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Tracking climate change, species around the world are shifting their ranges, expanding 
into new communities, and creating novel ecosystems. In particular, the upslope spread 
of novel trees is quickly transforming vulnerable unforested alpine ecosystems. Starting 
only a few years after establishment, novel trees impact soil conditions, creating distinct 
“islands” of microhabitat with altered soil chemistry and wetter soils. In turn, these abiotic 
changes are associated with deterministic shifts in communities of fungi interacting with 
the roots of native plants. These findings fill an important gap in our understanding of the 
initiation and structuring of novel ecosystems in the context of global change.
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Species around the globe are shifting their ranges into new territories at an unprec-
edented rate. In particular, the spread of foundation species can transform recipient 
communities and ecosystems, however, the effects on belowground processes and 
diversity remain poorly documented. Belowground fungi are well suited for taking 
the ‘pulse’ of changing ecosystems given their rapid turnover and implication in a 
wide variety of ecosystem processes. To better understand the belowground effects of 
range-expanding species, we leveraged an ongoing invasion of a foundation tree species 
Pinus contorta into alpine tundra to study the impacts on belowground abiotic condi-
tions and the fungal communities associating with the roots of resident plants. We 
found that individual range-expanding trees create distinct abiotic ‘islands’ with wetter 
soils and altered soil nutrients compared to the surrounding alpine tundra ecosystem. 
Potentially driven by these abiotic changes, we observed a decrease in the α diversity 
of mutualistic fungi and an increase in the α-diversity of pathogenic fungi during later 
stages of range expansion. Changes in γ-diversity mirrored patterns of α diversity while 
β-diversity was only minorly affected by range-expanding trees, suggesting that local 
habitat amelioration/deterioration rather than changes in among-patch heterogene-
ity underpin trends in belowground diversity. In sum, our results show that range-
expanding foundation species can modify ecosystems by altering belowground abiotic 
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conditions and diversity across scales. These impacts begin only a few years after initial range-expansion and establishment and 
scale rapidly over time, indicating the need for preventative or swift conservation action to prevent long-term consequences.

Keywords: belowground fungi, biological invasions, climate change, community assembly, foundation species, range shifts, 
soil microbes, species composition

Introduction

As a result of human-driven changes to the biosphere, spe-
cies around the world are shifting their geographic ranges, 
expanding into new territories, and interacting with native 
taxa to form novel communities and ecosystems (Lenoir et al. 
2008, Hobbs et al. 2009, Chen et al. 2011, Steinbauer et al. 
2018). Biological invasions have led to world-wide range-
expansions for thousands of plant and animal species (Hobbs 
2000, Meyerson and Mooney 2007, van Kleunen  et  al. 
2015). Climate change is also leading to range expansions, 
in both native (Dukes and Mooney 1999, Carlton 2000, 
Ward and Masters 2007, Hellmann  et  al. 2008, Colautti 
and Barrett 2013) and exotic species (Parmesan et al. 1999, 
Hickling et al. 2006, Harsch et al. 2009, Pinsky et al. 2013), 
often in upslope and poleward directions (Chen et al. 2011, 
Masson-Delmotte  et  al. 2018, Steinbauer  et  al. 2018, 
Warren et al. 2018). But despite the ability of range expand-
ing species to rapidly form novel interactions, communities, 
and ecosystems (le Roux and McGeoch 2008), the ecological 
impacts of range-expanding species remain poorly explored 
(Wallingford et al. 2020).

Range-expanding foundation species in particular may 
have disproportionately large impacts on the construction 
and organization of novel ecosystems (Franklin et al. 1971, 
Vitousek et al. 1987, Sturm et al. 2001, Myers-Smith et al. 
2011). Foundation species influence local community diver-
sity through non-trophic interactions and structure ecosys-
tems by creating microhabitat and influencing ecosystem 
processes (Dayton 1972, Callaway 1995, Stachowicz 2001, 
Ellison et al. 2005). The disappearance of foundation species 
can impact a variety, of ecosystem processes as seen during 
the loss of American chestnut from temperature forests and 
resulting changes in decomposition, nutrient cycling, diver-
sity and productivity (Ellison  et  al. 2005). Similar to their 
disappearance, the spread of foundation species into new 
territories can also impact diversity and ecosystem function-
ing (Báez and Collins 2008, Collins et al. 2018, García et al. 
2023), but these impacts remain understudied.

While range-expanding foundation tree species have the 
potential to affect a variety of ecosystems, alpine and tundra 
biomes, comprising an estimated ~ 13% of the earth’s surface, 
face a unique threat. The rapid forestation of these biomes 
by range-expanding trees is creating novel communities, with 
altered biodiversity potentially governed by different ecologi-
cal processes (Franklin et al. 1971, Suarez et al. 1999, Moore 
and Huffman 2004, Sturm et al. 2005, Harsch et al. 2009, 
Myers-Smith et al. 2011, Trant and Hermanutz 2014). Past 
work has started to explore the ecological impacts of range-
expanding trees on these biomes, but much of the focus has 

been on aboveground, rather than belowground, patterns 
and processes (Lazzaro et al. 2015, Siles and Margesin 2016). 
For example there is strong evidence that novel foundation 
tree species alter abiotic conditions where they establish 
(García et al. 2023), reduce the area covered by herbaceous 
alpine and tundra plants (Moiseev and Shiyatov 2003), 
reduce plant diversity (Moore and Huffman 2004, Bravo-
Monasterio et al. 2016, García et al. 2023), and impact eco-
system processes (Dickie  et  al. 2011, Rundel  et  al. 2014). 
However, the belowground consequences of novel trees 
remain comparatively understudied.

Belowground root-associated fungi are useful systems to 
study the rapid response of ecological communities and the 
formation of novel ecosystems. Belowground fungi exhibit 
strong patterns of abiotic and biotic selection (Tedersoo et al. 
2014, Glassman et al. 2017), due to short generation times 
and ability to rapidly respond to change (Hagenbo  et  al. 
2017). Belowground fungi also mediate critical ecosystem 
processes and small changes in diversity can impact broad-
scale ecosystem functioning (Parker et al. 2015). For example, 
fungal decomposers mediate decomposition rates and carbon 
cycling, which is especially relevant in alpine and tundra 
biomes where > 90% of ecosystem carbon is stored below-
ground (Körner 2003). Mutualistic fungi serve as critical 
facilitators in alpine and tundra ecosystems, forming impor-
tant and often obligate interactions with host plants that 
help them overcome abiotic stress (Harley and Smith 1983, 
Cairney and Meharg 2003). Finally, pathogenic fungi play 
important roles in the maintenance of aboveground diversity 
and coexistence by parasitizing dominant and abundant spe-
cies (Bagchi et al. 2010, 2014). While past work reveals that 
belowground fungal diversity is influenced by a variety of fac-
tors including aboveground plant diversity (Grayston et  al. 
1998, Tedersoo et al. 2014, Cline et al. 2018, Koyama et al. 
2019), soil moisture (Delgado-Baquerizo  et  al. 2020), and 
soil chemistry (Erlandson et al. 2016, Glassman et al. 2017), 
it remains unclear if and how novel range expanding trees 
impact belowground fungal communities.

