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Predicting which non-native plant species will become established
and where s critical for conserving and managing biodiversity. Theory
suggests that the mycorrhizal strategy of non-native plants may predict

their establishment success. Here we combine a global dataset of 440,788
vegetation plots with data on plant native status and mycorrhizal type to
assess mycorrhizal strategy of non-native plants. The mycorrhizal strategy
of non-native plants varies strongly across biomes. Across grassland and
desert biomes, non-native species are more frequently non-mycorrhizal
than native species, whereas in other biomes non-native species are

more likely to be mycorrhizal, most commonly arbuscular-mycorrhizal.
Disturbance type and intensity are key predictors of mycorrhizal strategy
of non-native species, as mycorrhizal species are favoured by landscape
modification and non-mycorrhizal species by natural and human-caused
disturbance events. Facultatively mycorrhizal species are consistently
under-represented among non-native plants compared with natives,
suggesting that symbiotic flexibility does not confer an advantage for
non-natives as previously expected. Our study shows that non-native
mycorrhizal strategy varies across biogeographical contexts and
disturbance, highlighting the need for region-specific prevention and
management approaches to plant species introductions.

Non-native plant species introductions pose amajor threat worldwide,
leading to biodiversity loss and ecosystem degradation' . Non-native
plant species can outcompete native flora, disrupt trophicinteractions
and modify nutrient cycling, ultimately reshaping entire ecosystems*
and causing high financial costs”®. Acommon approach to predict
non-native plantinvasion successisto evaluate traits linked to success-
ful colonization, resource acquisition and fitness of plant species™.
However, suchapproaches have shown limited predictive power as inva-
sionoutcomes are highly context-dependent, shaped by environmen-
tal conditions and the biotic resistance of recipient communities .
Moreover, research in biological invasions rarely focuses on the role
of biotic interactions, such as mutualisms, which are fundamental to
the establishment of most plant species.

Emerging work suggests that mycorrhizal mutualismsin particular
may be akey driver of non-native plant establishment'”’*, Most terres-
trial plants depend on mycorrhizal mutualisms, which comprise afew

major mycorrhizal types'®?°. Arbuscular-mycorrhizal associations are
the most widespread, dominatingin tropical and subtropical regions,
whereas ectomycorrhizal associations are more commonin cooler and
drier forest biomes” 2. Beyond these dominant guilds, more special-
ized and phylogenetically restricted associations exist, such as orchid
and ericoid mycorrhizae. Beyond association with certain mycorrhizal
types, some plant species vary in their reliance on this mutualism
(hereafter status), either being obligate or facultative-mycorrhizal.
Facultative-mycorrhizal plant species are defined by being found
both with and without their mycorrhizal partners®***, Despite the
fundamental importance of plant-mycorrhizal associations, the role
of mycorrhizal strategy ininvasion biology remains understudied, and
itis unclear which mycorrhizal strategy is associated with non-native
plant establishment across different biogeographic contexts.
Mycorrhizal plant species rely on the presence and viability of com-
patible fungal symbionts to establish*. The limited dispersal ability of
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certain mycorrhizal fungi, such as orchid and arbuscular-mycorrhizal
fungi, can constrain host plant establishment®>**** and limit range
expansion®’~*?, making the distribution and availability of symbi-
onts a key factor influencing the success of non-native plants®~*, A
well-documented example is the invasion of non-native Pinus spe-
cies in the southern hemisphere, which is only possible through
the co-invasion of ectomycorrhizal partners®~°. By contrast,
non-mycorrhizal species bypass the need for fungal partners, whereas
facultative-mycorrhizal species can adjust their strategy depending on
local fungal symbiont availability®”. Consequently, non-mycorrhizal
and facultative-mycorrhizal strategies may be more optimal for
non-native plant species. Indeed, regional- and global-scale studies
have demonstrated that facultative-mycorrhizal non-native species
have the highest naturalization success in mainland regions* >,

Acritical factor shaping the availability of fungal symbionts is the
level of disturbance. Disturbances caused by land-use changes, such
asagriculture, urban development or vegetation removal, can disrupt
fungal networks and reduce symbiont abundance and diversity**$°,
Disturbance events, such as fire and flooding, can have similar effects
onsoil microbial communities**?, whether occurring naturally orasa
result of human activity. Because disturbances reduce the reliability of
mycorrhizalinoculum, they may amplify the relative advantage of plant
species that can establish without mutualists (that is, non-mycorrhizal
and facultative-mycorrhizal) over mycorrhizal species.

To date, it remains unclear whether non-mycorrhizal or
facultative-mycorrhizal strategies are consistently advantageous to
non-native species. The impacts of a given mycorrhizal strategy are
likely to be context-dependent, shaped by biogeographical variation
inclimate, disturbance regimes and the availability and compatibility
of fungal partners. Until now, few studies have directly compared the
prevalence of mycorrhizal strategies between non-native and native
species within the same communities at large spatial scales'>'**>*,
Instead, studies largely focus on the non-native florainisolation from
native flora, assessing the proportion of non-native species of each
mycorrhizal type’**. Importantly, this precludes testing whether the
mycorrhizal strategy of non-natives differs from the dominant strat-
egy of native plant species (that is, within a local community sharing
biogeographical and environmental context). The few regional studies
thatdotest for differences between the strategy of non-natives versus
natives report contrasting results. For example, non-native species
in California were found to be more non-mycorrhizal than natives™,
whereas the opposite trend was observed in Great Britain*’. Toaddress
these inconsistencies, our study evaluates mycorrhizal strategies on
a global scale that accounts for both environmental variation and
disturbances, offering a broader empirical basis for understanding
therole of mycorrhizal associations in non-native plant establishment.

