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Abstract
Purpose of Review Spontaneous mixtures of native and non-native tree species occur
in forest landscapes affected by land-use change, species introductions and

disturbances. However, research on these communities remains fragmented.

Recent Findings We identified 238 cases. Research was concentrated in high-income
countries and studies included diverse combinations of native and non-native tree
species. Land abandonment was the most frequently reported driver in tropical moist
forests, whereas urbanization, forest management, land abandonment and nearby non-
native tree plantings were more evenly represented in temperate forests. Research
focused primarily on forest composition, structure, regeneration and dynamics, with
comparatively limited attention to functional traits, soil properties, ecosystem functioning
and associated biodiversity. Approximately two-thirds of cases relied on single-time
assessments, while studies incorporating both native and fully non-native reference

forests as reference conditions were uncommon.

Summary Spontaneous native—non-native tree mixtures involve diverse species
combinations and develop under different ecological and land-use contexts. Our findings
highlight the need for context-dependent forest management that considers species
characteristics, potential ecological impacts, land-use history and landscape conditions,

rather than biogeographical origin alone.

Keywords: Biodiversity; Ecosystem functioning; Forest management; Forest

regeneration; Land-use change; Secondary succession
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Introduction

Forest ecosystems are increasingly being reshaped by human-driven changes in land
use, species introductions, disturbance regimes and climate. These interacting
pressures can alter species composition and ecological processes, generating
communities that differ from those that historically occurred in a given region [1-3].
Among these emerging communities, spontaneous mixtures of native and non-native
tree species are increasingly reported across a wide range of ecosystems and regions
[e.q., 4-6].

Spontaneous native—non-native tree mixtures can arise along contrasting
trajectories of human influence, from land-use intensification to the relaxation or
cessation of former land uses [7, 8]. For example, land abandonment can promote
secondary succession and forest regeneration, allowing native and non-native tree
species to colonize previously managed areas. Their coexistence may be maintained by
differences in establishment strategies, growth rates and tolerance to environmental
conditions, as well as by spatial and temporal heterogeneity during succession [e.g., 9,
10]. Similarly, hydrological alterations can modify river dynamics, flooding regimes and
soil conditions, generating environmental heterogeneity that may favour the
establishment and coexistence of native and non-native tree species with different
tolerances to flooding and soil moisture [e.g., 11, 12]. Non-native tree plantations can
also provide propagule sources to surrounding native forests [e.g., 13] and, when
management is absent or of low intensity, they often provide opportunities for the
establishment of native trees [e.g., 14]. Fire, whether of natural or anthropogenic origin,
can also facilitate the development of these mixtures by reducing competition and
creating opportunities for the establishment and regeneration of non-native trees [e.g.,
15], as can natural disturbances such as hurricanes, floods, volcanic eruptions, and
windthrow [e.g., 16, 17]. Thus, native—non-native tree mixtures are becoming an
increasingly common feature of contemporary forest landscapes, and their prevalence
is likely to increase as global change continues to alter forest ecosystem structure,

3
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composition and dynamics [e.g., 18, 19]. Understanding the ecological consequences of
these emerging tree mixtures is, therefore, an increasingly important challenge for forest
management [20].

Native and non-native species often differ in their functional traits and life-history
strategies [21, 22], potentially shaping patterns of coexistence and, in turn, forest
composition and ecosystem functioning [23, 24]. Accordingly, their coexistence has been
examined across a range of attributes, including plant diversity [e.g., 25, 26], tree
regeneration [e.g., 15], soil properties [e.g., 27], carbon cycling [e.g., 28], and associated
biodiversity [e.g., 29, 30]. However, the patterns and processes observed in these
communities may vary markedly depending on tree species identities, functional
characteristics, and species interactions [31].