In this study, we investigate how novel foundation-species 
impact belowground fungal diversity by studying an ongoing 
range-expansion of introduced lodgepole pine Pinus contorta 
into an alpine ecosystem in Patagonia, Argentina. Pines have 
invaded ecosystems around the world and provide a useful 
system to study the impacts of novel foundation species given 
their ability to establish across a range of abiotic and biotic 
conditions (Pauchard et al. 2016) and the high context depen-
dency of their impacts (Sapsford et al. 2020). Past work dem-
onstrates that pine invasions decrease abiotic heterogeneity 
in treeless ecosystems (García et al. 2018) and experimental 
evidence confirms that pine growth alters soil microclimate 
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and chemistry (García et al. 2023). As such, we hypothesized 
that range-expanding pines would change and homogenize 
soil conditions where they establish (H1). Although our pri-
mary focus was belowground, we also expected pine estab-
lishment and growth to reduce aboveground plant diversity, 
as observed in other pine invasions (Bravo-Monasterio et al. 
2016, Taylor et al. 2016), experiments (García et al. 2023), 
and other tree range-expansion in general (Mogashoa et al. 
2021). Since fungal diversity is positively influenced by abi-
otic heterogeneity and plant diversity (Maltz  et  al. 2017, 
Tedersoo  et  al. 2020) we hypothesized that pine establish-
ment and growth would decrease the α- (H2a), β- (H2b) and 
γ- (H2c) diversity of belowground fungi in general. We pre-
dicted this effect would be strongest for fungal mutualists and 
pathogens, since they are more sensitive to abiotic conditions 
and plant hosts compared to decomposers (Grayston  et  al. 
1998, Cline et al. 2018, Koyama et al. 2019).

Material and methods

Study site

To investigate the belowground impacts of novel founda-
tion species, we studied an invasion of P. contorta (Lodgepole 

Pine) into an alpine plateau on Cerro Piltriquitron 
(41°58'08.904''S, 71°27'36.432''W), in the northern 
Patagonian Andes, Argentina (Supporting information). The 
site is 44 ha and 1690 m a.s.l. (min = 1654 m, max = 1743 
m). Pinus contorta was introduced to the lower western slope 
of Piltriquitron in 1978 and has since spread upwards, reach-
ing the alpine plateau in 1995.

Study design

We sampled a total of 45 2 ⨯ 2 m plots, 15 of each expan-
sion-stage (Supporting information). Expansion stages were 
defined as controls (plots with no focal pine) representing pre-
range-expansion communities, saplings (plots with a single 
focal pine ~ 0.5 m tall) representing communities beneath 
recently established pines, and adult pines (plots with a sin-
gle focal pine > 1 m tall) representing communities beneath 
mature pines (Fig. 1A). We classified range-expanding pines 
based on size (a proxy for age) since both size and age deter-
mine pine impact on abiotic conditions and resident com-
munities (Franzese et al. 2017). Plots were established using 
a 2 ⨯ 2 m quadrat, centered around focal pines in the case of 
sapling and adult pine plots or around the centre of control 
plots. We chose plots of this size to capture only the below-
ground communities of fungi associating with the roots of 
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Figure 1. (A) Illustration of the differences between expansion-stage and (B) differences in micro-climatic (soil moisture and), soil (carbon, 
phosphorous, ammonium, nitrate and pH) and biotic plant (richness, total cover and β-diversity) variables across expansion-stages. 
Significant differences are indicated with letters and were assessed using GLMs based on gaussian distributions with identity link functions 
and spatial block as a covariate (Supporting information). No difference in plant composition between expansion stage was detected using 
PERMANOVA (Supporting information).
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plants growing immediately adjacent to focal pines and thus 
experiencing potential microclimate effects of pine establish-
ment and growth. All plots were established randomly and 
isolated by at least a 10 m distance from other (non-focal) 
pines to ensure the independence of data and avoid captur-
ing neighbourhood effects (Glassman et al. 2017). Plots were 
grouped into spatial blocks, with each block containing one 
plot of each expansion-stage, to control for fine-scale spatial 
patterns in fungal diversity. Blocks were established along a 
directional transect that covered the study area but avoided 
the centre of the plateau where high pine density made sam-
pling isolated trees impossible. Plots were georeferenced using 
a handheld GPS (Supporting information).

Pine age and morphology

After the study period, all 30 focal pines (15 adults and 15 
saplings) were felled to measure tree height, basal diam-
eter, canopy radius and trunk circumference. Pines in sap-
ling plots differed from those in adult pine plots in terms 
of height, diameter and canopy cover (Supporting informa-
tion), indicating we effectively captured the temporality of 
range-expansion.

Soil moisture and chemistry

We collected soil samples, consisting of 6 × 100 ml, taken 
at 10–15 cm belowground, obtained evenly throughout each 
plot (using a gridded approach) and pooled to produce one 
soil sample for each plot. Soil moisture was calculated as the 
percentage difference between wet and dry weights and rep-
resents the amount of water retained as moisture in the soil 
as a percentage of its weight. Dried soil samples were sent to 
Soil, Plant and Environment Analytical Services (LABSPA) 
at the Agriculture department of the Universidad Nacional 
Del Sur (Bahía Blanca, Argentina) where soil parameters 
pH, C (carbon as %), P (phosphorous as parts per million), 
NO3

– (nitrate as ppm) and NH4
+ (ammonium as ppm) 

were measured using LECO TruSpec CN Carbon-Nitrogen 
Determinator and standard procedures outlined in the 
Supporting information.

Extant plant community

We identified down to the lowest taxonomic level possible, all 
plant species within each 2 × 2 m plot. Plants were identified 
on site using field guides and area-specific taxonomic keys, 
notably Flores de Alta Montaña (Ferreyra et al. 2006), and 
verified by local experts and online records to ensure accurate 
identification (Supporting information). Plants that could 
not be identified were assigned morphospecies, an approach 
that is common in fungal ecology since many root-associated 
mycorrhizal fungi associate at the genus or family level with 
host plants (Gao et al. 2013). We quantified total plant cover 
by creating composite photographs of each plot and measur-
ing the percentage of area in each plot covered by vegetation 
using ImageJ (Supporting information).

Plant root samples and DNA extraction

We sampled, to our best efforts, the complete fungal communi-
ties associating with the roots of each species of plant per plot. 
Over the course of a single week in March 2019, up to three 
individuals of each species of plant in each plot were uprooted 
and placed in sterile bags for transport. If plots contained fewer 
than three individuals, all individuals of that species were sam-
pled. The roots of each plant sample were rinsed with distilled 
water, dried at room temperature, and fine root tips were col-
lected and frozen at −20°C until DNA extraction. Plants whose 
roots broke during uprooting or didn’t contain fine root mate-
rial were discarded. From fine root samples, 250 mg was isolated 
and placed inside a QIAGEN DNeasy PowerSoil PowerBead 
tube (QIAGEN Inc.) containing three sterilized metal beads, 
ceramic QIAGEN beads, and sterilized water. Samples were 
beat using a vortex for 10 min to break root material. Bulk 
DNA was extracted using QIAGEN DNeasy PowerSoil kits, 
following the manufacturer’s protocol. In the final step, we iso-
lated DNA using a low concentration EDTA (5%)-TE buffer 
to stabilize the DNA extract. DNA was preserved in low (0.1 
mM) EDTA -TE buffer and stored at −20°C.

Amplification, sequencing and bioinformatics

DNA was amplified using fungal specific primers ITS-1F 
(CTTGGTCATTTAGAGGAAGTAA, (Gardes and Bruns 
1993)) and ITS2 (GCTGCGTTCTTCATCGATGC, 
(White  et  al. 1990)). Fungal ITS primers used Illumina P5 
and P7 adaptors for the forward and reverse primers respec-
tively, in conjunction with the Nextera XT ver. 2 system, with 
Index (i5) on the forward primer and Index (i7) on the reverse 
primer. PCR amplification and Illumina MiSeq sequencing 
procedures refer to DeBellis et al. (2019). A total of 321 sam-
ples, including negative controls were sequenced. Sequences 
were processed into amplicon sequence variants (ASVs) in the 
DADA2 pipeline (Callahan et al. 2016, 2017) for R ver. 3.6.3 
(www.r-project.org), assigned taxonomy using the UNITE ver. 
8.2 fungal database (Nilsson et al. 2019), and rarefied to an 
equal depth across all samples (10 000 reads).