To achieve this, we investigate how biogeographic context and
disturbanceinteract toinfluence the prevalence of mycorrhizal strat-
egies in non-native plants globally. To do this, we combine vegeta-
tion plots from the sPlot global vegetation*® with information on the
native status of plant species*”*® and their mycorrhizal type and sta-
tus*. Specifically, we use statistical analyses to test the hypotheses
that: (1) non-mycorrhizal and facultative-mycorrhizal species are
over-represented among non-native compared with native plants,
suggesting that these strategies confer advantages during establish-
ment; (2) the prevalent mycorrhizal strategy of non-native plant species
differsacross biomes, driven by variationin environmental conditions
and dominant mycorrhizal associations of native plant communities;
and (3) the proportion of non-mycorrhizal and facultative-mycorrhizal
non-native species increases with disturbance intensity, as altered envi-
ronments reduce the availability of mycorrhizal partners. Although our
observational approachidentifies large-scale biogeographic patterns
rather than direct causal mechanisms, these statistical associations
provide compelling evidence for how mycorrhizal strategies relate to
non-native plant establishment. Furthermore, they generate robust,

testable hypotheses for future experimental studies to mechanistically
disentangle how these fungal symbioses underpin theinvasion process
across global environments.

Results and discussion

To evaluate how mycorrhizal strategies facilitate plant invasions,
we compared the prevalence of non-mycorrhizal and facultative-
mycorrhizal strategies between native and non-native species within
vegetation plots. Using this approach, we captured global trends,
biome-level variation and the influence of disturbances by first testing
broad contrasts (for example, non-mycorrhizal versus all mycorrhizal
types combined) followed by pairwise comparisons between individual
mycorrhizal types (Fig. 1).

Mycorrhizal strategy of non-native plants depends on biome
At a global scale, we found that there is a higher probability that
non-native species are mycorrhizal compared with native species
(Fig. 2b,c), suggesting that mycorrhizal associations may confer an
advantage for non-native species. However, this pattern varied strongly
across biomes and across different ranges of environmental condi-
tions (Extended Data Fig. 5). The global pattern was recovered in most
forested temperate regions, where non-native species are predicted to
be more mycorrhizal than native species are. However, in most grass-
lands and drylands, we found a higher probability that non-native spe-
ciesarenon-mycorrhizal compared with native species (Fig.2a-cand
Extended Data Fig. 6a-c). These biome-level results suggest that the
mycorrhizal strategy of non-natives is context-dependent.

Beyond the broad mycorrhizal strategy of non-native species
(mycorrhizal), we found that the specific mycorrhizal strategy (type)
varied across biomes. Mycorrhizal species were over-represented in
non-native relative to native species in temperate moist broadleaf
forests, Mediterranean forests, temperate coniferous forests, boreal
forests and tundra biomes, which are generally dominated by ecto-
mycorrhizal plants. In theseregions, we found that non-native species
were more likely to be arbuscular-mycorrhizal than non-mycorrhizal
relative to native species. Further, non-native plant species were more
likely to be non-mycorrhizal than ectomycorrhizal relative to native
species in these regions, except for temperate broadleaf and mixed
forests, where ectomycorrhizal were over-represented. This suggests
that, where non-native plants are more likely to be mycorrhizal, they
are also more likely to be arbuscular-mycorrhizal, except for in tem-
perate broadleaf and mixed forests, where non-natives are predicted
to associate more with ectomycorrhizal compared with natives. The
increased probability of non-native species to be mycorrhizal and
primarily arbuscular-mycorrhizal in these biomes aligns with the
more ruderal state of mostly arbuscular-mycorrhizal understory in
these systems. That is, the species that are more likely to invade are
arbuscular-mycorrhizal herbs. Where ectomycorrhizal strategies
are over-represented compared with non-mycorrhizal, these species
may promote success in forested biomes where they are ecologically
dominant within the native community?.

