initial increase

(at low densities of pine) in b-diversity followed by a

decrease (i.e. unimodal response as density of pine

increased), (2) increase diversity of ectomycorrhizal

fungi at the plot level through an accumulation of later

successional species and (3) decrease diversity of

saprotrophic fungi at the plot level.

Materials and methods

Site and sampling method

We studied a non-native Pinus nigra invasion in a

previously grazed grassland on a river terrace at

Mount Barker, Canterbury, New Zealand

(43�2103800S, 171�3701000E; 615 m elevation; Support-

ing Information Fig. S1), which is the same site

previously measured by Dickie et al. (2011). The

stands across this invasion were all approximately the

same age, with varying densities resulting from the

natural episodic pattern of seed dispersal by prevailing

winds and turbulence patterns from a single source

(Caplat et al. 2010). The largest trees are approxi-

mately 30 years old and 18 m tall. Increased pine

density at this site has been previously shown to cause

no change in fungal biomass as measured by phos-

pholipid fatty acids and hyphal lengths in soil (Dickie

et al. 2011). However, increased pine density does

cause a marginally significant decline in the ratio of

fungi to bacteria, a significant decline in arbuscular

mycorrhizal fatty acid markers, and a substantial

increase in bacterial-feeding relative to fungal-feeding

nematodes (Dickie et al. 2011). Vegetation cover is

described in Dickie et al. (2011). We sampled thirteen

20 9 20 m plots across a gradient of P. nigra total

stand basal area (m2 ha-1) (hereafter ‘‘density’’;

Fig. S1) that had previously been established (see

Dickie et al. (2011) for methods of plot establishment).

Basal area was calculated from stem diameter within

each plot.

Within each plot we collected 24 soil samples of

c. 65 mm diameter of the A-horizon to c. 100 mm

depth (Fig. 1), using 24 hand trowels that had been

sterilised for 10 min in a 10% bleach solution and

rinsed. The location of each sample was pre-

determined on a regular grid (Fig. 1), with no devi-

ation required from these pre-determined locations.

Soils from a single point was placed into individual

sterile bags and stored at 4 �C for up to 6 h before

being frozen at - 20 �C for 2 to 3 days before DNA

extraction.

DNA extraction

DNA was extracted from all soil samples using a

DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Ger-

many) as per the manufacturer’s protocol. Briefly, soil

samples were mixed in their bags and 0.25 g was

removed for DNA extractions. The fungal amplicon

library was prepared in a one-step PCR using fungal

specific primers fITS7 (5’-GTG ART CAT CGA ATC

TTT G -3’) and ITS4 (5’-TCC TCC GCT TAT TGA

TATGC-3’) which amplify the ITS2 region (universal

genetic barcode for fungi; Ihrmark et al. 2012). PCRs

were based on 20 ll reactions using 1 ll of PCR

Fig. 1 Soil sampling design of each of thirteen 20 m 9 20 m

plots at Mount Barker in Canterbury, South Island. Twenty-four

soil samples were collected (1 m to the left of each green circle)

from each plot and DNA was independently extracted,

sequenced and analysed for each sample. In our experimental

set-up, plot-scale diversity was used as a proxy for c-diversity as
it was our largest study area (i.e. sum of all OTUs in the plot

indicated by large purple circle), within-sample diversity was

used as a proxy for a-diversity as it was our smallest study area

(i.e. sum of OTUs as indicated by small purple circles around

green circles) and b-diversity was the variation in diversity

among the smallest study areas (i.e. c/ a)
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product, 0.4 ll of the fITS7 primer and 1.6 ll of the
ITS4 primer. The parameters for this protocol are as

follows: 5 min at 94 �C; 35 cycles of 30 s at 94 �C,
30 s at 57 �C and 30 s at 72 �C; 7 min at 72 �C before

cooling to 4 �C. The ITS4 reverse primer included

both Illumina adapted and index sequences (for

identification of sequenced amplicons) and the fITS7

primer included Illumina adaptor sequences. PCR

products were visualized on 1% agarose gels and

concentrations normalized using SequelPrep (Ther-

mofisher). Uniquely indexed libraries (n = 312) along

with positive and negative controls were pooled for the

sequencing run, which was performed on an Illumina

MiSeq using 2 9 250 paired end V2 chemistry

following the manufacturer’s recommendations.

