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were not present in the database; dual arbuscular-ectomycorrhizal
plants were too few (0.004%) and thus excluded from the analyses.
For each vegetation plot, we calculated the number of speciesin each
mycorrhizal type (obligate mycorrhizal, facultative-mycorrhizal and
non-mycorrhizal) and mycorrhizal status (arbuscular-mycorrhizal,
ectomycorrhizal, facultative-mycorrhizal and non-mycorrhizal), sepa-
rately for native and non-native plants. Finally, we retained only plots
where non-native plant species occur (non-native count >0). This
resultedinafinal dataset thatincluded 440,788 vegetation plots with
39,731 plant species from 14 biomes, sampled between 1899 and 2022
(Extended Data Fig. 3).

Biome assignment and environmental variables

Vegetation plots were assigned to biomes according to the classifica-
tion of ref. 84. To characterize environmental conditions at each plot
location, we integrated high-resolution spatial data on climate and soil
properties. Climatic variables were derived from the CHELSA dataset®,
which provides fine-scale (-1 km?) temperature and precipitation layers
designed for ecological and biogeographical research. Soil properties
were obtained from the SoilGrids database®, a global resource that
provides standardized estimates of soil attributes at 250-mresolution.
All environmental layers were harmonized to a spatial resolution of
30 arcsec (-1 km? at the equator) to ensure consistency across data-
sets®”. To reduce redundancy and avoid multicollinearity among pre-
dictor variables, we selected asubset of environmental variables with
low collinearity (correlation values <0.6)%. The final set of predictors
included meanannual temperature (mean yearly temperature averaged
across years) and mean annual precipitation (total yearly precipita-
tion averaged across years) to reflect the variation in broad climatic
trends, along with several soil variables measured at a depth of 5 cm:
volumetric fraction of coarse soil fragments (cm* dm™), proportion of
sand particles (g kg™), soil organic carbon stock (dg kg™) and soil pH.
To evaluate the influence of soil nutrients, we conducted a sensitivity
analysis incorporating soil nitrogen®® and phosphorus®’. Owing to high
spatial uncertainty in global nutrient rasters, these were analysed in
separate models to avoid overinterpreting their causal weight. Results
remained qualitatively consistent with our primary findings, demon-
strating that observed patterns are robust to the inclusion of soil nutri-
entgradients (Extended Data Fig. 6 and Supplementary Table 4), with
minor variationsinxeric deserts probably due to reduced sample sizes
(387,593 plots). All variables were standardized (scaled and centred)
before their inclusion in statistical models to ensure comparability
(see Extended Data Fig. 5 for distribution of environmental values
across biomes).

Disturbance and human pressure metrics

We used two different metrics to study the link between either
(1) generalized disturbance (human and/or natural) or (2) human pres-
sure (that is landscape modifications) and mycorrhizal strategy of
native and non-native plants. The first metric, the SDI, captures the
intensity and frequency of both natural and human-caused distur-
bance events (for example, fires, floods, logging and land conversion),
representing a proxy for generalized disturbance. This metricis based
on land surface transitions detected across 20 years (1999-2019) of
the full Landsat, 5, 7 and 8 surface reflectance collection using the
precomputed continuous change detection and classification (CDCC)
product®, Although most of these detected changes probably reflect
anthropogenic disturbances, this metric can also capture natural
events that produce substantial shifts in vegetation phenology, such as
flooding or other ecosystem-level disturbances that alter surface reflec-
tance patterns. Fromthe raw land surface change data provided by the
CDCC product®, we computed an SDI that accounts for the number
and intensity of disturbances over the past 20 years (1999-2019). Todo
this, we quantified the relative frequency of generalized disturbances
ateach30-m pixel withina 250-mgrid cell and calculated the Shannon

diversity index®?. Using this approach, a high SDI indicates areas with
a high disturbance frequency evenly distributed across space. As SDI
is available for the years 1999-2019, we tested the effect of the SDI
disturbance on the vegetation plots collected in the same period of
time (249,947 plots, see Extended Data Fig. 7 for distribution of SDI
values across biomes).