In contrast, we found a higher probability that non-native species
arenon-mycorrhizal compared with native speciesin grassland biomes,
which are generally dominated by arbuscular-mycorrhizal plants.
The most striking example of this pattern was observed in tropical
grasslands and shrublands, with models predicting that non-native
species comprised 17.8% non-mycorrhizal, nearly double their pro-
portion among natives (9.0%) (Fig. 2). In these biomes, early-invading
non-mycorrhizal species may reduce fungal abundance and diversity,
thereby weakening native plant recruitment and facilitating further
non-mycorrhizal invasions® >, This highlights how non-mycorrhizal
success may be contingent upon the mycorrhizal type of the native
community and the disruption of local fungal-mediated feedbacks.
The over-representation of non-mycorrhizal non-native species in
these biomes may also reflect fundamental differences in soil nutrient
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Fig.1| Conceptual framework for defining prevalent mycorrhizal strategies in
non-native species. Schematic representation of three hypothetical scenarios
comparing the prevalence of non-mycorrhizal (NM) versus mycorrhizal (Myc)
strategies between native and non-native species within the same vegetation
plot. a, No prevalent strategy: the proportion of NM species does not differ
significantly between groups. b, Non-mycorrhizal strategy: NM species are
significantly more prevalent in the non-native group, indicating that non-native
plantsadopt an NM strategy. ¢, Mycorrhizal strategy: NM species are significantly

NM (%) non-native -
NM (%) native

NM (%) non-native —

NM (%) native
less prevalent (thatis, Myc species are more frequent) in the non-native versus
native groups, indicating that non-native species adopt a mycorrhizal strategy.
Rows: hypothetical per-plot counts of Myc and NM species in native and non-
native groups (top); model-estimated mean proportions of NM species
with standard errors (s.e.) (middle); and the estimated difference in means
(% NMonnacive — % NM.qve) With associated s.e. (bottom). NS, not significant.
Credit: plantillustrations by Rachele Quaglino.

cycling. These ecosystems typically have rapid nutrient turnover
rates where arbuscular-mycorrhizal fungi facilitate phosphorus
acquisition®*, However, disturbed versions of these systems—where
invasions are most prone to occur—may have a phosphorus surplus
from anthropogenic inputs, causing non-mycorrhizal species to gainan
advantage by bypassing the carbon cost of the arbuscular-mycorrhizal
symbiosis when phosphorus is not limiting®’.

Mycorrhizal strategy of non-native plants depends on
disturbance intensity and type

We used two distinct metrics to assess the effect of disturbance on the
mycorrhizal strategy of non-native plants: the structural disturbance
index (SDI), whichis a proxy for generalized disturbance as itaccounts
for the intensity and frequency of natural and human-caused events,
such as fires and logging, and the global human modification index
(HMI), whichreflects stable human pressure such as urbanization and
infrastructure. We found that high generalized disturbance increases
the probability of non-native species being non-mycorrhizal com-
pared with natives at the global level and in most biomes (Fig. 3a,c
and Extended Data Fig. 1a). This pattern was especially pronounced
in tropical grasslands and shrublands, deserts and xeric shrub-
lands and tropical moist broadleaf forests. These biomes are typi-
cally dominated by arbuscular-mycorrhizal associations®, yet are
increasingly subject to natural (for example, fire and grazing) and

anthropogenic (for example, land conversion and deforestation)
disturbances®*®' (Extended DataFig. 7). Since arbuscular-mycorrhizal
fungi have limited dispersal capacity®?, such disturbances can
degrade arbuscular-mycorrhizal fungal inoculum, reducing estab-
lishment opportunities for arbuscular-mycorrhizal-dependent
species. Consequently, non-mycorrhizal species—often ruderal,
disturbance-adapted and unconstrained by symbiont dependence—
can rapidly exploit these conditions®**. This helps to explain the
consistent rise of non-mycorrhizal strategies among non-natives
in highly disturbed arbuscular-mycorrhizal systems****®, In con-
trast, the opposite pattern was found in Mediterranean forests:
increased generalized disturbance was associated with higher pro-
portions of mycorrhizal species among non-natives (Fig. 3a,c). Unlike
arbuscular-mycorrhizal-dominated systems, these forests often host
ectomycorrhizal or mixed arbuscular-ectomycorrhizal long-lived
woody perennials®>®°, These systems may thus retain functional
mycorrhizal associations even under disturbance because of the
the resilience of trees and associated ectomycorrhizal fungi, which
produce resistant propagules, disperse more effectively and can
persist independently of hosts?>¢”%%, Specifically, the frequent fire
and drought of Mediterranean ecosystems may have selected for
ectomycorrhizal spore banks that are more resilient than those in
boreal or temperate forests, where disturbance leads to severe fungal
biomass decline® ",
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Fig. 2| Relative prevalence of NM species in non-native versus native plants
across biomes. a, Global distribution of prevalent non-native mycorrhizal
strategies, comparing NM versus Myc; Myc includes counts of arbuscular-
mycorrhizal (AM), ectomycorrhizal (EM) and facultative-mycorrhizal (FM) types.
Biome colours represent the significantly dominant strategy of non-native
relative to native plants (based on ¢). Light grey indicates biomes not analysed;
hatching indicates areas >600 km from any sampling plot. b, Model-estimated
mean proportions of NM species in native and non-native subgroups.
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Fig. 3 | Effect of disturbance intensity and type on the proportion of non-
mycorrhizal species. We assessed how high disturbance shifts mycorrhizal types
using two metrics: the SDI, a proxy for generalized natural and human-induced
disturbance and the HMI, which reflects human pressure. a,b, Biome-level
differences in model-estimated mean proportions of NM species between high
and low disturbance for SDI (a) and HMI (b). Positive values (blue) indicate a shift
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shift towards aMyc strategy (including AM, EM and FM species). Asterisks
denote significant pairwise contrasts (P < 0.05); error bars represent s.e.
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The HMI, reflecting more stable human pressure such as urbani-
zation and infrastructure, was generally associated with increased
prevalence of mycorrhizal speciesamong non-natives (Fig.3b,d and
Extended Data Fig. 1b). These results align with results by ref. 72,
which showed that roadside disturbance promoted mycorrhizal spe-
cies. Specifically, increasing human pressure was associated with a