Bioinformatic analysis

Paired-end reads (with adaptor sequence removed)

were merged using USEARCH v11 (Edgar, 2010)

with a minimum overlap length of 50 bp with no gaps

allowed in the merged alignments. Sequence decon-

volution such as quality control and clustering was

carried out using VSEARCH (https://github.com/

torognes/vsearch.wiki.git). Specifically, sequences

less than 200 bp and low mean quality (\ 20) were

removed. Sequences that passed quality control were

clustered into operational taxonomic units (OTUs).

OTUs were identified by searching against the public

database provided by UNITE (Nilsson et al. 2018;

UNITE Community 2017).

Ecological information of each OTU 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. 2016). Where

there was no match or an OTU was ranked as ‘possi-

ble’, literature searches were conducted and OTUs

assigned to a guild based on published literature. As it

is difficult to assign function to fungi found in soil,

assignments were conservative. Thus, if more than one

guild was applicable to an OTU or if no information

was found, we classified these unknown OTUs in an

‘‘undefined fungus’’ guild.

Statistical analysis

Fungal diversity

All analyses were performed using R version 3.5.0 (R

Core Team 2020). To determine changes in within-

sample (a), beta (b) and plot-scale (c) diversity, we
used the following equation:

c ¼ a � b ð1Þ

In our experimental set-up (Fig. 1), plot-scale

diversity was used as a proxy for c-diversity as it

was our largest study area, within-sample diversity

was used as a proxy for a-diversity as it was our

smallest study area and b-diversity was the variation in
diversity among the smallest study areas (i.e. soil

samples) (Crist et al. 2003). To determine soil fungal

a-diversity of each soil sample, the OTUs were

rarefied based on the minimum number of sequences

observed per sample (1128) using the rrarefy function

in the vegan package (Oksanen et al. 2015; Fig. S2;

Fig. S3). To model a-diversity as a function of pine

density of each plot, a linear mixed model was used

with function lmer in the package lme4. To incorpo-

rate the dependency among plots, plot was used as a

random intercept. c-diversity was calculated taking

the sum of OTUs present in each plot and modelled as

a function of pine density of each plot using a linear

model using function lm. b-diversity was calculated

rearranging Eq. (1) to solve for b and modelled as a

function of pine density of each plot using a linear

model using function lm. Model assumptions were

verified by visually inspecting residuals for assump-

tions of normality and homoscedasticity (Zuur and

Ieno 2016). The above was completed for the whole

fungal community and the two most dominant func-

tional guilds: ectomycorrhizal fungi and saprotrophs.

The proportion of sequences that were saprotrophs

might be expected to decline due to dilution by

ectomycorrhizal sequences, resulting in a decrease in

sequencing depth for this group. In order to ensure that

any observed changes in saprotroph diversity were not

biased by a loss of sequence numbers, we also rarefied

saprotrophs (minimum number of reads: 435)

separately.
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Community composition

To determine differences in the community composi-

tion of soil fungi across the pine density gradient, we

used the Bray–Curtis dissimilarity index to calculate

dissimilarly values from fungal OTU relative abun-

dance data. Bray–Curtis dissimilarity values were

calculated with the vegdist function in package vegan

(Oksanen et al. 2015). Communities were visualised

using non-metric multidimensional scaling (NMDS)

using function metaMDS in package vegan. To test for

community differences across the pine density gradi-

ent, permutational multivariate analysis of variance

(PERMANOVA) with 9999 permutations using the

function adonis was used in package vegan (Oksanen

et al. 2015). The null hypothesis of a PERMANOVA is

the centroids of the groups are equivalent for all

groups. The above was repeated for communities of

ectomycorrhizal fungi only and saprotroph fungi only.

To determine the differences in the community

composition of ectomycorrhizal fungi only, a thresh-

old was placed on the OTU relative abundance data

due to grassland plots (i.e. no pines present) having no

ectomycorrhizal fungi. This threshold removed sam-

ples with B 2 ectomycorrhizal OTUs. To determine

the difference in dispersion (i.e. distance to centroid)

among low density plots and high density plots we

used function betadisper in package vegan. The

function TukeyHSD in package stats was used to

measure paired differences among plots.