Despite their ecological relevance, spontaneously assembled native—non-native
tree mixtures have rarely been considered as a distinct forest system. Research on
mixed forests has focused predominantly on native tree-species mixtures [e.g., 32-35]
or deliberately established native—non-native mixed-species plantations [e.g., 36-38]. In
contrast, research on spontaneous native—non-native mixtures is scattered across
different fields, including invasion ecology [e.g., 39, 40], restoration ecology [e.g., 6, 41],
urban ecology [e.g., 42, 43], and ecological succession [e.g., 44, 45]. As a result, these
systems have been described and conceptualised differently depending on the research
context, making it difficult to integrate findings across studies.

This fragmentation also limits our ability to obtain a comprehensive picture of the
available evidence. It remains unclear where these mixtures have been studied, which
native and non-native tree species are represented, under which anthropogenic drivers
and natural disturbances they occur, how research has addressed them across spatial
and temporal scales and study designs, and which ecological attributes have received
the greatest attention. Mapping this evidence is, thus, a necessary first step towards a

broader synthesis of current knowledge.
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To provide this overview, we conducted a systematic map of the global evidence
on spontaneously assembled native—non-native tree mixtures. Systematic maps are
particularly well suited to synthesize broad and heterogeneous evidence bases because
they use transparent and reproducible methods to identify, catalogue, and characterize
how existing knowledge is distributed across multiple dimensions [46]. Specifically, we
asked: (1) How is the available evidence on native—non-native tree mixtures
geographically distributed?; (2) Which native and non-native tree species are more
frequently represented?; (3) Under which anthropogenic drivers and natural
disturbances have these mixtures been studied?; (4) How have they been studied across
spatial and temporal scales and study designs?; and (5) Which ecological attributes have
received attention? By providing the first global systematic map of these emerging forest
systems, we seek to identify major research trends, evidence clusters, and knowledge
gaps, thereby establishing a foundation for future research and for a broader evidence

base to inform their management.

Methods

Conceptual framework

We adopted a Population-Outcome (PO) framework to define the scope of the review
and categorise the available evidence:

- Population: Forest communities in which native and non-native tree species co-occur
following spontaneous establishment, without intentional species mixing or plantation
design. Intentionally established mixed-species plantations were therefore excluded.

- Outcome: Any reported ecological attribute of these forests including species
composition and diversity (i.e., plant taxonomic groups), forest structure, natural
regeneration, forest dynamics, functional traits, soil properties, ecosystem processes

and functioning, and associated biodiversity (i.e., non-plant taxonomic groups).

Search strategy
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Systematic maps and reviews require rigorous and transparent search strategies to
ensure reproducibility and comprehensiveness and minimise selection bias [47, 48]. The
primary search was conducted in the Web of Science Core Collection (all editions)
between 2 and 3 March 2026. The search was applied to the field “Topic” (title, abstract,
and keywords, those provided by the authors and those used for indexation purposes)
using search terms that were intentionally broad to maximise sensitivity and no temporal
restrictions. Following several rounds of exploratory testing and refinement, the final
search string was:

("mixed forest*™ OR "mixed-species forest™ OR "novel forest*™ OR "novel ecosystem™*"
OR "tree species mixture*" OR ("native species" AND ("non-native species" OR exotic*
OR alien* OR introduced* OR invasive*®))) AND forest* NOT plantation*

Additional filters were applied within Web of Science to improve thematic
relevance. Records were restricted to the document type Articles and to the following
subject categories: Ecology, Forestry, Plant Sciences, Biodiversity Conservation, Soil
Science, Zoology, Urban Studies, Geography Physical, and Environmental. Also, only
studies published in the languages English, Spanish, and Portuguese were considered.
After applying these filters, the search produced a total of 6,954 records (Fig. S1). To
complement the database search, a backward citation search was conducted based on
the reference lists of four relevant review studies identified within the initial search results
[4, 6, 8, 19], which contributed 267 additional records (Fig. S1). Although the database
search was filtered for "articles", all publication types retrieved during the search process
(e.g., journal articles, books and book chapters) were considered for eligibility
assessment when they met the predefined inclusion criteria. Following removal of

duplicates, 7,179 unique records were retained for screening (Fig. S1).