higher proportion of mycorrhizal non-natives in grasslands, tropical
moist broadleaf forests, boreal forests and tundra, biomes that were
more likely to be non-mycorrhizal under high generalized distur-
bance. By contrast, for Mediterranean and temperate forest biomes
(both coniferous and broadleaf), increased human pressure was
associated with higher proportions of non-mycorrhizal non-natives.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-026-03144-9

a More other type More FM b More AM More FM
—_— —_—
Global (440,788) + Global (440,788) (]
Tropical grasslandsand shrublands (8,596) — Tropical grasslandsand shrublands (8,596) — [ ]
Montane grasslands and shrublands (1,958) | Montane grasslands and shrublands (1,958) | H
Temperate grasslandsand shrublands (11,790) | Temperate grasslandsand shrublands (11,790) | I
Deserts and xeric shrublands (9,055) Deserts and xeric shrublands (9,055) -| I
Tropical moist broadleaf forests (3,446) | Tropical moist broadleaf forests (3,446) | |
Mediterranean forests (25,817) Mediterranean forests (25,817) |
Boreal forests (1,359) Boreal forests (1,359) I'O-l
Temperate coniferous forests (211,188) | Temperate coniferous forests (211,188) | l
Tundra (553) Tundra (553) 4 A
Temperate broadleaf and mixedforest (344,318) Temperate broadleaf and mixedforest (344,318) - .
—O‘.‘|5 —O‘.‘IO —O.‘05 6 -0.20 —O‘.15 —04‘10 —0.65 6
- More FM More AM or NM - More FM - More AM
C More NM More FM
Global (440,788) | { ]
Tropical grasslandsand shrublands (8,596) - '
Montane grasslands and shrublands (1,958) | I
Temperate grasslandsand shrublands (11,790) — I
Deserts and xeric shrublands (9,055) -| I
Tropical moist broadleaf forests (3,446) | I
Mediterranean forests (25,817) .
Boreal forests (1,359) - I'H
Temperate coniferous forests (211,188) |
Tundra (553) ol
Temperate broadleaf and mixedforest (344,318) '
06 03 o0

Fig. 4 |Relative prevalence of FM species in non-native versus native

plants across biomes. Bars represent the difference in model-estimated

mean proportions of FM species between non-native and native plants.

a-c, Comparisons are shown for FM versus all other types (AM + NM) (a), FM
versus AM species (b) and FM versus NM species (c). Positive values (dark green)
indicate that FM species are more prevalent among non-natives, suggesting a
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non-native preference for the FM strategy. Negative values indicate a higher
non-native prevalence of the alternative group: AM + NM (pink) (a), AM (orange)
(b) or NM (light green) (c). Error bars represent +s.e. Sample sizes (n plots) are
indicated adjacent to biome names. For comprehensive model outputs and
pairwise contrasts, see Supplementary Table 2a-c.

These contrasting patterns between generalized disturbance and
human pressure underscore the need to consider several disturbance
types when assessing invasion dynamics. Independence from mycor-
rhizal fungi may confer an advantage in systems with degraded fungal
communities or altered nutrient regimes, where non-mycorrhizal
species can bypass the carbon costs of symbiosis®*’>’*. By contrast,
associations with mycorrhizal fungi may confer an advantage to
non-native species in less frequently disturbed, human-modified
systems where fungal partners persist or are actively spread
through human activities (for example, mycorrhizal crops and
ornamental species).

Facultative-mycorrhizal strategy does not confer an advantage
to non-native establishment

The facultative-mycorrhizal strategy has beenidentified as a key driver
of naturalization success, with facultative-mycorrhizal species typi-
cally establishing in more regions and over larger geographic areas
than obligate or non-mycorrhizal species***”. This suggests that the
flexibility to switch between mycorrhizal states provides the broad
environmental niche necessary for global range expansion. However,
our plot-level analyses show that facultative-mycorrhizal species are
consistently under-represented among non-native compared with
native plants (Fig. 4a,c). Furthermore, we found that disturbance
did not shift the qualitative status of the facultative-mycorrhizal