Our most abundant OTU belonged to a Sistotrema

sp. and has not previously been described in pine

invasions. In addition, the genus Sistotrema is poly-

phyletic and ecologically complicated, including

endophytes (Potvin et al. 2012), saprotrophs and

ectomycorrhizal fungi (Policelli et al. 2020). In order

to resolve the identity of Sistotrema in New Zealand

pine invasions, and particularly whether an ectomy-

corrhizal status was supported, we conducted a

phylogenetic analysis of pine-associated Cantherel-

lales in New Zealand, along with representative

sequences of native and non-native Sistotrema,

Clavulina, Membranomyces, and Hydnum. Sequences

were downloaded from GenBank, aligned using

MAFFT version 7, and phylogenetic analysis carried

out using MrBayes on XSEDE through the CIPRES

Science Gateway version 3.3, with nucleotide substi-

tution models determined using JModeltest 2.1.10.

Functional guilds

To determine changes in the proportion of reads (i.e.

dominance) of functional guilds as a function of pine

density of each plot we used a binomial generalized

linear mixed model function glmer in the package

lme4. The number of sequences belonging to each

functional guild as a proportion of the total number of

sequences in each sample was the response variable.

The fixed covariate included P. nigra density and to

incorporate the dependency among plots, plot was

used as a random intercept. Model assumptions were

verified by visually inspecting residuals for assump-

tions of normality and homoscedasticity (Zuur and

Ieno 2016).

Results

After quality control, we had a library of soil fungi

consisting of 2436 fungal OTUs (Supporting Infor-

mation Table S1). Of the 2436 OTUs, 41% were

assigned as saprotrophs, 5.6% as ectomycorrhizal

fungi, 5.3% as plant pathogens, 4.3% were assigned to

other mycorrhizal guilds (i.e. arbuscular mycorrhizal

fungi, ericoid mycorrhizal fungi and orchid mycor-

rhizal fungi) and 3.5% as endophytes. Due to dual

functions and many OTUs not assigned to genus,

34.9% of OTUs were undefined and were not assigned

to a functional guild (70.8% of these OTUs were not

assigned to genus and the remaining 29.2% had dual

functions). The remaining 5.4% were assigned as

lichenized fungi, lichen parasites, fungal parasites,

biotrophs and animal pathogens.

Fungal diversity

Beta-diversity had a unimodal response to P. nigra

density (estimate = - 1.173, t = - 2.709, p = 0.022;

Fig. 2a).Within-sample (a) diversity decreased by

47.7% as P. nigra density increased (esti-

mate = - 0.459, t value = - 7.993, p\ 0.001;

Fig. 2b). Plot-level (c) diversity decreased by 50.1%

as P. nigra density increased (estimate = - 2.592, t

value - 12.60, p\ 0.001; Fig. 2c).

b-diversity of ectomycorrhizal fungi decreased

(estimate = - 0.99, t = - 7.594, p\ 0.0001) in a

loglinear relationship to P. nigra density (Fig. 3a).

Within-sample (a) diversity increased logarithmically
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(estimate = 0.796, t-value = 6.894, p\ 0.001) as a

function of P. nigra density (Fig. 3b) whereas plot-

scale (c) diversity did not change (p = 0.324; Fig. 3c).

P. nigra density had an opposite effect on the diversity

of saprotrophs which mimicked changes in overall

fungal diversity patterns. b-diversity of saprotrophs

had a unimodal response (estimate = - 0.987,

t = - 2.542, p = 0.029) to P. nigra density (Fig. 3d).

Results for saprotrophs were qualitatively similar if

based on rarefaction of just saprotroph sequences,

rather than the whole dataset, except that the unimodal

response of b-diversity was no longer significant

(p = 0.083; not shown). Both a- (estimate = - 0.139,

t = - 5.942, p\ 0.0001) and c-diversity (esti-

mate = - 0.963, t = - 7.936, p\ 0.0001) of sapro-

trophs decreased as a function of P. nigra density

(Fig. 3e, f).