Inclusion criteria

Studies were included in the systematic map if they met all of the following criteria:
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- Study type: Peer-reviewed field studies or review articles had to address natural
ecosystems; greenhouse and laboratory experiments were excluded;

- Population: Studies had to examine mixtures in which native and non-native tree
species co-occurred following spontaneous establishment, without intentional design of
the mixed system; intentionally planted mixed forests and commercial plantations were
excluded, as well as studies focusing exclusively on single-species non-native invasion
processes without explicit consideration of co-occurring native tree species;

- Outcome: Studies had to report at least one ecological attribute of the forest mixture

(see section “Conceptual framework”).

Study selection procedure

Titles and abstracts of 7,179 records were screened by a single reviewer (RJ-O) to
assess compliance with the predefined inclusion criteria, resulting in the exclusion of
6,619 records. Three additional records were inaccessible and were excluded. The full
texts of 557 potentially eligible records were subsequently assessed by the same
reviewer (RJ-O) for final inclusion (Fig. S1). Records excluded at the full-text stage (n =
322) either (i) examined intentionally designed mixed forests or plantations; (ii) focused
on single-species non-native invasion processes without explicit consideration of co-
occurring native tree species; or (iii) did not provide extractable information on any of the
ecological attributes considered in the systematic map. In total, 235 studies met the
inclusion criteria and were retained in the systematic map (Table S1). Three of these
studies [16, 49, 50] each reported two independent cases that differed in study location,
temporal scale, anthropogenic drivers, and/or ecological attributes. Accordingly, these
cases were entered separately, yielding a final dataset of 238 data entries (Table S2).
Hereafter, “study” refers to an individual publication included in the systematic map (n =

235), whereas “case’” refers to the unit represented in the final dataset (n = 238).

Data extraction and systematic map dataset
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Data extraction was conducted by five researchers. Before full extraction, a calibration
exercise was performed to ensure consistency among researchers. Ten studies were
randomly selected and independently extracted by all five researchers. The resulting
data were compared across researchers, and any discrepancies were discussed to
identify their source and reach a common interpretation of the extraction criteria. This
calibration process led to clarification of variable definitions and refinement of the data-
extraction matrix to reduce ambiguity and improve consistency. All resulting changes
were communicated to the five researchers before proceeding with the full data
extraction. Following calibration, the remaining studies were divided among the five
researchers, with each study extracted by one researcher (Table S1).

Information was extracted at the study level, except when a study reported
multiple independent cases [16, 49, 50], for which case-specific information was
recorded separately. The following information was extracted from each case to
construct the dataset:

i) Bibliographic information: Year of publication.

ii) General study characteristics: For each study, the study type (field study or review),
the name of the study location, country, geographic realm, biome, whether the study was
conducted on mainland or island systems, and the native and non-native tree species
composing the mixture were extracted. Island systems were further classified as oceanic
or continental according to their geological origin, except for New Zealand, which was
classified as oceanic based on its ecological and biogeographical characteristics.

Each study was assigned to one country, considering sovereign states as the
primary geographical unit; when a study included sites in more than one country, it was
assigned to all countries represented. Each country was classified into income groups
according to the World Bank Group Country Income Classification for fiscal year 2027
[51]. Each study location was also assigned to a biogeographic realm and terrestrial
biome following the global ecoregion classification of [52]. When geographical

coordinates were provided in the original publications, these were used to locate the

8
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study sites; otherwise, locations were inferred from the reported location names. Studies
including sites located in more than one biome were assigned to all corresponding
biomes.