strategy; facultative-mycorrhizal species remained consistently
under-represented among non-natives relative to natives across low and
highdisturbancelevels (Extended DataFigs.1and 6). Nonetheless, dis-
turbanceincreased therelative proportion of facultative-mycorrhizal
among non-natives. Specifically, high human pressure was associ-
ated with an increased proportion of facultative-mycorrhizal spe-
cies across all biomes (Extended Data Fig. 2a), and a similar trend
was observed for generalized disturbance in temperate conifer-
ous forests (Extended Data Fig. 2b). These patterns may reflect
ecological limitations of the facultative-mycorrhizal strategy dur-
ing the invasion process. In undisturbed or mycorrhizal-rich sys-
tems, facultative-mycorrhizal species may be outcompeted by
obligate arbuscular-mycorrhizal plants that form more efficient or
specialized fungal associations®. In highly disturbed environments,
facultative-mycorrhizal species may lack the stress tolerance or
rapid resource acquisition strategies of non-mycorrhizal species.
Contrary to expectations based on the broad ecological flexibility
and wide ranges typically associated with facultative-mycorrhizal
species®*?7>7¢ we found facultative-mycorrhizal species to be
under-represented among non-natives at the plot level. This suggests
that the facultative-mycorrhizal strategy does not confer a consistent
advantage ininvasion. By directly benchmarking non-native strate-
gies against co-occurring natives, we demonstrate that local invasion
success is not merely a product of inherent ecological plasticity, but
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rather depends on how the strategy of a species diverges from the
established native baseline.

Limitations and future directions

Although our findings provide a broad framework for understand-
ing the mycorrhizal strategies of non-native plants, they should be
interpreted in light of several important limitations. Although sPlot
represents the largest available plant co-occurrence (ref. 46 and
Damasceno et al., in preparation), certain regions of the world are con-
siderably undersampled relative to others (Extended Data Fig. 3b).
Rarefied results closely mirrored those of the full dataset, with global
and biome-level trends remaining consistent (Extended Data Fig. 4
and Supplementary Tables 3 and 4), suggesting that the main patterns
reported are robust, even with regional sampling bias. Nonetheless,
onlyincreased investmentin sampling under-represented regions can
fully address these limitations and this remains an active goal of the
sPlot community”’. Another limitation is that the analyses presented
were conducted only on invaded plots. However, non-native estab-
lishments may alter the mycorrhizal-type composition of the native
community. When we accounted for this effect at the biome level, our
resultsremained largely consistent (Supplementary Table 7). Although
this assessment aligns with our major conclusions, this highlights the
value of plot resampling to compare native communities in uninvaded
and subsequently invaded locations. Finally, although we used the most
up-to-date empirical data from the FungalRoot database, associated
mycorrhizal information remains incomplete, covering only a small
fraction of the global flora’®, with marked geographic and taxonomic
biases. In addition, where species-level information was unavailable,
mycorrhizal status and type were inferred from genus-level assign-
ments, an approach that enables global coverage butintroduces uncer-
tainty as a result of documented within-genus variability in mycorrhizal
associations’”’, Further, these assignments may reflect both genuine
intraspecific variability and limitations in sampling intensity or diag-
nosticresolution (for example, for facultative-mycorrhizal), which can
introduce uncertainty in mycorrhizal classification. Beyond taxonomic
coverage, an ecological limitation of our analysis is that these assign-
ments do notaccount for quantitative differencesin mycorrhizal reli-
ance and growth response. Because the fitness benefits of mycorrhizal
associations are highly context-dependent, species with high reliance
may face different establishment barriers compared with those with
low or facultative reliance, particularly under the varying disturbance
regimes and environmental conditions. This underscores the need for
more species- and population-level assessments of mycorrhizal type,
colonization rates® and growth benefit®. Finally, our study is correla-
tionalin nature and experiments will be needed to mechanistically test
forinvasibility of different mycorrhizal types under different biotic and
environmental conditions. Despite these limitations, this study draws
onthelargest global plant co-occurrence dataset, uses best practicesin
mycorrhizal classification and uses two global disturbance metrics to
present the most comprehensive analysis of the mycorrhizal strategy
of non-native plant species worldwide.

Our results show that the mycorrhizal strategy of non-native
plantsis highly context-dependent, shaped by biome and disturbance
regimes. Inmany arbuscular-mycorrhizal-dominated systems, spe-
ciesthatrely onthe non-mycorrhizal strategy are over-represented
among non-native compared with native species occurring in the
same community. By contrast, ectomycorrhizal-dominated systems
show mixed mycorrhizal strategies of non-native plants. Moreover,
our results show that although disturbance is akey predictor of myc-
orrhizal strategy, the direction of this effect hinges on the nature of
the disturbance. Specifically, generalized disturbance increases the
proportion of non-mycorrhizal, whereas human pressure favours
mycorrhizal non-native species. These results suggest distinct under-
lying mechanisms: whereas sustained and frequent disturbance
probably depletes fungal inoculum, stable anthropogenic pressures

appear to preserve, or even facilitate, mutualisms between fungi
and non-native plant species. Finally, facultative-mycorrhizal spe-
cies, often assumed to be ecologically advantageous for invasion,
are under-represented among non-native species and at all distur-
bancelevels, refuting the longstanding idea that symbiotic flexibil-
ity promotes the establishment of non-native species. Ultimately,
these findings shed light on the joint role of biome and disturbance
on which mycorrhizal strategies are more likely to establish and
present invasion risks. Together, this information contributes to
refining invasion risk predictions and informing more targeted,
effective management strategies based on mycorrhizal strategy and
environmental context.