Community composition

The community composition of soil fungi differed

significantly (F1,12 = 8.72, p = 0.0001) as a function

of P. nigra density. This trend was similar for

ectomycorrhizal fungi only (F1,12 = 4.06, p = 0.014;

Fig. 4a) and saprotrophic fungi only (F1,12 = 8.94,

p = 0.0001; Fig. 4b). Communities found at low

density of pine did not overlap with communities

found at high densities of P. nigra (Fig. 4a, b). Plots

having intermediate pine density were intermediate

between samples from high density and no pine plots,

but some individual soil samples overlapped each of

the two end points. However, this was only observed

in the saprotroph community. Plots of intermediate

pine density in the ectomycorrhizal fungal community

overlapped substantially with plots of high pine

density. The amount of dispersion (i.e. distance to

centroid) differed significantly (F12,297 = 13.32,

p\ 0.0001) as a function of P. nigra density. Specif-

ically, plots with no pine and low pine density had

greater dispersion in comparison to plots with high

density of pine (p\ 0.0001).

Our most abundant OTU was a Sistotrema sp. and a

strong match to the most abundant OTU identified on

bFig. 2 Diversity of soil fungal communities: a Beta (b)
diversity (variation of diversity among soil samples within each

plot) as a function of pine density (represented as basal area of

Pinus nigra (m2/ha)). b Alpha (a) diversity (diversity of each

soil sample within each plot) as a function of pine density. Open

circles and colours demonstrate a-diversity of 24 samples within

each plot and filled diamonds represent the mean a-diversity of

each plot. c Gamma (c) diversity (diversity of each plot) as a

function of pine density
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Fig. 3 Diversity of the two most dominant functional guilds.

Ectomycorrhizal fungi: a Beta (b) diversity (variation of

diversity among soil samples within each plot) as a function

of basal area of Pinus nigra (m2/ha) (proxy for P. nigra density).
b Alpha (a) diversity (diversity of each soil sample within each

plot) as a function of P. nigra density. Open circles and colours

demonstrate a-diversity of 24 samples within each plot and

filled diamonds represent the mean alpha diversity of each plot.

c Gamma (c) diversity (total diversity of each plot) as a function
of P. nigra density. Saprotrophic fungi: d b-diversity, e a-
diversity, f c-diversity
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invasive P. contorta by Dickie et al. (2010), previously

identified only as ‘‘Cantharellales’’ (GQ906424,

GQ906425), to another ‘‘Cantharellales’’ sequence

from P. contorta collected in Oregon (AY880947;

Ashkannejhad & Horton, 2006), and to an ectomyc-

orrhizal fungus collected from Arizona on Pinus

ponderosa (MG761648; Bowman & Arnold, 2018).

These sequences all match a recent collection of a

Sistotrema sporocarp collected from pine needles in

California, USA (GenBank KP81424, submitted in

2015 by L. Rosenthall and T. Bruns). The results

support the polyphyletic nature of Sistotrema

(Fig. S4), which includes endophytic and saprotrophic

clades, but Sistotrema OTUs from this study all

clustered with ectomycorrhizal isolates (Table S1;

Fig. S4).

Functional guilds

Fungal functional guilds also shifted strongly as P.

nigra density increased (Fig. 5a). Here we present

results on functional guilds that represent greater than

1% of the total reads. The proportion of reads

belonging to the ectomycorrhizal guild increased

logarithmically (estimate = 0.887, z-value = 10.34,

p\ 0.0001) as a function of P. nigra density. The

proportion of saprotrophs (p = 0.347) and ericoid

mycorrhizal fungi (p = 0.995) did not change with P.

nigra density whereas the proportion of endophytes

logarithmically decreased (estimate = - 0.379,

z-value = - 6.609, p\ 0.0001) as a function of P.

nigra density. Proportion of plant pathogens (esti-

mate = - 0.008, z-value = - 2.889, p = 0.004)

decreased linearly as a function of density of P. nigra.

Specific genera of ectomycorrhizal fungi showed

significant, but contrasting, changes in abundance as

P. nigra density increased (Fig. 5b). Here we present

results from the genera that represent greater than 1%

of the ectomycorrhizal reads. The proportion of reads

of Sistotrema spp. logarithmically increased (esti-

mate = 0.128, t-value = 2.639, p = 0.023) as a func-

tion of P. nigra density. Amanita spp.

(estimate = 0.012, t = value = 5.588, p = 0.0002),

Tricholoma spp. (estimate = 0.01, t-value = 2.92,

p = 0.014), a Tylospora sp. (estimate = 0.005,

t-value = 3.862, p = 0.003) and Wilcoxina spp. (esti-

mate = 0.003, t-value = 2.828, p = 0.016) signifi-

cantly increased linearly as P. nigra density

increased. The proportion of reads of Suillus spp. did

not significantly change (p = 0.616) across the pine

density gradient.