Dominant tree species were extracted using a standardized protocol. When
studies reported quantitative measures of community composition, the three most
dominant native tree species and the three most dominant non-native tree species were
recorded according to the metric(s) reported by the authors. When quantitative
dominance metrics were unavailable, all native and non-native tree species explicitly
described as dominant, co-dominant, characteristic or major components of the forest
community were recorded. In the few studies where authors reported the presence of
one or more non-native tree species co-occurring with multiple native tree species, but
did not identify the native species individually, this information was recorded as reported
(e.g., “multiple native tree species”). Scientific names were standardized according to
the Plants of the World Online taxonomic backbone [53]. When synonymous names were
used in the original publications, they were updated to the currently accepted names
following [53].
iif) Study design: For each study, the spatial scale of inference, the temporal scale, and
comparison condition were extracted. The spatial scale of inference was classified
according to the unit of inference addressed by each study rather than the spatial extent
of sampling. Four categories were defined:

(a) Plot: the unit of inference was an individual sampling plot or localized experimental
unit, and conclusions were restricted to the sampled plots.

(b) Forest: the unit of inference was a forest stand or forest patch. Studies could include
one or several sampling plots, or even multiple stands within the same forest.

(c) Landscape: the unit of inference was the landscape, typically encompassing

comparisons among multiple forest stands, fragments or patches within the same region.
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(d) Regional: the unit of inference encompassed broad geographic regions including
multiple landscapes, extensive environmental gradients or large geographic areas (e.g.,
islands, countries or broad climatic regions).

Temporal scale was characterized by classifying studies as based either on a
single sampling occasion or on repeated measurements through time. Studies with
repeated measurements were further classified according to monitoring duration as
short-term (< 3 years), mid-term (> 3 to 10 years), or long-term (> 10 years).

For each study, comparisons of spontaneously established native—non-native
tree mixtures with native reference forests, fully non-native forests, or both were
recorded. Tree species-specific performance of native and non-native tree species was
also recorded and defined as the assessment of growth, survival, physiology,
reproduction, or functional traits at the individual species level.

iv) Drivers and disturbance context: For each study, the main anthropogenic driver most
directly associated with the formation or development of the native—non-native tree
mixtures was identified, and additional secondary anthropogenic drivers contributing to
its dynamics were recorded. Drivers were classified as land abandonment (i.e., cessation
of previous land use or management followed by spontaneous vegetation succession),
land-use de-intensification (i.e., reduction, but not cessation, of land-use or management
intensity), land-use intensification (i.e., increased intensity of land use or management),
forest management (i.e., restoration or silvicultural practices such as logging, thinning,
and clearing), nearby non-native tree plantations or ornamental plantings (i.e., when
acting as propagule sources for colonization of adjacent forests), urbanization (i.e.,
replacement of previous land uses by urban development or infrastructures),
hydrological alteration (e.g., channelization, dam construction, flow regulation or
diversion, and flood suppression), human-mediated biotic interactions (e.g., introduced
pathogens, altered herbivore pressure or introduced ecosystem engineers), and wildfire
(i.e., when its human origin was supported by the study). Earlier land-use changes or
disturbances that represented only historical context were not classified as main drivers.
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When the available evidence was insufficient to identify the anthropogenic process
associated with the mixture formation, the main driver was classified as “Not reported”.
Natural disturbances affecting the study system (i.e., hurricanes, volcanic eruptions,
windthrow, and flooding) were also recorded.

v) Ecological attributes assessed: Ecological attributes evaluated in each study were
classified into eight non-mutually exclusive categories. Studies could therefore be
assigned to more than one category when multiple ecological attributes were assessed:
(a) Forest composition and diversity: species identity of the communities, species
richness and diversity indices.

(b) Forest structure: diameter at breast height (DBH), tree height, tree density, basal
area, and vegetation stratification (i.e., understory and/or herbaceous cover).

(c) Natural regeneration: density of seedlings/saplings, and recruitment.

(d) Forest dynamics: growth, competition, and survival/mortality.

(e) Functional traits: stem, foliar, litter, root, and dispersal traits.

(f) Soil properties: chemical, physical, and microbiological properties.