Instead of using samples, representing unique species per 
plot, as the replication unit for our analyses, and because sam-
pled plant richness only varied slightly across plots (mean = 5.29, 
SD = 2.09, max = 10, min = 2), we pooled our rarefied fun-
gal communities at the plot level (n = 45, 15 per expansion-
stage) to quantify plot-level root-associated fungal communities 
and to incorporate biotic variables (plant richness, cover and 
composition) into our analyses to explicitly test the influence 
of biotic variables in this system. Since we pooled fungal com-
munities by plot, plots with more plant species were expected 
to harbor greater fungal richness and abundance owing to dif-
ferences in sampling efforts, biasing our estimates of alpha-, 
beta- and gamma-diversity. To account for this, we rarefied each 
plot-level community of root-associated fungi to a standard 
sequencing depth of 18 000 reads based on plot rarefaction 
curves (Supporting information) and because it allowed for the 
retention of all 45 plots.

www.r-project.org
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Statistical analysis

H1: effect of range-expansion on the abiotic 
environment

To investigate abiotic effects (H1), we tested for the effect of 
expansion stage on soil moisture and chemistry using gener-
alized linear models (GLMs) based on gaussian distributions 
and identity link functions. We used GLMs with expansion 
stage as the predictor, spatial block as a covariate (to account 
for spatial patterns), and individual environmental variables 
as the response. To estimate expansion stage means and test 
significance we used the ‘emmeans’ package (Searle  et  al. 
1980) for R with Tukey corrected p-values. To test whether 
range expansion homogenized abiotic conditions, we used 
Bartlett tests in the ‘stats’ package for R.

We also assessed whether range-expanding pines influ-
enced the biotic habitat, by testing the influence of expansion 
stage on plant α- and β-diversity. For α (i.e. plant richness and 
cover), we used the same GLM approach described above. For 
β-diversity, we used Bray–Curtis dissimilarity (Baselga 2010) 
and tested the effect of expansion stage using PERMANOVA, 
incorporating the same spatial covariate, over 9999 permuta-
tions (Anderson 2001). Analyses were preformed using the 
‘stats’ package and ‘vegan’ package (Oksanen et al. 2013) for 
R unless stated otherwise.

H2a: effect of range-expansion on the α diversity of 
root-associated fungi

To test if the range expansion of pines leads to an increase 
in the α-diversity of root-associated fungi, we quantified the 
richness of all fungi, as well as the richness and relative abun-
dance of decomposers, mutualists and pathogens to test for 
changes in specific functional guilds. Richness was calculated 
as the total number of unique ASVs per plot, with decom-
poser, mutualist and pathogens richness being the number 
of unique ASVs identified to each respective functional guild 
with a high degree of probability (labeled Probable or Highly 
Probable in the FUNGuild database (Nguyen et al. 2016)). 
Relative abundance was calculated as the portion of reads 
within each plot that identified to each functional guild.

To test for differences in richness and relative abundance 
among expansion stages (control, sapling, adult pine), we used 
GLMs. Richness data was analyzed using a negative binomial 
distribution with a log-link function (Stoklosa et al. 2022) fit 
using the ‘MASS’ package for R (Venables and Ripley 2002). 
Relative abundance was log transformed to achieve normality 
and analyzed using Gaussian distributions with identity-link 
functions. Since range expansion did not impact plant rich-
ness, we included plant richness as a covariate in our GLMs 
to isolate the effect of expansion stage and included spatial 
block to account for potential spatial structuring in fungal 
diversity. We assessed model fit using AIC and R2 (Kullback–
Leibler in the case of negative binomial GLMs) and estimated 
marginal expansion-stage means and pairwise p-values using 
the ‘emmeans’ package (Searle et al. 1980) for R, with Tukey-
corrected p-value adjustments.

H2b: effect of range-expansion on β-diversity of 
root-associated fungi

To test if range expansion increases fungal β-diversity, we 
quantified fungal β-diversity using Bray–Curtis dissimilarity 
(Bray and Curtis 1957), which represents the composition 
turnover between fungal communities (Baselga 2010) using 
Hellinger-transformed (Legendre and Gallagher 2001) abun-
dance data, visualized using non-metric multidimensional 
scaling (k = 3). We used PERMANOVA (nperm = 9999) to 
test for significance differences in fungal composition and 
PERMDISP (nperm = 9999) to test for changes (increases or 
decreases) in fungal β-diversity among expansion stages. We 
tested if the effects were functional-guild-specific by perform-
ing separate tests on derived assemblages of decomposers, 
mutualists and pathogens. Again, we included plant rich-
ness and spatial block, as covariates in the PERMANOVA 
analyses to isolate the effect of range-expansion on fungal 
β-diversity (Anderson 2014).

H2c: effect of range-expansion on γ-diversity of 
root-associated fungi

To test if range expansion increases fungal γ-diversity, we 
compared species accumulation curves between expansion 
stages (control, sapling, adult pine). Plots were randomly 
selected within expansion stage and the Chao1 index (Chao 
1987) was calculated after each plot addition until all of the 
samples had been added. We chose Chao1 to account for the 
presence of rare ASVs in our dataset represented by only a 
few reads. This process was repeated 1000 times to create a 
margin of confidence. The height of each curve represents 
the Chao estimated γ-diversity within each expansion-stage 
for this study site. To assess if the observed effects were func-
tional-guild-specific, we also performed this analysis sepa-
rately for decomposers, mutualists and pathogens.

Examining the drivers of fungal diversity

To link the abiotic and biotic impacts of pine range expan-
sion to changes in fungal communities, we also identified 
which abiotic and biotic variables were influencing fungal 
diversity in our system. To do this we used model selection 
to isolate the variables that best explained variation in fungal 
α-and β-diversity and partitioned explained variation into 
individual variable contributions (full methods are available 
in the Supporting information).

Results

H1: effect of range-expansion on the abiotic and biotic 
environment

We found altered abiotic soil conditions beneath novel pines 
(Fig. 1B, Supporting information). Soil in adult pine and 
sapling plots contained 66 and 78% more moisture and 20 
and 28% less phosphorous (respectively) compared to control 
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plots. Sapling plots had 43 and 39% less nitrate compared to 
control and adult pine plots. Soil carbon, pH, ammonium 
and plot altitude did not differ significantly among expan-
sion-stages. However, variation in soil moisture, phosphorous 
and pH decreased with expansion stage, indicating that range 
expansion homogenized abiotic conditions (Supporting 
information).

In terms of the effect of novel trees on the biotic envi-
ronment, we observed no significant statistical effects of 
expansion stage on plant richness or β-diversity (Fig. 1B, 
Supporting information). We did however observe a signifi-
cant increase (> 200%) in plant cover associated with late 
stages of range expansion.

H2a: effect of range-expansion on α-diversity of 
root-associated fungi

While the local richness of all root-associated fungi and 
decomposers remained consistent among expansion stages, 
mutualist richness decreased and pathogen richness increased 
as range expansion proceeded (Fig. 2, Supporting informa-
tion). Specifically, mutualist richness was 11 and 15% lower 
in sapling and adult pine plots (respectively) compared to 
controls, mainly driven by changes in ectomycorrhiza (nota-
bly Endogone spp.) and endophyte (notably Serendipita spp.) 

richness, though this was marginally significant (Supporting 
information). Pathogen richness was 19 and 32% higher in 
sapling and adult pine plots (respectively) compared to con-
trols, driven by changes in Allantophomopsiella, Devriesia, 
Gremmenia and Phacidium (Supporting information).

Changes in fungal richness were mirrored by changes in 
relative abundance (Fig. 3, Supporting information). While 
the relative abundance of decomposers did not change 
over expansion stages, mutualists decreased and pathogens 
increased as range expansion proceeded. In fact, we observed 
a 50% decrease in mutualist abundance in adult pine plots 
compared to saplings and controls, while pathogen abun-
dance increased 250 and 725% in adult pine plots compared 
to saplings and controls respectively.