Specific genera of saprotroph fungi also showed

significant, but contrasting, changes in abundance as

P. nigra density increased (Fig. 5c). Here we present

results from the genera that represent greater than 1%

of the saprotroph reads. The proportion of reads of four

genera decreased as a function of pine density.

Specifically, the proportion of reads of

Fig. 4 Non-metric multidimensional scaling (NMDS) plot

demonstrating the community composition of soil fungi across a

pine density gradient where a is ectomycorrhizal fungi only and

b is saprotrophic fungi only. Individual points represent fungal

communities of individual samples within a plot. Plots are

represented by colour-coded ellipses where light blue on the

right of each figure are plots of no to low pine density and dark

blue are plots of high pine density

123

408 S. J. Sapsford et al.



Cladophialophora (estimate = - 0.000078, t-value =

- 3.173, p = 0.002), Clavaria (esti-

mate = - 0.000027, t-value = - 3.173, p = 0.009),

Peziza (estimate = - 0.000034, t-value = - 2.255,

p = 0.045) and Pleotrichocladium spp. (esti-

mate = - 0.000175, t-value = - 3.418, p = 0.006)

significantly decreased as a function of P. nigra

density. Sagenomella (estimate = 0.00054, t =

value = 4.786, p = 0.0006) and Saitozyma spp. (esti-

mate = 0.00054, t = value = 6.497, p = 0.00004) sig-

nificantly increased linearly as P. nigra density

increased.

Discussion

Fungal diversity

Co-invasion of Pinus nigra and associated ectomyc-

orrhizal fungi caused a positive unimodal response in

fungal species turnover or b-diversity. In addition, we

observed a significant loss of both soil fungal a- and c-
diversity, and decreased community dispersion.

Approximately half of the fungal diversity was lost

at both within-sample and plot-scale as pines invaded

grasslands. This is contradictory to other invasions; for

example, the invasion of Alliaria petiolate (garlic

mustard) in the northeastern USA resulted in an

increase in a-diversity in invaded sites compared to

uninvaded sites (Anthony et al. 2017; Gomes et al.

2018). Invaded sites also had lower b-diversity in

comparison to uninvaded sites (Anthony et al. 2017).

The loss in diversity at both within-sample and plot-

scale, in our study, could be due to pines having highly

specific interactions with their co-introduced ectomy-

corrhizal fungi. Interestingly, the unimodal response

of b-diversity of the fungal community may mirror

changes in aboveground plant diversity (Davis et al.

2019; Sapsford et al. 2020). Plots with intermediate

densities of pine would have patches of pines and

patches of native vegetation and thus greater variation

Fig. 5 Functional guild composition (proportion of all reads

(out of 1) of guilds that represented greater than 1% of total

reads) of soil fungi as a function of Pinus nigra density

(represented as basal area (m2/ha)). a Lines indicate mean fitted

values extracted from the best fit binomial model and ribbons

represent standard errors about the means. b Proportion of reads

belonging to ectomycorrhizal fungi represented by genera that

contain at least 1% of ectomycorrhizal fungi reads as a function

of Pinus nigra density. c Proportion of reads belonging to

saprotrophic fungi represented by genera that contain at least 1%

of saprotroph fungi reads as a function of Pinus nigra density. *
indicates those species that significantly changed in abundance

as a function of P. nigra density. Number in [] demonstrate

number of OTUs in each genus
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in diversity among the individual samples (Powell

et al. 2013).

Despite contradictory effects of invasion on fungal

diversity, plant invasions may lead to biotic

homogenisation of soil fungal communities (Anthony

et al. 2017; Garcı́a et al. 2018). It has been demon-

strated that homogenisation belowground occurs after

certain types of disturbances such as land-use inten-

sification (Dopheide et al. 2020; Gossner et al. 2016);

however, biotic homogenisation is fairly unexplored

in plant invasions. We observed less variation within

the fungal community in invaded plots of high pine

density suggesting community convergence as envi-

ronmental conditions become more homogeneous

(Anthony et al. 2017; Caruso et al. 2012). It is also

possible, that just as pines homogenize the above-

ground community through competition for light, their

associated ectomycorrhizal fungi may homogenize the

belowground community through competition with

and inhibition of other fungi.