(g) Ecosystem processes and functioning: primary productivity (e.g., biomass production
or net primary productivity), decomposition (e.g., decomposition rates), nutrient cycling
(e.g., nutrient mineralization or nutrient fluxes), carbon cycling (e.g., carbon
sequestration or carbon fluxes), hydrological processes (e.g., water infiltration), and air
regulation (e.g., pollutant removal).

(h) Associated biodiversity (i.e., non-plant taxonomic groups): amphibians, reptiles,

mammals, birds, invertebrates, lichens, fungi, bacteria, and archaea.

Data visualization

Data were summarized at either the study level (n = 235) or the case level (n = 238),
depending on the variable considered. Variables that could differ among independent
cases within the same study were summarized at the case level. For non-mutually
exclusive variables, a single case could contribute to more than one category;
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accordingly, frequencies represent the number of cases assigned to each category, and
summed frequencies may exceed the total number of data cases. Similarly, when a case
encompassed more than one terrestrial biome, it was counted once in each
corresponding biome, resulting in a total of 254 case-biome assignments. The unit of
analysis used is indicated in the corresponding figure or table.

To assess whether the representation of terrestrial biomes in the evidence base
was proportional to their global extent, we compared the percentage of case-biome
assignments corresponding to each biome with the percentage of Earth's terrestrial area
occupied by that biome, following [54]. Global biome extent was obtained from [52]. For
each biome, relative representation was calculated as the difference, in percentage
points, between its percentage of all case-biome assignments and its percentage of
global terrestrial area. Positive values indicate greater representation in the evidence
base relative to global biome extent, whereas negative values indicate lower
representation.

Data processing was performed in R version 4.5.2 [55], and graphical
visualizations were produced using the packages ggplot2 [56], ggh4x [57], ggalluvial [58],
ggnewscale [59], igraph [60], and ggraph [61]. The global map showing the geographical

distribution of the included studies was produced using QGIS version 3.40 [62].

Results

Geographical distribution of the evidence

The 238 cases were reported from 43 countries, with the USA accounting for the largest
number (n = 87; 37%), followed by Brazil (n = 18; 8%), Poland (n = 16; 7%), Argentina
(n = 15; 6%), and Chile (n = 9; 4%) (Fig. 1). Most cases were in mainland systems (n =
155; 65%), while 83 cases (35%) occurred on islands (Table S2). Of the island cases, 66
(80%) were located on oceanic islands and 17 (20%) on continental islands (Table S2).
Evidence was also strongly skewed towards high-income countries (178; 75%), followed
by upper-middle-income (n = 48; 20%), lower-middle-income (n = 8; 3%), and low-
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income countries (n = 4; 2%) (Table S2). At the biogeographic-realm level, the 238 cases
were distributed across all seven realms, with the highest representation in the
Neotropical (33%), Palearctic (23%), and Nearctic (19%) realms, while fewer cases
occurred in the Oceanian (9%), Afrotropical (8%), Australasian (5%), and Indo-Malayan
(4%) realms (Fig. 1). Evidence was found across 12 of the 14 terrestrial biomes, although
it was strongly concentrated in two: “Tropical and Subtropical Moist Broadleaf Forests”
(39% of cases) and “Temperate Broadleaf and Mixed Forests” (37% of cases), while all
other biomes contained 15 or fewer cases (<6% each) (Fig. 1). Relative to their global
terrestrial extent, the two dominant biomes were also the most strongly overrepresented
(+21.8 and +25.7 percentage points, respectively), whereas several biomes were

underrepresented (Table S3).

B Tomperate Conifer Forasts
I Deserts & Xeric Shrublands Tomporate Grasslands,Savannas & Shrublands
Flooded Grasslands. &Savannas Tropical & Subtropical Coniferous Foresta

W Mangroves. Tropical & Sublropical Dry Broadioaf Forosts

= & Scrub Tropical &

- Montane Grasslands & Shrublands I Tropical & Subtropical Moist Brosdieaf Forests
M Temperate Broadieaf & Mixed Forests Tundra

Biogeographic Realm

Figure 1. Global distribution of evidence included in the systematic map. Dark-grey circles
indicate the geographical distribution of cases, with circle size proportional to the number of cases
reported in each country; reference circles indicate the minimum and maximum numbers of cases
per country. Background colours represent terrestrial biomes (sensu Dinerstein et al., 2017). The
inset bar plot shows the number of cases in each biogeographic realm. Cases spanning more

than one country were counted once in each corresponding country.