H2b: effect of range-expansion on β-diversity of 
root-associated fungi

Range expanding pines did not increase or decrease fun-
gal β-diversity (Supporting information) and expansion 
stage only explained a small amount of variation in fungal 
β-diversity (Supporting information), varying from 5.3% for 
all fungi to 7.3% for pathogens, and was non-significant for 
decomposers and mutualists (Supporting information).
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H2c: effect of range-expansion on γ-richness of 
root-associated fungi

The regional γ-richness of all root-associated fungi and decom-
posers did not differ among expansion-stages (Fig. 4). On 
the other hand, mutualist γ-richness was lower and pathogen 
γ-richness was higher in adult pine communities, compared 
to sapling and controls, with error bars suggesting potential 
significant differences. Mutualist γ-richness was highest in 
control plots (113) compared to saplings (105) and consider-
ably lower in adult pine plots (96). Pathogen γ-richness was 
highest in adult pine plots (61) compared to saplings (54) 
and controls (51).

Drivers of fungal diversity

Fungal richness was largely driven by variation in soil mois-
ture and host plant richness across all trophic modes, except 
for mutualists, where soil moisture did not explain variation 
(Supporting information). In terms of relative abundance, 
host plant richness, cover and composition, as well as soil 
carbon, explain variation in mutualists and pathogens, with 
soil moisture also explaining variation in pathogen relative 
abundance (Supporting information).

Interestingly, although plant richness was consistently 
important across expansion stages, its relative importance 
to explaining variation in fungal richness decreased as range 
expansion progressed, indicating a potential shift in assembly 
rules from biotic to environmental (Supporting information). 
Model estimates for predictors are available in the Supporting 
information. Drivers of root-associated fungal β-diversity 
varied in identity and strength among expansion stage and 
among functional guilds (Supporting information), although 
this variation was minor compared to trends in α-diversity.

Discussion

Past work clearly demonstrates the ability of novel trees 
to create microhabitat where they establish, altering abi-
otic conditions and reducing the diversity of understory 
plants (Bravo-Monasterio  et  al. 2016, Taylor  et  al. 2016, 
García et al. 2018, 2023, Mogashoa et al. 2021). Here, we 
show that the belowground abiotic impacts begin only a few 
years after establishment and are associated with concur-
rent shifts in the richness, abundance and composition of 
belowground fungal communities, potentially driven by key 
changes in soil moisture. Specifically, we observed a decrease 
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in fungal mutualists and an increase in fungal pathogens as 
range expansion progressed. Since mutualists and pathogens 
play critical roles in both facilitating plant persistence and 
mediating diversity (Harley and Smith 1983, Bagchi  et  al. 
2014), our results point towards a potential belowground 
mechanism by which foundation species are restructuring the 
communities they invade.

Tree establishment alters environmental conditions 
creating distinct abiotic islands

The spread and establishment of the foundation trees created 
abiotic ‘islands’ with distinguishable soil conditions relative 
to the surrounding landscape. Consistent with our hypoth-
esis (H1), we found wetter soils beneath range-expanding 
trees, likely driven by canopy shading and root growth 
(van Dijk and Keenan 2007), an effect that has been long 
associated with tree establishment (Dancette and Poulain 
1969, Belsky  et  al. 1993). The spread and establishment 
of novel trees also led to decreases in soil nitrate and phos-
phorus, although this effect was strongest in earlier stages 
(sapling plots) likely due to tree-age-dependent physiologi-
cal and metabolic requirements (Ovington 1959, Brockley 

2001). Lower concentrations of phosphorus could also result 
from obligate associations between pines and mycorrhizae, 
which leads to higher rates of phosphorus uptake (Mejstrik 
and Krause 1973, Jumpponen  et  al. 1998, Hayward  et  al. 
2015b). Alongside the creation of distinct abiotic islands, we 
also observed a drastic increase in plant cover associated with 
novel tree growth. This could be facilitation driven by more 
tolerable abiotic conditions (i.e. wetter soils) under older trees 
(Callaway 1995), or it could be a result of light limitation 
beneath larger canopies, causing understory plants to priori-
tize aboveground biomass (Shirley 1945, Brouwer 1963).

Novel tree establishment leads to changes in 
belowground diversity across scales

In support of our hypothesis (H2), our results show that the 
establishment and growth of novel foundation species affects 
the α-diversity of belowground fungi, possibly as a conse-
quence of changes in the abiotic environment. Specifically, 
range expansion led to a decrease in the α-diversity of fun-
gal mutualists such as Endogone and Serendipita, who enable 
plant fitness and defense against pathogens (Daft and 
Nicolson 1966, Oberwinkler et al. 2013, Sarkar et al. 2019). 
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Contrary to the general pattern, Suillus, a genus of fungi co-
introduced with exotic pines that enables them to grow and 
reproduce outside of their native range (Dickie et al. 2010, 
Nuñez and Dickie 2014, Hayward et al. 2015a), increased 
in diversity accompanying range-expansion. Past research 
shows the ability of tree-mutualists like Suillus to outcom-
pete, replace, and homogenize mutualist communities of 
understory plants (Becklin et al. 2012), suggesting a possible 
mechanism behind these patterns. Given the critical role 
fungal mutualists play in enabling plant persistence, espe-
cially in harsh environments, that the loss of these mutualists 
may negatively impact the fitness of plants growing adjacent 
to novel trees, potentially eventually leading to the loss of 
plant species and the commonly observed decrease in plant 
diversity associated with novel tree invasion (García  et  al. 
2018, 2023).

 In contrast to fungal mutualists, local pathogen diversity 
was positively influenced by plant richness and cover, and by 
increases in soil moisture, resulting in greater richness and 
abundance of pathogens in later stages of range expansion. 
Previous studies document similar relationships (Liu  et  al. 
2020, Strengbom et al. 2006) and the accumulation of local 
pathogens by invading plants is considered an important 
mechanism that influences the success of exotic plant inva-
sions and contributes to the eventual exclusion of native flora 
(Eppinga  et  al. 2006). While our results suggest that soil 
moisture may facilitate pathogenic fungi, it is also possible 
that we observed increased pathogen diversity due to the par-
allel reduction in mutualist diversity, as mutualists play key 
roles in mediating plant-pathogen defense (Singh et al. 2011). 
This idea is supported by our observed decrease in the fun-
gal mutualist Serendipita following range-expansion, as past 
work has demonstrated Serendipita’s ability to enhance plant 
defense against fungal pathogen infection (Oberwinkler et al. 
2013, Sarkar et al. 2019). Similar to the loss of mutualists, an 
increase in the diversity of fungal pathogens could decrease 
the fitness of native plants. Taken together, these changes in 
root-associated fungal communities point towards a potential 
belowground mechanism by which novel foundation species 
are restructuring the communities they invade, which could 
contribute to the commonly observed reductions in aboveg-
round plant diversity associated with novel tree spread and 
establishment (Bravo-Monasterio  et  al. 2016, Taylor  et  al. 
2016, García et al. 2018, 2023, Mogashoa et al. 2021).

Implications

The spread and establishment of range-expanding trees 
threatens biodiversity and ecosystem functioning in alpine 
and tundra ecosystems around the world, however the below-
ground consequences remain understudied (Suarez  et  al. 
1999, Harsch  et  al. 2009, Greenwood and Jump 2014, 
Collins et al. 2020). Here, we show that the initiation of novel 
ecosystems by novel foundation tree species alters the below-
ground abiotic environment and is coupled with guild-spe-
cific responses in fungal diversity. These belowground impacts 
may determine the fate of vulnerable alpine and tundra 

ecosystems threated by range expansion, as long-term shifts 
in the diversity of belowground mutualistic and pathogenic 
fungi can have ecosystem-wide impacts on nutrient cycling, 
aboveground diversity and ecosystem services (Körner 2003, 
Parker et al. 2015, Kivlin et al. 2017). Although the changes 
we outline in this study reflect the early stage impacts of sin-
gle range-expanding individuals, over time, these effects will 
likely strengthen as trees multiply and spread, reshaping and 
transforming alpine and tundra landscapes into forested eco-
systems (García et al. 2018, 2023), with novel water and fire 
regimes, increased competition among native species for lim-
ited resources, and decreased biodiversity (Simberloff  et  al. 
2010, Taylor  et  al. 2016, 2017, Bravo-Monasterio  et  al. 
2016, Franzese et al. 2017, Mogashoa et al. 2021).