Changes in diversity across the pine invasion

gradient differed across functional guilds. Although

we observed a small increase in ectomycorrhizal

fungal a-diversity with invasion, this effect was

counterbalanced by a much larger loss of saprotrophic

fungal a-diversity resulting in an overall loss of soil

fungal a-diversity as pine density increased. It has not
previously been demonstrated that pine invasions,

which are increasingly widespread in the southern

hemisphere, cause major losses of saprotrophic fungal

diversity. Pine invasion at this site has been shown to

cause no change in total fungal biomass (Dickie et al.

2011), hence the loss of saprotrophic diversity is not

likely to represent a dilution effect in sequencing

depth, which we also confirmed by testing diversity

responses after rarefaction to a standard sequencing

depth within saprotrophs. Rather, the results support

the concept of saprotrophic exclusion as ectomycor-

rhizal proportional abundance increases. Competition

between ectomycorrhizal and saprotrophic fungi is

well established at a local scale (Bödeker et al. 2016).

In the context of invasions, it has also been shown that

suppression of ectomycorrhizal fungi by the non-

mycorrhizal plant Alliaria petiolata can increase

saprotrophic diversity (Anthony et al. 2017), support-

ing our suggestion that the loss of saprotroph diversity

is due to ectomycorrhizal suppression rather than a

more generic effect of plant invasion. Ectomycorrhizal

fungi converged in composition, represented by a

decrease in b-diversity of ectomycorrhizal fungi.

Interestingly, this combined with the increase in a-
diversity resulted in no net change in c-diversity of

ectomycorrhizal fungi. The decrease in b-diversity
could be due to the dominance of key ectomycorrhizal

fungi in high density plots, particularly Amanita spp.,

Sistotrema spp. and Tricholoma spp.

Community composition and functional guilds

Our results show that the co-invasion of Pinus nigra

and associated ectomycorrhizal fungi causes funda-

mental shifts in ectomycorrhizal fungal communities,

with a gradual accumulation from primarily Suillus at

the lowest densities of pine to a diverse but entirely

non-native community of ectomycorrhizal fungi at

high pine densities. This integrates previously con-

flicting studies, supporting Hayward et al.’s sugges-

tion of invasion driven by a single species (Hayward

et al. 2015), but also the development of more complex

communities over time (Dickie et al. 2010).

Some shifts in fungal communities occurred at very

low densities of invasion into grassland (i.e. pine basal

area of 6 m2/ha); for example, ectomycorrhizal fungi

dominated early invaded communities with over 50%

of the total sequence reads. We observed Suillus spp.,

Sistotrema spp. and a Tylospora sp.in grassland areas

where P. nigra had yet to invade, suggesting ectomy-

corrhizal fungal inoculum was not a limiting factor in

the success of P. nigra establishment into this

grassland ecosystem (Pringle et al. 2009). Suillus is

an important ectomycorrhizal species for the early

establishment of pines in both plantations and its

natural range (Chapela et al. 2001; Clemmensen et al.

2015) and is also considered the only species neces-

sary to enable pine invasion (Hayward et al. 2015;

Policelli et al. 2019).

Sistotremawas the most abundant OTU in our data,

and dominant at low densities of invasion.The results

support an ectomycorrhizal and non-native status,

with a clustering of the New Zealand Pinus associated

sequences, along with Pinus associated ectomycor-

rhizal sequences from Oregon and Arizona, USA and

the sporocarp collection from California, and a

possible relationship to Sistotrema alboleteum.

With increasing density of invasion, we also

observed the introduction and increase in dominance

of Amanita spp., Tricholoma spp. and Wilcoxina spp.

The change in fungal communities with tree density is
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comparable to the ectomycorrhizal fungi associated

with pines in their native ranges during later stages of

pine succession (Vellinga et al. 2009; Vlk et al.

2020b). However, we observed only a subset of

ectomycorrhizal fungal species that typically associate

with pines in their native range (Hynson et al. 2013),

reflecting species of ectomycorrhizal fungi associated

with pine that may be more successful co-invaders in

novel environments (Vlk et al. 2020b).

Interestingly, the proportion of DNA reads that

were saprotrophs did not change across the invasion

gradient, despite the large loss of diversity. However,

two OTUs, matching Sagenomella (a filamentous

ascomycete sometimes associated with pine soils

(Fritze and Bååth 1993)) and Saitozyma sp. (a

dominant basidiomycete soil yeast (Mašı́nová et al.