Native and non-native tree species represented in the evidence
The most frequently represented native and non-native tree species differed markedly

among terrestrial biomes (Fig. 2). In “Tropical and Subtropical Moist Broadleaf Forests”,
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the most frequently represented native species were Metrosideros polymorpha (16% of
cases within the biome), Guarea guidonia (14%), and Cecropia schreberiana (9%),
whereas the most frequently represented non-native species were Psidium cattleyanum
and Spathodea campanulata (17% each), followed by Leucaena leucocephala (14%). In
“Temperate Broadleaf and Mixed Forests”, the most frequently represented native
species were Quercus robur (24% of cases), Pinus sylvestris (15%), and Acer rubrum
(14%), whereas the most frequently represented non-native species were Robinia
pseudoacacia (26%), Prunus serotina (18%), and Acer platanoides (16%). Despite being
the most frequently represented species, none occurred in more than 26% of cases
within either biome.

Nevertheless, some non-native species recurred among the most frequently
represented species across different biomes (Fig. 2). Psidium cattleyanum and
Leucaena leucocephala were among the most frequently represented non-native
species in “Tropical and Subtropical Moist Broadleaf Forests”, “Tropical and Subtropical
Dry Broadleaf Forests”, and “Tropical and Subtropical Grasslands, Savannas and
Shrublands”. Schinus terebinthifolia was similarly among the most frequently
represented non-native species in “Tropical and Subtropical Grasslands, Savannas and
Shrublands”, “Flooded Grasslands and Savannas”, and “Mangroves”. These cross-
biome patterns should, however, be interpreted cautiously for poorly represented

biomes, as five biomes were represented by three or fewer cases.
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Figure 2. Most frequently reported native and non-native tree species in each biome. For each

biome, the figure displays up to three native and three non-native tree species with the highest

frequencies across cases, selected from all species recorded during data extraction. Values next

to the bars indicate the number of cases within each biome reporting each species. Numbers in

parentheses in biome headers indicate the total number of cases assigned to that biome. Cases

spanning more than one biome were counted once in each corresponding biome.
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Biome-specific bipartite networks further showed substantial variation in the
number of dominant tree taxa represented in the evidence (Fig. S2). Across biomes, the
number of native taxa reported as dominant ranged from 1 to 181 and the number of
non-native taxa from 2 to 91. “Tropical and Subtropical Moist Broadleaf Forests”, the
biome with the largest number of cases, also contained the largest number of
represented taxa (181 native and 91 non-native taxa). In general, biomes represented
by fewer cases tended to include fewer dominant tree taxa. However, this pattern was
not consistent across all biomes, as some biomes with relatively few cases included a
comparatively large number of taxa. For example, “Tropical and Subtropical Grasslands,
Savannas and Shrublands” included 37 native and 25 non-native taxa across only seven

cases.

Anthropogenic drivers and natural disturbances represented in the evidence
Land abandonment was the most frequently identified main anthropogenic driver
associated with the development of native—non-native tree mixtures (n = 60; 25% of
cases), followed by urbanization (n = 42; 18%), forest management (n = 37; 16%), and
nearby non-native tree plantations or ornamental plantings (n = 33; 14%). Together,
these four drivers accounted for 73% of all cases included in the systematic map.
Hydrological alteration (n = 17; 7%) and human-mediated biotic interactions (n = 15; 6%)
were less frequently identified, whereas land-use de-intensification, wildfire, and land-
use intensification were each associated with fewer than 10 cases. The main
anthropogenic driver was not reported for 16 cases (7%).