As trees continue to shift upward and poleward 
(Harsch et al. 2009), the future of alpine and tundra ecosys-
tems grows increasingly uncertain. Understanding how these 
initial impacts of range-expanding foundation species work 
to structure and organize novel ecosystems, and how these 
processes change over time, may hold the key to designing 
effective and successful conservation/restoration strategies 
(Wainwright et al. 2018). Our study fills an important gap in 
our knowledge of how these biomes are changing and high-
lights the importance of considering the belowground com-
ponent of ecosystem response to global change.

Acknowledgements – We would foremost like to thank the caretakers 
of Refugio de Montaña Cerro Piltriquitrón for their hospitality and 
for sharing their knowledge of the local alpine area and ongoing 
pine invasion. The authors would like to thank the members of Dr 
Martin Nuñez’s lab, especially Dr Jaime Moyano and Dr Nahuel 
Policelli, for their counsel and help during with field work, as well 
as the wider Grupo de Ecología de Invasiones and their members 
for their support. Additionally, we would like to thank Dr Mariano 
Rodrigues-Cabal for his help and support with the field and 
laboratory work in Argentina. We would like to thank Universidad 
Nacional del Comahue for providing laboratory space while in 
Argentina and Geneviève Bourret in Dr Kembel’s lab for her help 
with molecular analysis. Finally, we would also like to thank Dr 
Ziter, Dr Walsh and Dr Peres-Neto in the Department of Biology 
at Concordia University, as well as Dr Classen and Dr Sanders at 
Department of Ecology and Evolutionary Biology at the University 
of Michigan for their counsel over the course of the project. 
Funding – The project was funded by the Concordia University 
Research Chair in Biodiversity and Ecosystem Functioning 
awarded to JPL. IE was funded by a CGS NSER scholarship 
from Concordia University. The laboratory work was funded by a 
FRQNT Programme de recherche pour les enseignants de Collège 
grant (2020-CO-275311) to TDB and a Concordia Seed Grant to 
TDB and JPL. 

Author contributions

Jean-Philippe Lessard and Martin A. Nuñez contributed 
equally to this publication. Isaac Eckert: Conceptualization 
(equal); Data curation (lead); Formal analysis (lead); 
Investigation (lead); Methodology (equal); Visualization 
(lead); Writing – original draft (lead); Writing – review and 



Page 10 of 13

editing (lead). Tonia De Bellis: Conceptualization (equal); 
Formal analysis (supporting); Funding acquisition (equal); 
Methodology (supporting); Project administration (equal); 
Resources (equal); Supervision (supporting); Writing – review 
and editing (equal). Gabriel Muñoz: Conceptualization 
(equal); Investigation (equal); Methodology (equal); 
Writing – review and editing (equal). Steve W. Kembel: 
Conceptualization (equal); Investigation (supporting); 
Methodology (supporting); Resources (equal); Writing – 
review and editing (supporting). Jean-Philippe Lessard: 
Conceptualization (equal); Data curation (supporting); 
Formal analysis (supporting); Funding acquisition (lead); 
Investigation (supporting); Methodology (equal); Project 
administration (lead); Resources (lead); Supervision (lead); 
Writing – original draft (supporting); Writing – review and 
editing (supporting). Martin A. Nuñez: Conceptualization 
(lead); Data curation (supporting); Investigation (support-
ing); Methodology (supporting); Project administration 
(lead); Resources (equal); Supervision (equal); Writing – 
review and editing (equal).

Data availability statement

Data are available from figshare: https://doi.org/10.6084/
m9.figshare.14675814.v2 (Eckert et al. 2023).

Supporting information

The Supporting information associated with this article is 
available with the online version.

References

Anderson, M. J. 2001. A new method for non-parametric multi-
variate analysis of variance. – Austral Ecol. 26: 32–46.

Anderson, M. J. 2014. Permutational multivariate analysis of vari-
ance (PERMANOVA). – Wiley Statsref Stat. Ref. Online: 
1–15. https://doi.org/10.1002/9781118445112.stat07841.

Báez, S. and Collins, S. L. 2008. Shrub invasion decreases diversity 
and alters community stability in northern Chihuahuan Desert 
plant communities. – PLoS One 3: e2332.

Bagchi, R., Swinfield, T., Gallery, R. E., Lewis, O. T., Gripenberg, 
S., Narayan, L. and Freckleton, R. P. 2010. Testing the Janzen–
Connell mechanism: pathogens cause overcompensating den-
sity dependence in a tropical tree. – Ecol. Lett. 13: 1262–1269.

Bagchi, R., Gallery, R. E., Gripenberg, S., Gurr, S. J., Narayan, L., 
Addis, C. E., Freckleton, R. P. and Lewis, O. T. 2014. Patho-
gens and insect herbivores drive rainforest plant diversity and 
composition. – Nature 506: 85–88.

Baselga, A. 2010. Partitioning the turnover and nestedness compo-
nents of beta diversity. – Global Ecol. Biogeogr. 19: 134–143.

Becklin, K. M., Pallo, M. L. and Galen, C. 2012. Willows indirectly 
reduce arbuscular mycorrhizal fungal colonization in understo-
rey communities. – J. Ecol. 100: 343–351.

Belsky, A. J., Mwonga, S. M. and Duxbury, J. M. 1993. Effects of 
widely spaced trees and livestock grazing on understory envi-
ronments in tropical savannas. – Agrofor. Syst. 24: 1–20.

Bravo-Monasterio, P., Pauchard, A. and Fajardo, A. 2016. Pinus 
contorta invasion into treeless steppe reduces species richness 

and alters species traits of the local community. – Biol. Invas. 
18: 1883–1894.

Bray, J. R. and Curtis, J. T. 1957. An ordination of the upland 
forest communities of southern Wisconsin. – Ecol. Monogr. 27: 
325–349.

Brockley, R. P. 2001. Fertilization of lodgepole pine in western 
Canada. – In: Proceedings of the enchanced forest manage-
ment: fertilization and economicas conference, pp. 43–54.

Brouwer, R. 1963. Some aspects of the equilibrium between over-
ground andunderground plant parts. – Jaarboek van het 
Instituut Voor Biologisch EnScheikundig Onderzoek aan Land-
bouwgewassen, pp. 31–39.

Cairney, J. W. G. and Meharg, A. A. 2003. Ericoid mycorrhiza: a 
partnership that exploits harsh edaphic conditions. – Eur. J. Soil 
Sci. 54: 735–740.

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., John-
son, A. J. and Holmes, S. P. 2016. DADA2: high-resolution 
sample inference from Illumina amplicon data. – Nat. Methods 
13: 581–583.

Callahan, B. J., McMurdie, P. J. and Holmes, S. P. 2017. Exact 
sequence variants should replace operational taxonomic units 
in marker-gene data analysis. – ISME J. 11: 2639–2643.

Callaway, R. M. 1995. Positive interactions among plants. – Bot. 
Rev. 61: 306–349.

Carlton, J. T. 2000. Global change and biological invasions in the 
oceans. – In: Mooney, H. A. and Hobbs, R. J. (eds), Invasive 
species in a changing world. Island Press, pp. 31–53.

Chao, A. 1987. Estimating the population size for capture-recap-
ture data with unequal catchability. – Biometrics 43: 783–791.

Chen, I. C., Hill, J. K., Ohlemüller, R., Roy, D. B. and Thomas, 
C. D. 2011. Rapid range shifts of species associated with high 
levels of climate warming. – Science 333: 1024–1026.

Cline, L. C., Hobbie, S. E., Madritch, M. D., Buyarski, C. R., 
Tilman, D. and Cavender-Bares, J. M. 2018. Resource availa-
bility underlies the plant–fungal diversity relationship in a 
grassland ecosystem. – Ecology 99: 204–216.