The second metric, the global HMI (v.3)*?, is ameasure of cumula-
tive human pressures onterrestrial ecosystems (excluding Antarctica).
HMlincludes awide range of human-associated disturbances, such as
built-up areas, croplands, pasture lands, human population density,
night-time lights, railways, roads and navigable waterways, captur-
ing both direct land conversion and more diffuse human influence
on ecosystems. Where human pressure is high, we expect that distur-
bance events (fire, ploughing and logging) occur more frequently, but
acknowledge that HMl s a very indirect proxy for this. HMI was meas-
ured every 5 years between 1990 and 2020 at 300-m resolution and
values arein the 0-1.0 range, where O indicates no detectable human
pressure and 1.0 indicates maximum modelled pressure. We assigned
values of HMI to vegetation plots by matching the plot sampling
date to the closest previous year of measured HMI, so that the survey
wouldreflect the recent prior disturbance. AsHMI values are available
between 1990 and 2020, we tested the effect of HMI disturbance only
on vegetation plots surveyed between 1991 and 2020 (295,056 plots;
see Extended DataFig. 7 for distribution of HMI values across biomes).
The full dataset and R codes are available via Zenodo’**.

Statistical analyses

Our main objective was to test whether the proportion of
non-mycorrhizal and facultative-mycorrhizal species differ between
native and non-native subsets of plant species in the vegetation plots
and how these differences vary across biomes and under different
levels of disturbance and/or human pressure. To investigate these
biogeographical patterns in the mycorrhizal strategies of non-native
plants, we applied generalized linear mixed-effects models with a
binomial error distribution and a logit link function, using the glm-
mTMB package (v.1.1.1.9000)** in R (v.4.4.0). We also included selected
environmental variables as covariates to account for background
environmental variation.

Global non-mycorrhizal and facultative-mycorrhizal strategies in
non-native versus native plants. In our first set of models (global mod-
els), we tested whether non-mycorrhizal and facultative-mycorrhizal
strategies are more common among non-native plants than native
plantsglobally. Thatis, is there a higher probability of anon-native plant
being non-mycorrhizal or facultative-mycorrhizal relative to native spe-
cies? Specifically, we first compared non-mycorrhizal species against
all other strategies combined to capture the broad contrast between
non-mycorrhizal and mycorrhizal strategies (arbuscular-mycorrhizal,
ectomycorrhizal and facultative-mycorrhizal) using

cbind (non-mycorrhizal count, arbuscular-mycorrhizal count

+ectomycorrhizal count + facultative-mycorrhizal count)

as aresponse variable. We then broke this down into pairwise com-
parisons to assess whether patterns differed when each mycor-
rhizal type was considered separately (non-mycorrhizal versus
arbuscular-mycorrhizal, non-mycorrhizal versus ectomycorrhizal and
non-mycorrhizal versus facultative-mycorrhizal). This is particularly
useful for understanding which mycorrhizal typeis over-representedin
the non-native florawhen the mycorrhizal strategy of non-native plants
ismycorrhizal. For analogous facultative-mycorrhizal models, we used
the same stepwise approach: first comparing facultative-mycorrhizal
againstarbuscular-mycorrhizal + non-mycorrhizal to capture the broad
contrast and then breaking this down into facultative-mycorrhizal
versus arbuscular-mycorrhizal and facultative-mycorrhizal versus
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non-mycorrhizal. Each modelincluded native status of species (native
versus non-native) as afixed effect and plotidentity asarandom effect
to account for the non-independence of native and non-native propor-
tions within the same plot.

Biome variation in non-mycorrhizal and facultative-mycorrhizal
strategies. To assess whether differences in mycorrhizal strategies
of non-native plant species vary across biomes, we extended the
global models by including a two-way interaction between the cat-
egorical variable for biome (with ten levels) and native status (native
or non-native). The categorical variable biome only comprised ten
levels as we filtered out four biomes with a very low count of veg-
etation plots, namely: tropical coniferous forest biome (28), man-
groves (43), tropical deciduous broadleaf forests (115) and flooded
grasslands (184). This allowed us to test whether the proportion
of non-mycorrhizal or facultative-mycorrhizal in native versus
non-native varied with biome.