Methods

Census data and native status assignment

We used vegetation-plot data from the sPlot database (v.4.0; ref. 46
and Damasceno et al. in preparation), a global compilation of 2.5 mil-
lion georeferenced plot surveys conducted from 1888 to 2022 across
all major biomes of the world (plot size from1t0 1,000 m?). Plant spe-
cies at each vegetation plot were assigned a native status (native or
non-native) based on consensus classifications from the Global Natural-
ized Alien Flora (GIoNAF)* and the Plants of the World Online (POWO)
database*®.The GIoNAF database contains comprehensive, spatially
explicit dataonthe naturalization status of over 10,000 plant species
across 1,029 geopolitical regions worldwide. The POWO database
providesinformation onthe native distribution of vascular plant spe-
cies, covering more than 1.4 million plant names. We linked species
occurrence data from sPlot to GIoNAF regions by matching species
names with their geographic coordinates and thenextracting the corre-
sponding GloNAF region codes using Google Earth Engine®”. The same
procedure was applied to assign species native status from the POWO
database. To minimize uncertainty in native status classification, we
excluded plots in which any occurring species had conflicting native
status assignments between the two databases. For plots resampled
several times, we only kept the most recent census. On the basis of this
filtering, weretained 65,438 plant species across 2,231,767 vegetation
plots (from 2,536,019 initial plot observations).

Mycorrhizal type and status assignment

Mycorrhizal strategies (either type or status) were assigned on the basis
of data from the FungalRoot database*. Plant mycorrhizal types, that s,
arbuscular-mycorrhizal, ectomycorrhizal, dual arbuscular-mycorrhizal
and ectomycorrhizal mycorrhizal and non-mycorrhizal, were first
assigned at the species level. Given the limited availability of
species-level information for many plant taxa’®, we assigned mycor-
rhizaltype at the genus level when species-level data were missing. This
approach, based on all available empirical records for species within
each genus, assigns the most frequent mycorrhizal type and status as
representative for that genus®. Although extrapolation to the genus
level involves assumptions, it is widely used when species coverage
isincomplete and provides a substantial gain in trait data coverage,
with assignments considered as working hypotheses until more com-
prehensive species-level data become available’®, Although eco-
logically relevant, orchid and ericoid mycorrhizal types were excluded
from our analyses because they represent a very small percentage of
the global flora in the sPlot database (sPlot species assigned: orchid
mycorrhizal of 0.02%) or were absent (ericoid mycorrhizal of 0%). To
ensure sufficient mycorrhizal data at each plot included in the analy-
ses, only plots with at least 80% of species assigned to a mycorrhizal
status were considered, retaining 62,145 plant species and 1,867,058
vegetation plots. This mycorrhizal-type information was then used
to assign mycorrhizal status as mycorrhizal (arbuscular-mycorrhizal
and ectomycorrhizal), non-mycorrhizal or facultative-mycorrhizal.
Facultative-mycorrhizal plants can switch between ectomycorrhizal
and non-mycorrhizal strategy. Facultative-ectomycorrhizal species

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-026-03144-9

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 variationsin xeric 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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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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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®.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-026-03144-9

NM vs AM+EM+FM

A Global ¢
Tropical and subtropical grasslands, savannas, and shrublands [
Montane grasslands and shrublands Fed
Temperate grasslands, savannas, and shrublands |

Deserts and xeric shrublands

Tropical and subtropical moist broadleaf forests
Mediterranean forests, woodlands, and scrub |

Boreal forests 2]
Temperate coniferous forests L]
Tundra e
Temperate broadleaf and mixed forests &

is

-0.05 0.00 0.05 0.1C

Proportion NM non-native - proportion NM native

Prevalent mycorrhizal type of non-native

B -~ more NM -@- more Myc
Rarefied to 1,958 plots

Global L}
Tropical and subtropical grasslands, savannas, and shrublands e
Montane grasslands and shrublands g
Temperate grasslands, savannas, and shrublands Fed
Deserts and xeric shrublands Fed
Tropical and subtropical moist broadleaf forests ng!
Mediterranean forests, woodlands, and scrub e
Temperate coniferous forests Fed
Temperate broadleaf and mixed forests o4

-0.08 -0.04 0.00 0.04
Proportion NM non-native - proportion NM native

Prevalent mycorrhizal type of non-native

-®- ns. - more NM -~ more Myc

FMvs AM+NM

c Global L]
Tropical and subtropical grasslands, savannas, and shrublands L]
Montane grasslands and shrublands  ke{
Temperate grasslands, savannas, and shrublands ]
Deserts and xeric shrublands L]
Tropical and subtropical moist broadleaf forests
Mediterranean forests, woodlands, and scrub
Boreal forests ke
Temperate coniferous forests L]
Tundra e
Temperate broadleaf and mixed forests ®

-0.15 -0.10 -0.05 0.00
PFM non-native - pFM native
Prevalent mycorrhizal type of non-native
-8~ more AM or NM