Colautti, R. I. and Barrett, S. C. 2013. Rapid adaptation to climate 
facilitates range expansion of an invasive plant. – Science 342: 
364–366.

Collins, C. G., Stajich, J. E., Weber, S. E., Pombubpa, N. and Diez, 
J. M. 2018. Shrub range expansion alters diversity and distribu-
tion of soil fungal communities across an alpine elevation gradi-
ent. – Mol. Ecol. 27: 2461–2476.

Collins, C. G. et al. 2020. Belowground impacts of alpine woody 
encroachment are determined by plant traits, local climate and 
soil conditions. – Global Change Biol. 26: 7112–7127.

Daft, M. J. and Nicolson, T. H. 1966. Effect of Endogone mycor-
rhiza on plant growth. – New Phytol. 65: 343–350.

Dancette, C. and Poulain, J. F. 1969. Influence of Acacia albida on 
pedoclimatic factors and crop yields. – Afr. Soils 14: 143–184.

Dayton, P. K. 1972. Toward an understanding of community resil-
ience and the potential effects of enrichments to the benthos at 
McMurdo sound, Antarctica. – Proc. Colloq. Conserv. Prob-
lems Antarctica 35: 81–96.

DeBellis, T., Kembel, S. W. and Lessard, J. P. 2019. Shared mycor-
rhizae but distinct communities of other root-associated 
microbes on co-occurring native and invasive maples. – PeerJ 
7: e7295. 

Delgado-Baquerizo, M., Guerra, C. A., Cano-Díaz, C., Egidi, E., 
Wang, J.-T., Eisenhauer, N., Singh, B. K. and Maestre, F. T. 
2020. The proportion of soil-borne pathogens increases with 
warming at the global scale. – Nat. Clim. Change 10: 550–554.

https://doi.org/10.6084/m9.figshare.14675814.v2
https://doi.org/10.6084/m9.figshare.14675814.v2
https://doi.org/10.1002/9781118445112.stat07841


Page 11 of 13

Dickie, I. A., Bolstridge, N., Cooper, J. A. and Peltzer, D. A. 2010. 
Co-invasion by Pinus and its mycorrhizal fungi. – New Phytol. 
187: 475–484.

Dickie, I. A., Yeates, G. W., St. John, M. G., Stevenson, B. A., 
Scott, J. T., Rillig, M. C., Peltzer, D. A., Orwin, K. H., Kirsch-
baum, M. U. F., Hunt, J. E., Burrows, L. E., Barbour, M. M. 
and Aislabie, J. 2011. Ecosystem service and biodiversity 
trade-offs in two woody successions. – J. Appl. Ecol. 48: 
926–934.

Dickie, I. A., St John, M. G., Yeates, G. W., Morse, C. W., Bonner, 
K. I., Orwin, K. and Peltzer, D. A. 2014. Belowground legacies 
of Pinus contorta invasion and removal result in multiple mech-
anisms of invasional meltdown. – AoB Plants. 6: plu056.

Dukes, J. S. and Mooney, H. A. 1999. Does global change increase 
the success of biological invaders? – Trends Ecol. Evol. 14: 
135–139.

Eckert, I. M. K., Bellis, T. D., Muñoz, G., Kembel, S. W., Lessard, 
J.-P. and Nuñez, M. A. 2023. Data from: A single range-
expanding species reshapes alpine ecosystems and their below-
ground diversity. – Figshare, https://doi.org/10.6084/m9.fig-
share.14675814.v2.

Ellison, A. M. et al. 2005. Loss of foundation species: consequences 
for the structure and dynamics of forested ecosystems. – Front. 
Ecol. Environ. 3: 479–486.

Eppinga, M. B., Rietkerk, M., Dekker, S. C., De Ruiter, P. C., Van 
der Putten, W. H. and Van der Putten, W. H. 2006. Accumu-
lation of local pathogens: a new hypothesis to explain exotic 
plant invasions. – Oikos 114: 168–176.

Erlandson, S. R., Savage, J. A., Cavender-Bares, J. M. and Peay, K. 
G. 2016. Soil moisture and chemistry influence diversity of 
ectomycorrhizal fungal communities associating with willow 
along an hydrologic gradient. – FEMS Microbiol. Ecol. 92: 
fiv148.

Ferreyra, M., Ezcurra, C. and Clayton, S. 2006. Flores de Alta Mon-
taña de los Andes Patagonicos. – Literature of Latin America.

Franklin, J. F., Moir, W. H., Douglas, G. W. and Wiberg, C. 1971. 
Invasion of subalpine meadows by trees in the Cascade Range, 
Washington and Oregon. – Arct. Alp. Res. 3: 215–224.

Franzese, J., Urrutia, J., García, R. A., Taylor, K. and Pauchard, A. 
2017. Pine invasion impacts on plant diversity in Patagonia: 
invader size and invaded habitat matter. – Biol. Invas. 19: 
1015–1027.

Gao, C., Shi, N. N., Liu, Y. X., Peay, K. G., Zheng, Y., Ding, Q., 
Mi, X. C., Ma, K. P., Wubet, T., Buscot, F. and Guo, L. D. 
2013. Host plant genus-level diversity is the best predictor of 
ectomycorrhizal fungal diversity in a Chinese subtropical forest. 
– Mol. Ecol. 22: 3403–3414.

García, R. A., Franzese, J., Policelli, N., Sasal, Y., Zenni, R. D., 
Nuñez, M. A., Taylor, K. and Pauchard, A. 2018. Non-native 
pines are homogenizing the ecosystems of South America. – In: 
Rozzi, R. R. H. M. Jr. F. S. C. III., Massardo, F., Gavin, M. C., 
Klaver, I. J., Pauchard, A., Nuñez, M. A. and Simberloff, D. 
(eds), Biocultural homogenization to biocultural conservation 
(Ecology). Springer, pp. 245–263.

García, R. A., Fuentes-Lillo, E., Cavieres, L., Cóbar-Carranza, A. 
J., Davis, K. T., Naour, M., Núñez, M. A., Maxwell, B. D., 
Lembrechts, J. J. and Pauchard, A. 2023. Pinus contorta alters 
microenvironmental conditions and reduces plant diversity in 
Patagonian ecosystems. – Diversity 15: 320.

Gardes, M. and Bruns, T. D. 1993. ITS primers with enhanced 
specificity for basidiomycetes – application to the identification 
of mycorrhizae and rusts. – Mol. Ecol. 2: 113–118.

Glassman, S. I., Wang, I. J. and Bruns, T. D. 2017. Environmental 
filtering by pH and soil nutrients drives community assembly 
in fungi at fine spatial scales. – Mol. Ecol. 26: 6960–6973.

Grayston, S. J., Wan, S., Campbell, C. D. and Edwards, A. C. 
1998. Selective influence of plant species on microbial diversity 
in the rhizosphere. – Soil Biol. Biochem. 39: 369–378.

Greenwood, S. and Jump, A. S. 2014. Consequences of treeline 
shifts for the diversity and function of high altitude ecosystems. 
– Arct. Antarct. Alp. Res. 46: 829–840.

Hagenbo, A., Clemmensen, K. E., Finlay, R. D., Kyaschenko, J., 
Lindahl, B. D., Fransson, P. and Ekblad, A. 2017. Changes in 
turnover rather than production regulate biomass of ectomycor-
rhizal fungal mycelium across a Pinus sylvestris chronosequence. 
– New Phytol. 214: 424–431.

Harley, J. and Smith, S. 1983. Mycorrhizal symbiosis. – Academic 
Press.

Harsch, M. A., Hulme, P. E., McGlone, M. S. and Duncan, R. P. 
2009. Are treelines advancing? A global meta-analysis of treeline 
response to climate warming. – Ecol. Lett. 12: 1040–1049.

Hayward, J., Horton, T. R. and Nuñez, M. A. 2015a. Ectomycor-
rhizal fungal communities coinvading with Pinaceae host plants 
in Argentina: gringos bajo el bosque. – New Phytol. 208: 
497–506.