Effect of global disturbance intensity on non-mycorrhizal and
facultative-mycorrhizal strategies. To test the influence of distur-
bance onmycorrhizal type or status proportions at the global scale, we
added disturbance as a categorical variable with two levels (low versus
high), based on the lowest and highest 25% of the SDI or HMI across
all plots globally. Only plots in these two groupings were included
in the analyses. Disturbance was included as a two-way interaction
term with native status, allowing us to evaluate whether the relative
prevalence of non-mycorrhizal and facultative-mycorrhizal species
differs between native and non-native groups under contrasting
disturbance conditions.

Interaction of biome and disturbance on non-mycorrhizal and
facultative-mycorrhizal strategies. In a final set of models, we
assessed how disturbance interacts with native status and biome
by incorporating biome-specific disturbance thresholds. Here low
and high disturbance were defined within each biome, using the
bottom and top 25% of SDI or HMI values for plots within that biome
(Extended Data Fig. 7). This within-biome classification accounts for
variationin disturbance intensity observed acrossregionsin our data-
set. Importantly, results should only be interpreted quantitatively
within each biome, as the disturbance level is specific to each biome.
Disturbance level was included as a three-way interaction with native
status and biome. To ensure statistical robustness and interpretability,
we verified that each biome included asufficient number of plots rep-
resenting each combination of disturbance level and biome (minimum
plot number 157 using the tundra biome as reference), allowing for
meaningful comparisons across interaction terms.

Post hoc comparisons and contrasts. We used the emmeans package
(v.1.11.1)”” to compute estimated marginal means (EMMs) for each fac-
tor combination, averaging over other model covariates. From these
model-based estimates, we then calculated the difference between
groups as:

Difference in means = EMM,o;,_native — EMMyative-

A positive difference indicates that, on average, the propor-
tion of non-mycorrhizal or facultative-mycorrhizal species was
higher in non-natives than in natives, while a negative difference
indicates the opposite (Fig. 4). We applied this procedure at three
scales: globally across all plots, within each biome and within each
disturbance level nested within each biome. We tested the statisti-
cal significance (P < 0.05) of these differences using the multcomp
package (v.1.4-28)°%, applying a Benjamini-Hochberg correction for
multiple testing. Finally, to assess whether disturbance modified the
proportion of non-mycorrhizal and facultative-mycorrhizal within
native and non-native groups, we performed manual contrasts using

the contrast() function from the emmeans package, applying a
difference-of-differences approach. Specifically, we calculated:

A= (EMMnon—native,high - EMMnon—native,Iow)
_(EMMnative,high - EMMnative,low)~

This allowed us to test whether the proportion of non-mycorrhizal
and facultative-mycorrhizal changed between low and high disturbance
levels. Global maps were visualized using the Equal Earth projection.
Spatial data processing, raster manipulations and map generations
were performed using the terra R package (v.1.7-83)%.

Impact of invasion on the native plant mycorrhizal-type compo-
sition. The displacement of native species by non-natives can drive
non-random shifts in functional community structure, potentially
skewing baseline mycorrhizal patterns'*®'", To assess this impact,
we modelled the proportions of mycorrhizal types (non-mycorrhizal
versus mycorrhizal) in native species between invaded plots and
uninvaded plots using a generalized linear model with a binomial
error distribution and a logit link function. The model included an
invasion status by biome interaction and environmental variables as
covariates. Results showed that the proportion of non-mycorrhizal
species in uninvaded plots was generally higher than in invaded
plots (Supplementary Table 6). To assess whether this shift in
native mycorrhizal types due to invasion would qualitatively alter
our main results and conclusions, we adjusted our original native
non-mycorrhizal estimates using a biome-specific correction factor
derived from the new model described above. This sensitivity analysis
(Supplementary Table 7) confirmed that, althoughinvasionalterslocal
mycorrhizal composition, our primary conclusions remain robust to
these shifts.