D
Rarefied to 1,958 plots

Global #
Tropical and subtropical grasslands, savannas, and shrublands ol
Montane grasslands and shrublands &4
Temperate grasslands, savannas, and shrublands ]
Deserts and xeric shrublands el
Tropical and subtropical moist broadleaf forests Il
Mediterranean forests, woodlands, and scrub ol
Temperate coniferous forests e
Temperate broadleaf and mixed forests ]
-0.15 -0.10 -0.05 0.00
PFM non-native - pFM native
Prevalent mycorrhizal type of non-native
-~ more AM or NM
Extended Data Fig. 4 | Sensitivity analysis comparing non-rarefied and
rarefied datasets. Estimated differences in the mean proportion of (A, B)
non-mycorrhizal (NM) and (C, D) facultative-mycorrhizal (FM) species between
non-native and native plants (non-native - native). Left panels (A, C) show
results using the full dataset (n = 440,788 plots); right panels (B, D) show results
using the rarefied dataset, where all biomes were subsampled to match the
montane grassland biome (n =1,958 plots per biome). Positive valuesindicate a

AM

¢
ol
lag!
]
L]
e
.
]
L]
e
]
-0.10 -0.05 0.00 0.05

Proportion NM non-native - proportion NM native

Prevalent mycorrhizal type of non-native

~®- ns. - more NM -®- more AM
ag!
Fe-l

Fed
et
e
(BN

-0.05 0.00 0.05
Proportion NM non-native - proportion NM native

Prevalent mycorrhizal type of non-native

~®- ns. - more NM -®- more AM

AM

¢
]
toi
]
L}
]
]
e
L]
[
¢
020 015 -0.10 0.05 0.00

Proportion NM non-native - proportion NM native

Prevalent mycorrhizal type of non-native

~®- more AM

-0.15 -0.10 -0.05 0.00
Proportion FM non-native - proportion FM native

Prevalent mycorrhizal type of non-native

-~ more AM

EM

gl

-0.2 0.0 0.2 04
Proportion NM non-native - proportion NM native

Prevalent mycorrhizal type of non-native

~@- more NM more EM
L]
Il
lei
]
bed
ke
lol
-0.2 0.0 0.2 0.4

Proportion NM non-native - proportion NM native

Prevalent mycorrhizal type of non-native

~®- more NM more EM
¢
[ ]
L]
]
L]
]
(]
ol
L]
ol
¢
-06 -03 0.0

Proportion NM non-native - proportion NM native

Prevalent mycorrhizal type of non-native

~@- more NM -@- more AMNM

lel
P
Fed

08 -0.6 -0.4 -02 0.0

Proportion FM non-native - proportion FM native

Prevalent mycorrhizal type of non-native

8- ns. - more NM -@- more AMNM

significantly higher prevalence of the focal strategy in non-natives: NM
(greeninA,B) or FM (bluein C, D). Negative values indicate a significantly higher
prevalence of the alternative group in non-natives: Myc (other types combined:
AM+EM+FM) (red), arbuscular mycorrhizal (AM) (orange), or ectomycorrhizal
(EM) (yellow). Dark grey indicates no significant difference. Error bars

represent + SE. See Supplementary Tables S3 and S4 for detailed model outputs
and contrasts.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-026-03144-9

150
100
50

2000

1000

200
150
100

50

60000
40000
20000

2000

1000

Frequency

=

1000

500

400
200

400
300
200
100

400
300
200
100

MAT

Boreal

flediterranean_woodland

e

Montane_Grasslands

-
3
-
-

Temperate_BroadlLeaf

F_
i
r'
r
3
>

Temperate_Coniferous

e

Temperate_Grasslands

Tropical_Grasslands

e
i
r
i
-
-

[ropical_Moist_Broadlea

il
g
=
.
-
—

Tundra

L,

Xeric_shrublands

|

4

Frequency

-

200

100

2000
1500
1000

500

75
50
25

40000
30000
20000
10000

3000
2000
1000

2500
2000
1500
1000

500

1000
750
500
250

300
200
100

1500
1000

o
=]
o S

i

MAP

Boreal

F—

flediterranean_woodland

,=
2
=
-
o

Montane_Grasslands

Temperate_BroadLeaf

Temperate_Coniferous

F

Temperate_Grasslands

Tropical_Grasslands

[ropical_Moist_Broadlea

Tundra

F——

Xeric_shrublands

5 10

Frequency

P

150
100

50

2000

1000

100

50

25000
20000
15000
10000

5000

3000
2000
1000

750
500
250

500
400
300
200
100

300
200
100

60
40
20

300
200
100

0

25 00 25

coarse fragment

Boreal

=

lediterranean_woodland

Montane_Grasslands

Temperate_BroadLeaf

Temperate_Coniferous

F

Temperate_Grasslands

Tropical_Grasslands

[ropical_Moist_Broadlea

Tundra

—

Xeric_shrublands

y

5.0

Frequency

-

150
100
50

2000
1500
1000

500

100

50

20000

10000

2500
2000
1500
1000

500

400

200

500
400
300
200
100

200

100

60
40
20

750
500
250

SOCstock

Boreal

F'—

flediterranean_woodland

Montane_Grasslands

Temperate_BroadLeaf

Temperate_Coniferous

F

Temperate_Grasslands

Tropical_Grasslands

[ropical_Moist_Broadlea

Tundra

r—

Xeric_shrublands

2 0 2 4 6

Frequency

150
100
50

3000
2000
1000

200

100

15000
10000
5000

3000
2000
1000

800
600
400
200

600
400
200

600
400
200

120
80
40

600
400
200

0

sand

Boreal

=

lediterranean_woodland

Montane_Grasslands

—
-

Temperate_BroadLeaf

Temperate_Coniferous

r:

Frequency

.