Hayward, J., Horton, T. R., Pauchard, A. and Nuñez, M. A. 2015b. 
A single ectomycorrhizal fungal species can enable a Pinus inva-
sion. – Ecology 96: 1438–1444.

Hellmann, J. J., Byers, J. E., Bierwagen, B. G. and Dukes, J. S. 
2008. Five potential consequences of climate change for inva-
sive species. – Conserv. Biol. 22: 534–543.

Hickling, R., Roy, D. B., Hill, J. K., Fox, R. and Thomas, C. D. 
2006. The distributions of a wide range of taxonomic groups 
are expanding polewards. – Global Change Biol. 12: 450–455.

Hobbs, R. J. 2000. Invasive species in a changing world. – Island 
Press.

Hobbs, R. J., Higgs, E. and Harris, J. A. 2009. Novel ecosystems: 
implications for conservation and restoration. – Trends Ecol. 
Evol. 24: 599–605.

Jumpponen, A., Mattson, K. G. and Trappe, J. M. 1998. Mycor-
rhizal functioning of Phialocephala fortinii with Pinus contorta 
on glacier forefront soil: interactions with soil nitrogen and 
organic matter. – Mycorrhiza 7: 261–265.

Kivlin, S. N., Lynn, J. S., Kazenel, M. R., Beals, K. K. and Rudg-
ers, J. A. 2017. Biogeography of plant-associated fungal symbi-
onts in mountain ecosystems: a meta-analysis. – Divers. Distrib. 
23: 1067–1077.

Körner, C. 2003. Alpine plant life: functional plant ecology of high 
mountain ecosystems. – Springer.

Koyama, A., Maherali, H. and Antunes, P. M. 2019. Plant geo-
graphic origin and phylogeny as potential drivers of community 
structure in root-inhabiting fungi. – J. Ecol. 107: 1720–1736.

Lazzaro, A., Hilfiker, D. and Zeyer, J. 2015. Structures of microbial 
communities in alpine soils: seasonal and elevational effects. – 
Front. Microbiol. 6: 1330.

le Roux, P. C. and McGeoch, M. A. 2008. Rapid range expansion 
and community reorganization in response to warming. – 
Global Change Biol. 14: 2950–2962.

Legendre, P. and Gallagher, E. D. 2001. Ecologically meaningful 
transformations for ordination of species data. – Oecologia 129: 
271–280.

Lenoir, J., Gégout, J. C., Marquet, P. A., de Ruffray, P. and Brisse, 
H. 2008. A significant upward shift in plant species optimum 
elevation during the 20th century. – Science 320: 1768–1771.

https://doi.org/10.6084/m9.figshare.14675814.v2
https://doi.org/10.6084/m9.figshare.14675814.v2


Page 12 of 13

Liu, X., Zhang, L., Huang, M. and Zhou, S. 2020. Plant diversity 
promotes soil fungal pathogen richness under fertilization in an 
alpine meadow. – J. Plant Ecol. 14: 323–336.

Maltz, M. R., Treseder, K. K. and McGuire, K. L. 2017. Links 
between plant and fungal diversity in habitat fragments of 
coastal shrubland. – PLoS One 12: e0184991.

Masson-Delmotte, V., Zhai, P., Pörtner, H. O., Roberts, D., Skea, 
J., Shukla, P. R., Pirani, A., Moufouma-Okia, W., Péan, C., 
Pidcock, R., Connors, S., Matthews, J. B. R., Chen, Y., Zhou, 
X., Gomis, M. I., Lonnoy, E., Maycock, T., Tignor, M. and 
Waterfield, T. 2018. Global warming of 1.5°C. An IPCC Spe-
cial Report on the impacts of global warming of 1.5°C above 
pre-industrial levels and related global greenhouse gas emission 
pathways, in the context of strengthening the global response 
to the threat of climate change.

Mejstrik, V. K. and Krause, H. H. 1973. Uptake of 32P by Pinus 
radiata roots inoculated with Suillus luteus and Cenococcum 
graniforme from different sources of available phosphate. – New 
Phytol. 72: 137–140.

Meyerson, L. A. and Mooney, H. A. 2007. Invasive alien species in 
an era of globalization. – Ecol. Soc. Am. 5: 199–208.

Mogashoa, R., Dlamini, P. and Gxasheka, M. 2021. Grass species 
richness decreases along a woody plant encroachment gradient 
in a semi-arid savanna grassland, South Africa. – Landscape 
Ecol. 36: 617–636.

Moiseev, P. A. and Shiyatov, S. G. 2003. Vegetation dynamics at 
the tree-line ecotone in the Ural Highlands, Russia. In: Nagy, 
D. B. A. T. L., Grabherr, G. and Körner, Ch. (eds), – Alpine 
biodiversity in Europe, 167th edn. Springer, pp. 423–435.

Moore, M. M. and Huffman, D. W. 2004. Tree encroachment on 
meadows of the north rim, Grand Canyon national park, Ari-
zona, USA. – Arct. Antarct. Alp. Res. 36: 474–483.

Myers-Smith, I. H. et al. 2011. Shrub expansion in tundra ecosys-
tems: dynamics, impacts and research priorities. – Environ. Res. 
Lett. 6: 045509.

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

Nilsson, R. H., Larsson, K. H., Taylor, A. F. S., Bengtsson-Palme, 
J., Jeppesen, T. S., Schigel, D., Kennedy, P., Picard, K., Oliver, 
F. O., Tedersoo, L., Saar, I., Urmas, K. and Abarenkov, K. 2019. 
The UNITE database for molecular identification of fungi: han-
dling dark taxa and parallel taxonomic classifications. – Nucleic 
Acids Res. 47: 259–264. 

Nuñez, M. A. and Dickie, I. A. 2014. Invasive belowground mutu-
alists of woody plants. – Biol. Invas. 16: 645–661.

Oberwinkler, F., Riess, K., Bauer, R., Selosse, M. A., Weiß, M., 
Garnica, S. and Zuccaro, A. 2013. Enigmatic Sebacinales. – 
Mycol. Prog. 12: 1–27.

Oksanen, A. J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, 
P., Mcglinn, D., Minchin, P. R., Hara, R. B. O., Simpson, G. 
L., Solymos, P., Stevens, M. H. H. and Szoecs, E. 2013. Pack-
age ‘vegan’. – CRAN Repository, https://cran.r-project.org/
web/packages/vegan/index.html.

Ovington, J. D. 1959. Mineral content of plantations of Pinus 
sylvestris L. – Ann. Bot. 23: 75–88.

Parker, T. C., Subke, J. A. and Wookey, P. A. 2015. Rapid carbon 
turnover beneath shrub and tree vegetation is associated with 
low soil carbon stocks at a subarctic treeline. – Global Change 
Biol. 21: 2070–2081.

Parmesan, C., Ryrholm, N., Stefanescu, C., Hill, J. K., Thomas, C. 
D., Descimon, H., Huntley, B., Kaila, L., Kullberg, J., Tam-

maru, T., Tennent, W. J., Thomas, J. A. and Warren, M. 1999. 
Poleward shifts in geographical ranges of butterfly species asso-
ciated with regional warming. – Nature 399: 579–583.

Pauchard, A., Escudero, A., García, R. A., de la Cruz, M., Langdon, 
B., Cavieres, L. A. and Esquivel, J. 2016. Pine invasions in 
treeless environments: dispersal overruns microsite heterogene-
ity. – Ecol. Evol. 6: 447–459. 

Pinsky, M. L., Worm, B., Fogarty, M. J., Sarmiento, J. L. and Levin, 
S. A. 2013. Marine taxa track local climate velocities. – Science 
341: 1239–1242.

Rundel, P. W., Dickie, I. A. and Richardson, D. M. 2014. Tree 
invasions into treeless areas: mechanisms and ecosystem pro-
cesses. – Biol. Invas. 16: 663–675.