2017)), were found in higher proportions at high pine

densities than in grassland plots, while a greater

number of other OTUs declined. To our knowledge,

our study is the first to identify saprotroph species

associated with pine invasions into grasslands. Sapro-

trophs and ectomycorrhizal fungi interact to decom-

pose organic matter (Fernandez and Kennedy 2016).

With the observed decline in diversity of saprotrophs

across the invasion gradient, it is possible the intro-

duced ectomycorrhizal fungi are competitively

excluding the majority of saprotrophic fungi (Anthony

et al. 2017; Bödeker et al. 2016; Fernandez and

Kennedy 2016). In the northern hemisphere where

pines are native, saprotrophs and ectomycorrhizal

fungi can occupy different vertical positions of the soil

profile (Bödeker et al. 2016; Fernandez and Kennedy

2016). However, neither the uninvaded grassland nor

pine invaded sites had much soil profile development,

with a thin grass or pine needle litter layer directly

over a well mixed A-horizon, which may have limited

vertical niche partitioning as a mechanism for

coexistence.

Conclusion

Co-invasion of pine and their ectomycorrhizal fungi

caused an unexpected and massive loss in soil fungal

diversity at point and plot scales, with an initial

increase in heterogeneity followed by biotic

homogenisation. The loss in diversity also corre-

sponded to strong shifts in belowground fungal

community composition and functional guilds, even

at low densities of invasion. Such drastic changes will

have ramifications for soil function and future plant

establishment and could potentially inhibit recovery

and restoration of co-invaded ecosystems. Legacies of

pines (i.e. effects of pines that remain after their

removal) are not easily reversed and thus, neither are

the impacts of co-invaded ectomycorrhizal fungi

(Sapsford et al. 2020). A common occurrence after

removal of pines is the re-invasion of pines (as

ectomycorrhizal fungal inoculums remains in the soil)

in addition to invasion by other non-native species,

specifically grasses (Dickie et al. 2014; Paul and

Ledgard 2009), highlighting difficulties for native

restoration. Native trees in this system are slower to

establish than pines and other exotic plants, and the

role of soil biota is not fully understood (Dickie et al.

2012; Wood et al. 2015). Invasive ectomycorrhizal

fungi have been found in native beech forests in New

Zealand (Orlovich and Cairney 2004). Therefore, the

change in belowground communities we observed as a

result of pine invasions could pose a problem for

native restoration now and in the future. Furthermore,

our results demonstrate the importance of considering

both above- and belowground impacts of invasions.

Authors’ contribution IAD and DAP developed the project

concept, IAD and AW collected soil samples, AW extracted

DNA, SJS led analyses and wrote the first draft of the

manuscript, and all authors contributed substantially to

revisions.

Funding We thank the New Zealand Ministry of Business,

Innovation and Employment for financial support through the

Winning Against Wildings research programme.

Availability of data and material The data that supports the

findings of this study are available in the supporting information

of this article.

Declarations

Conflict of interest We declare no conflict of interest.

References

Anderson MJ, Ellingsen KE, McArdle BH (2006) Multivariate

dispersion as a measure of beta diversity. Ecol Lett

9(6):683–693. https://doi.org/10.1111/j.1461-0248.2006.

00926.x

123

Pine invasion drives loss of soil fungal diversity 411

https://doi.org/10.1111/j.1461-0248.2006.00926.x
https://doi.org/10.1111/j.1461-0248.2006.00926.x


Anthony MA, Frey SD, Stinson KA (2017) Fungal community

homogenization, shift in dominant trophic guild, and

appearance of novel taxa with biotic invasion. Ecosphere

8(9):e01951. https://doi.org/10.1002/ecs2.1951

Ashkannejhad S, Horton TR (2006) Ectomycorrhizal ecology

under primary succession on coastal sand dunes: interac-

tions involving Pinus contorta, suilloid fungi and deer.

New Phytol 169(2):345–354. https://doi.org/10.1111/j.

1469-8137.2005.01593.x
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FO, Tedersoo L, Saar I, Kõljalg U, Abarenkov K (2018)

The UNITE database for molecular identification of fungi:

handling dark taxa and parallel taxonomic classifications.

Nucleic Acids Res 47(D1):D259–D264. https://doi.org/10.

1093/nar/gky1022
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