Temperate_Grasslands

y

Tropical_Grasslands

[ropical_Moist_Broadlea

Tundra

-

Xeric_shrublands

P

g2 0 1 2

150
100
50

1500
1000
500

150
100
50

15000
10000
5000

2000

1000

1000

500

400

200

300
200
100

75
50
25

600
400
200

pH

Boreal

—

lediterranean_woodland

Montane_Grasslands

Temperate_BroadlLeaf

Temperate_Coniferous

-

Temperate_Grasslands

Tropical_Grasslands

[ropical_Moist_Broadlea

Tundra

F‘

Xeric_shrublands

=2 0 2

&

Extended Data Fig. 5| Model sensitivity analysis including soil nutrient covariates. Density plots illustrate the distribution of covariates included in the global
models. The x-axes represent centered and scaled values for each environmental variable; y-axes indicate the density of vegetation plots. Facets correspond to the
biomes analyzed in the study.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-026-03144-9

more Myc more NM

more EM more NM

<
<

more AM more NM

\ 4

Global \
Tropical grasslands and shrublands o
Montane grasslands and shrublands
Temperate grasslands and shrublands [
Deserts and xeric shrublands 0
Tropical moist broadleaf forests
Mediterranean forests ]
Boreal forests o
Temperate coniferous forests [

o

Temperate broadleaf and mixed forests  §

Tundra

-0.05 0.10

|-®{ more Myc |-@{ more NM
e ns

0.00 0.05

D
_more AM/NM

more FM

A

>

W -+

'
-0.10

|_..{ more AM |...| more NM
o ns

02 00 02 04

-0.05 0.00 0.05

more EM  |-@ more NM

E F

~_more AM more FM ~_more NM

Global ]
Tropical grasslands and shrublands ]

H

Temperate grasslands and shrublands ]

Montane grasslands and shrublands

Deserts and xeric shrublands ]
Tropical moist broadleaf forests (]
Mediterranean forests [
Boreal forests
Temperate coniferous forests []
-
Temperate broadleaf and mixed forests (]
-0.06 -0.04 -0.02
|-@ more AM/NM |8+ more FM

Extended Data Fig. 6 | Distribution of environmental and soil variables across
biomes. Estimated differences in the mean proportion of (A-C) non-mycorrhizal
(NM) and (D-F) facultative-mycorrhizal (FM) species between non-native and
native plants (non-native - native) across biomes. Models include nitrogen and
phosphorus concentrations as covariates (n = 385,105). (A, D) Focal group vs. all
other mycorrhizal types combined; (B, E) focal group vs. arbuscular mycorrhizal

Tundra

0.00

more FM
—

'

<« <

HH )
'
-0.075 -0.050 -0.025 0.0

|-@ more AMm @ more FM  |-@{ more NM  |-@- more FM

type (AM); and (C, F) focal group vs. ectomycorrhizal (EM) type.Positive values
indicate asignificantly higher prevalence of the focal strategy in non-natives: NM
(greenin A-C) or FM (blue in D-F). Negative values indicate a significantly higher
prevalence of the alternative group in non-natives: all other types (red), AM
(orange), or EM (yellow). Dark grey indicates non-significant differences. Error
barsrepresent + SE. See Supplementary Table S5 for full model outputs.

0.0

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-026-03144-9

A
Distribution of SDI per biome
Boreal (922)
wi wl
0‘38' 5'
0.2 1 1
1 1
0.1 .
0.0 ! !
Mediterranean woodlands (8,332)
04 g 1 Il:'J 1
) 1 &
0.3 G| 1
0.2 1 1
0.1 1 1
0.0 ! !
Montane Grasslands (602)
oY} w0l
04 1 1
1 1
0.2 1
0.0 | 1
Temperate BroadLeaf (200,190)
w w0l
0.6 8 5,
0.4 !
0.2 S
0.0 T e
Temperate Coniferous (6,925)
0.8w1 o1
o.eo: al
1
0.4 .
0.2 =} 1
Z 00 ! 1 =
% Temperate Grasslands (7,456)&
=) w1 w0 (@]
N N
oa 5|8
0.2 1 }
1 1
0.0 ! !
Tropical Grasslands (6,374)
gl ﬁl
0.75 clla!
0.50 T
0.25 1 1
0.00 L !
Tropical Moist Broadleaf (1,761)
wil wl
0.68, 5,
04 1 !
1 1
02 1
00 ! 1
Tundra (183)
2.5wLILI
203151
1.5 1 1
10 1 1
05 11
0.0 1
Deserts and Xeric shrub. (7,636)
wl L0,
0.6 S |
0.4 1 fl
1 1
02 N |
0.0 1 1
0 2 4 6

Extended Data Fig. 7 | Distribution of disturbance metrics across biomes.
Density plots showing the distribution of (A) Structural Disturbance Index (SDI)
and (B) Human Modification Index (HMI) across the analyzed biomes. Y-axes
are free-scaled to highlight the internal distributional patterns of each biome.
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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).
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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.
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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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