Sapsford, S. J., Brandt, A. J., Davis, K. T., Peralta, G., Dickie, I. 
A., Gibson, R. D., Green, J. L., Hulme, P. E., Nuñez, M. A., 
Orwin, K. H., Pauchard, A., Wardle, D. A. and Peltzer, D. A. 
2020. Towards a framework for understanding the context 
dependence of impacts of non-native tree species. – Funct. Ecol. 
34: 944–955.

Sarkar, D., Rovenich, H., Jeena, G., Nizam, S., Tissier, A., Balcke, 
G. U., Mahdi, L. K., Bonkowski, M., Langen, G. and Zuccaro, 
A. 2019. The inconspicuous gatekeeper: endophytic Serendipita 
vermifera acts as extended plant protection barrier in the rhizo-
sphere. – New Phytol. 224: 886–901.

Searle, S. R., Speed, F. M. and Milliken, G. A. 1980. Obtain esti-
mated marginal means (EMMs) for many linear, generalized 
linear, and mixed models. Compute contrasts or linear func-
tions of EMMs, trends, and comparisons of slopes. Plots and 
other displays. – In: Population marginal means in the linear 
model: an alternative to least squares means, vol. 34. The Amer-
ican Statistician, pp. 216–221.

Shirley, H. L. 1935. Light as an ecological factor and its measure-
ment. – Bot. Rev. 1: 355–381.

Siles, J. A. and Margesin, R. 2016. Abundance and diversity of 
bacterial, archaeal, and fungal communities along an altitudinal 
gradient in alpine forest soils: what are the driving factors? – 
Microb. Ecol. 72: 207–220.

Simberloff, D., Nuñez, M. A., Ledgard, N. J., Pauchard, A., Rich-
ardson, D. M., Sarasola, M., Van Wilgen, B. W., Zalba, S. M., 
Zenni, R. D., Bustamante, R., Peña, E. and Ziller, S. R. 2010. 
Spread and impact of introduced conifers in South America: 
lessons from other Southern Hemisphere regions. – Austral 
Ecol. 35: 489–504.

Singh, L. P., Gill, S. S. and Tuteja, N. 2011. Unraveling the role of 
fungal symbionts in plant abiotic stress tolerance. – Plant Sig-
nal. Behav. 6: 175–191.

Stachowicz, J. J. 2001. Mutualism, facilitation, and the structure 
of ecological communities. – BioScience 51: 235–246.

Steinbauer, M. J. et al. 2018. Accelerated increase in plant species 
richness on mountain summits is linked to warming. – Nature 
556: 231–234.

Stoklosa, J., Blakey, R. V. and Hui, F. K. C. 2022. An overview of 
modern applications of negative binomial modelling in ecology 
and biodiversity. – Diversity 14: 320.

Strengbom, J., Englund, G. and Ericson, L. 2006. Experimental 
scale and precipitation modify effects of nitrogen addition on 
a plant pathogen. – J. Ecol. 94: 227–233.

Sturm, M., Racine, C. and Tape, K. 2001. Climate change. Increas-
ing shrub abundance in the Arctic. – Nature 411: 546–547.

Sturm, M., Schimel, J., Michaelson, G., Welker, J. M., Oberbauer, 
S. F., Liston, G. E., Fahnestock, J. and Romanovsky, V. E. 2005. 
Winter biological processes could help convert Arctic tundra to 
shrubland. – BioScience 55: 17–26.

https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html


Page 13 of 13

Suarez, F., Binkley, D., Kaye, M. W. and Stottlemyer, R. 1999. 
Expansion of forest stands into tundra in the Noatak National 
Preserve, northwest Alaska. – Ecoscience 6: 465–470.

Taylor, K. T., Maxwell, B. D., Pauchard, A., Nuñez, M. A. and 
Rew, L. J. 2016. Native versus non-native invasions: similari-
ties and differences in the biodiversity impacts of Pinus contorta 
in introduced and native ranges. – Divers. Distrib. 22: 
578–588.

Taylor, K. T., Maxwell, B. D., McWethy, D. B., Pauchard, A., 
Nuñez, M. A. and Whitlock, C. 2017. Pinus contorta invasions 
increase wildfire fuel loads and may create a positive feedback 
with fire. – Ecology 98: 678–687.

Tedersoo, L. et al. 2014. Fungal biogeography. Global diversity and 
geography of soil fungi. – Science 346: 1256688.

Tedersoo, L.  et  al. 2020. Regional-scale in-depth analysis of soil 
fungal diversity reveals strong pH and plant species effects in 
northern Europe. – Front. Microbiol. 11: 1953.

Trant, A. J. and Hermanutz, L. 2014. Advancing towards novel tree 
lines? A multispecies approach to recent tree line dynamics in 
subarctic alpine Labrador, northern Canada. – J. Biogeogr. 41: 
1115–1125.

van Dijk, A. I. J. M. and Keenan, R. J. 2007. Planted forests and 
water in perspective. – For. Ecol. Manage. 251: 1–9.

van Kleunen, M. et al. 2015. Global exchange and accumulation 
of non-native plants. – Nature 525: 100–103.

Venables, W. N. and Ripley, B. D. 2002. Random and mixed 
effects. – In: Modern applied statistics with S, pp.271–300.

Vitousek, P. M., Walker, L. R., Whiteaker, L. D., Mueller-Dombois, 
D. and Matson, P. A. 1987. Biological invasion by Myrica faya 
alters ecosystem development in Hawaii. – Science 238: 802–804.

Wainwright, C. E., Staples, T. L., Charles, L. S., Flanagan, T. C., 
Lai, H. R., Loy, X., Reynolds, V. A. and Mayfield, M. M. 2018. 
Links between community ecology theory and ecological resto-
ration are on the rise. – J. Appl. Ecol. 55: 570–581.

Wallingford, P. D., Morelli, T. L., Allen, J. M., Beaury, E. M., 
Blumenthal, D. M., Bradley, B. A., Dukes, J. S., Early, R., 
Fusco, E. J., Goldberg, D. E., Ibáñez, I., Laginhas, B. B., Vilà, 
M. and Sorte, C. J. B. 2020. Adjusting the lens of invasion 
biology to focus on the impacts of climate-driven range shifts. 
– Nat. Clim. Change 10: 398–405.

Ward, N. L. and Masters, G. J. 2007. Linking climate change and 
species invasion: an illustration using insect herbivores. – Global 
Change Biol. 13: 1605–1615.

Warren, R., Price, J., Graham, E., Forstenhaeusler, N. and VanDer-
Wal, J. 2018. The projected effect on insects, vertebrates, and 
plants of limiting global warming to 1.5°C rather than 2°C. 
– Science 360: 791–795.

White, T. J., Bruns, S., Lee, S. and Taylor, J. 1990. Amplification 
and direct sequencing of fungal ribosomal RNA genes for phy-
logenetics. – PCR Protoc. 18: 315–322.


	Introduction
	Material and methods
	Study site
	Study design
	Pine age and morphology
	Soil moisture and chemistry
	Extant plant community
	Plant root samples and DNA extraction
	Amplification, sequencing and bioinformatics

	Statistical analysis
	H1: effect of range-expansion on the abiotic environment
	H2a: effect of range-expansion on the α diversity of root-associated fungi
	H2b: effect of range-expansion on β-diversity of root-associated fungi
	H2b: effect of range-expansion on β-diversity of root-associated fungi
	H2c: effect of range-expansion on γ-diversity of root-associated fungi
	Examining the drivers of fungal diversity

	Results
	H1: effect of range-expansion on the abiotic and biotic environment
	H2a: effect of range-expansion on α-diversity of root-associated fungi
	H2b: effect of range-expansion on β-diversity of root-associated fungi
	H2b: effect of range-expansion on β-diversity of root-associated fungi
	H2c: effect of range-expansion on γ-richness of root-associated fungi
	Drivers of fungal diversity

	Discussion
	Tree establishment alters environmental conditions creating distinct abiotic islands
	Novel tree establishment leads to changes in belowground diversity across scales
	Implications

	References