Rarefied re-analysis. Within the current dataset, certain regions
of the world are considerably undersampled relative to others
(Extended Data Fig. 3b). To address this imbalance, we conducted a
benchmarking analysis comparingresults fromthe full dataset tothose
fromaresampled dataset that downweighs over-represented regions.
Specifically, we rarefied the data by subsampling all biomes to match
the number of plotsin the montane grassland biome (1,958 plots, biome
with the third lowest number of plots) and reran the analysis (global
and biome models). Results overall are qualitatively consistent with
main presented results (Extended Data Fig. 4b,d; detailed results can
be foundin Supplementary Tables 3 and 4).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The preprocessed dataset is available via Zenodo at https://doi.org/
10.5281/zen0do0.20123479 (ref. 94). Coordinates of the plots have
been modified to protect the precise location of the surveyed plots.
Source data are provided with this paper.

Code availability

RcodesareavailableviaGitHubathttps://github.com/sgc92/Mycorrhizal-
strategy-of-non-native-plants-varies-with-biome-and-disturbance/
and viaZenodo at https://doi.org/10.5281/zenod0.17308647 (ref. 95).
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Extended Data Fig. 1| Effect of disturbance intensity and type on the
prevalence of non-mycorrhizal (NM) species. (A, B) Biome-level differences
inmodel-estimated mean proportions of NM species between non-native

and native plants across two disturbance metrics: (A) Structural Disturbance
Index (SDI) and (B) Human Modification Index (HMI). Bars represent estimated
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marginal means for the overall biome average (yellow), low disturbance (green),
and high disturbance (red). Asterisks to the right of the bars denote significant
differences between high and low disturbance conditions based on pairwise
contrasts (p < 0.05). Error bars represent + SE. See Supplementary Tables S3
A3-A6 for comprehensive model statistics and contrasts.
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Extended DataFig. 2 | Effects of disturbance intensity and type on the
prevalence of facultative-mycorrhizal (FM) species. (A, B) Biome-level
differences in model-estimated mean proportions of FM species between high
and low disturbance for SDI (A) and HMI (B). Positive values (green) indicate
anincreasein FM prevalence under high disturbance; negative values (pink)
indicate ashift toward alternative strategies (AM or NM). Asterisks denote
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(p <0.05). (C, D) Comparison of FM proportions between non-native and native
plants (non-native - native) across biomes under varying disturbance levels. Bars
represent differences under low disturbance (green) and high disturbance (red)
for SDI(C) and HMI (D). Yellow bars indicate the baseline per biome. Error bars
represent +SE. See Supplementary Tables S2 A3-A6 for full model statistics
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Extended Data Fig. 3| Geographic distribution of biomes and sampling intensity. (A) Global distribution of biomes as defined by Dinerstein et al. (2017). Colors
correspond to the biomes analyzed, with the total number of vegetation plots indicated for each. (B) Geographic locations of the 440,788 vegetation plots (black dots)
includedin this study. Mapsinaand b created with terra®.
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researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description This global observational study combined 440,788 vegetation plots from the sPlot database with plant native status (from GloNAF
and POWO) and mycorrhizal strategy (from FungalRoot).The design was factorial, testing interactions between:Native status (native
vs. non-native)Biome (14 Olson et al. 2001 biomes; 10 retained in analyses)Disturbance level (low vs. high, based on Structural
Disturbance Index — SDI —and Human Modification Index — HMI)Generalized linear mixed models (GLMMs) with plot identity as a
random factor tested whether the proportion of non-mycorrhizal (NM) and facultative mycorrhizal (FM) species differed between
native and non-native plants across biomes and under different disturbance regimes.