Within the two most represented biomes, the distribution of main anthropogenic
drivers differed markedly (Fig. 3). In “Tropical and Subtropical Moist Broadleaf Forests”,
land abandonment was the most frequently represented driver (n = 41; 45% of cases
within the biome), whereas in “Temperate Broadleaf and Mixed Forests” the main driver
was more evenly distributed among urbanization (n = 23; 26%), forest management (n
= 20; 23%), land abandonment (n = 12; 14%), and nearby non-native tree plantations or
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ornamental plantings (n = 11; 12%). Some drivers were also particularly frequent in
specific biomes with smaller evidence bases (Fig. 3). In particular, land abandonment
accounted for 11 of the 15 cases in “Tropical and Subtropical Dry Broadleaf Forests”,
nearby non-native tree plantations or ornamental plantings for 7 of the 15 cases in
“Mediterranean Forests, Woodlands and Scrub”, and hydrological alteration for 5 of the

12 cases in “Deserts and Xeric Shrublands”.

Tropical & Subtropical Moist
Broadleaf Forests

Land-use de-ntunsification

Wildire

Temperate Broadleaf & Mixed
Forests.

{n=89)

Forast managament

_ Hotrperies

Land-use intens fication

Hydrological atteration

Maln anthropogenic driver

Figure 3. Alluvial plot illustrating the distribution of main anthropogenic drivers associated with
the formation or development of spontaneously assembled native—non-native tree mixtures
across biomes. Flow widths are proportional to the number of cases associated with each biome-
driver combination. Numbers in parentheses in biome headers indicate the total number of cases
assigned to each biome. Cases spanning more than one biome were counted once in each

corresponding biome and therefore contribute to multiple flows.

Secondary anthropogenic drivers were frequently reported alongside the main
drivers (Fig. S3), particularly nearby non-native tree plantations or ornamental plantings
(n = 34) and forest management (n = 30). The most frequent main—secondary driver
combinations involved land abandonment with forest management (n = 13), urbanization
with nearby non-native tree plantations or ornamental plantings (n = 11), and land
abandonment with nearby non-native tree plantations or ornamental plantings (n = 8).
Natural disturbances were less frequently represented, with flooding (n = 11) and

hurricanes (n = 9) being the most frequently reported. Flooding co-occurred most
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frequently with hydrological alteration (n = 5), whereas hurricanes were most often

reported in cases associated with land abandonment (n = 7).

Spatial and temporal scales and study design

The available evidence was predominantly generated at the forest (43% of all cases) or
landscape scales (32%), while plot- (17%) and regional-scale cases (8%) were less
frequent (Fig. 4a). Regarding the temporal dimension, two-thirds of the cases (67%) were
based on a single sampling occasion and only one-third (33%) included repeated
measurements through time (Fig. 4b). Among the latter, half were short-term (<3 years;

50%), followed by long-term (>10 years; 35%), and mid-term (>3-10 years; 15%) cases

(Fig. 4c).
a) Spatial scale b) Temporal scale c) Study duration
Regional 40 n=39
Landscape n=18
n=76
o
o
g % n=27
Single sampling Repeated "6
occasion measurements &
n=160 n=78 @
a 20
Plot £
Forest n=41 é s 42
n=103
10
Short-term Mid-term Long-term

Figure 4. Spatial and temporal characteristics of the cases included in the systematic map (n =
238). (a) Spatial scale of the cases, distinguishing between landscape, forest, regional, and plot
scales. (b) Temporal scale, distinguishing between single sampling occasions and repeated
measurements. (c) Study duration for cases with repeated measurements, classified as short-
term (< 3 years), mid-term (> 3—10 years), or long-term (> 10 years). Values indicate the number

of cases in each category.

Comparative study designs were also unevenly represented (Table S2). Native
reference forests were included as comparators in 76 cases (32% of all cases), whereas
fully non-native forests were used much less frequently (n = 21; 9%), and only 15 cases

(6%) included comparisons with both native reference and fully non-native forests (Table
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S2). In addition, the species-specific performance of the native and non-native tree

species comprising the mixtures was evaluated in 80 cases (34%) (Table S2).