Research sample Vegetation plot data: from sPlot v4.0, integrating surveys (1888—-2022) across all continents.Native status: assigned via GIoNAF and
POWO; plots with conflicting status were excluded.Mycorrhizal traits: derived from FungalRoot, supplemented at genus level when
species data were missing.Environmental and soil variables: extracted from CHELSA (climate) and SoilGrids (soil properties)
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datasets.Disturbance metrics:SDI — computed from 1999-2019 Landsat surface-reflectance change (CDCC).HMI — from Theobald et
al. (2025), reflecting cumulative human modification.Biomes were assigned following Olson et al. (2001).

Sampling strategy The study used pre-existing vegetation plot data compiled in the sPlot 4.0 database, which aggregates >2.5 million standardized
vegetation surveys collected worldwide by independent researchers using comparable phytosociological methods.A total of 440,788
plots were selected based on strict inclusion criteria: each had at least 80% of species assigned to a mycorrhizal status and included
>1 non-native plant species.Sample sizes differ among biomes because data availability varies geographically — some biomes (e.g.,
temperate forests, grasslands) are extensively surveyed, whereas others (e.g., tundra, tropical coniferous forests) are sparsely
sampled. These differences reflect global research and accessibility biases rather than experimental design, but they were statistically
accounted for via rarefied re-analysis to ensure robustness to sampling imbalance.

Data collection Vegetation plot data were originally collected by hundreds of field ecologists and botanists contributing to sPlot, typically following
standard Braun-Blanguet or equivalent community survey protocols (species presence or cover recorded per plot).The current study
did not perform new field sampling but synthesized existing datasets.Native status was assigned by matching species to GIoNAF and
POWO databases using geographic coordinates.Mycorrhizal strategy was assigned via FungalRoot, supplemented at genus
level.Disturbance indices were derived computationally from Landsat imagery (for SDI) and human modification maps (for HMI),
while environmental variables were extracted from CHELSA and SoilGrids rasters.All processing, cleaning, and analysis were
conducted in R (v4.4.0) using reproducible scripts available on GitHub and Zenodo ublished in Zenodo at https://doi.org/10.5281/
zenodo.17308647 (Cazzaniga & Delavaux, 2026b).
Cazzaniga, S. G., & Delavaux, C. S. (2026b). Mycorrhizal_strategy_of non-native_plants_varies_with_biome_and_disturbance
(#code). Zenodo. https://doi.org/10.5281/zen0do.20123219

Timing and spatial scale  Temporal scale: 1899 — 2022 (plots collected over >120 years); disturbance indices aligned with overlapping years (1991-2020 for
HMI; 1999-2019 for SDI).Spatial scale: global, covering 14 biomes and >440,000 plots (~1 km? resolution for environmental
layers).Analyses were performed globally and per-biome.

Data exclusions Plots were excluded if:Species had conflicting native status between GloNAF and POWO.<80 % of species in a plot could be assigned
a mycorrhizal status.No non-native species were recorded (final dataset included only plots with > 1 non-native species).Biomes with
very few plots (<200) were excluded from statistical models.

Reproducibility This is an observational study, and reproducibility therefore refers to the ability to replicate the analyses rather than the original data
collection.All analysis codes and processed datasets are publicly available on Zenodo (respectively DOI: 10.5281/zenodo.17308647
and DOI: 10.5281/zenodo.20123219), enabling full reproduction of data processing and statistical workflows.

Randomization Randomization was not applicable, as this was an observational study integrating existing vegetation data rather than a manipulative
experiment.Instead, sources of non-independence and confounding were controlled statistically:Plot identity was included as a
random effect in GLMMs to account for within-plot dependence.Environmental covariates (climate and soil variables) were
standardized and included in models to control for background environmental variation.Disturbance variables were categorized (low/
high) based on global or biome-specific quantiles to enable structured comparison.

Blinding Blinding was not used and not applicable because:The analyses relied entirely on pre-existing, publicly available datasets with no
subjective assessment of outcomes. All data linking (native status, mycorrhizal assignment, disturbance) was performed
computationally using standardized databases and automated scripts, minimizing observer bias.

Did the study involve field work? D Yes No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Describe-any-atthentication-procedtres foreach seed stock tised-ornovel-genotype generated-—Describe-any-experiments-tised-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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