Ecological attributes assessed in the evidence

Forest composition and diversity

Species identity

Species richness

Diversity indices

Forest structure

119
110
96
67
64

Natural regeneration

DBH

Tree density

Basal area

Vegetation stratification

Tree height

Seedling/sapling density 86

Recruitment 29

Forest dynamics

Growth M

|

Survival/Mortality 28

Competition

150
137
75

jlE

150

Foliar traits
Dispersal traits
Litter traits
Stem traits

Root traits

Chemical properties

Physical properties

Microbiological properties

Primary productivity
Nutrient cycling
Decomposition

Hydrological processes
Carbon cycling

Air regulation

Invertebrates
Mammals
Birds

Fungi
Amphibians
Reptiles
Archaea
Lichens
Bacteria

Number of cases

Functional traits

39

Soil properties

53

Ecosystem processes and functioning

LS
16
I 14
14
] 12

1

Associated biodiversity

111
110
s
7
s
15

2

2

1

0 50 100 150

Figure 5. Distribution of the ecological attributes evaluated in the cases included in the systematic
map (n = 238). Horizontal bars show the frequency of individual variables recorded within each
of the eight ecological-attribute categories. Numbers next to the bars indicate the number of cases
in which each variable was evaluated. Categories and variables were non-mutually exclusive and,

therefore, individual cases could contribute to multiple categories and variables.

Ecological attributes related to forest composition and diversity, forest structure, natural
regeneration, and forest dynamics were assessed more frequently than functional traits,

soil properties, ecosystem processes and functioning, and associated biodiversity (Fig.
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5). Among individual variables, species identity (63% of cases), species richness (58%),
DBH (50%), tree density (46%), basal area (40%), and natural regeneration evaluated
through seedling and sapling density (36%) were the most frequently assessed (Fig. 5).
In contrast, variables related to ecosystem processes and functioning and associated
biodiversity were generally less frequently assessed, with no individual variable

occurring in more than 8% and 5% of cases, respectively (Fig. 5).

Furthermore, these differences in research emphasis persisted throughout the
development of the evidence base (Fig. 6). Although the cumulative number of studies
increased across all ecological attributes, forest composition and diversity and forest
structure consistently dominated the literature, with their representation increasing

particularly rapidly from the late 2000s onwards (Fig. 6).

180 Ecological attribute

=@= Forest composition and diversity =@= Functional traits
=@= Forest structure =@= Soil properties
160

Natural regeneration Ecosystem processes and functioning

Forest dynamics Associated biodiversity

Cumulative number of studies

1995 2000 2005 2010 2015 2020 2025
Publication year

Figure 6. Accumulation curves of studies evaluating different ecological attributes in
native—non-native tree mixtures over time (n = 235). Dots represent the cumulative
number of studies evaluating each ecological-attribute category by year of publication.
Note that data for 2026 are incomplete because the literature search was conducted
before the end of the year.

20



487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

Discussion
Uneven geography of the evidence
The available evidence on spontaneous native—non-native tree mixtures was
geographically and socioeconomically uneven. Most cases were concentrated in high-
income countries, particularly in the USA and several European countries. Nevertheless,
the geographical coverage extended beyond these regions, with a relatively high number
of cases in South America, particularly Brazil, Argentina, and Chile, as well as evidence
from several African countries. The representation of several African countries is
noteworthy, as previous global evidence syntheses on forest management, disturbance,
and biodiversity have shown a strong concentration of research in Europe and North
America, with considerably less evidence from other regions [63-65]. The predominance
of high-income countries is also consistent with broader geographical biases in
ecological and biodiversity research, where research effort has been associated with
economic capacity [66], potentially reflecting global disparities in research funding and
infrastructure [67]. Similar geographical imbalances have been documented in invasion
ecology, where research effort remains unevenly distributed across regions [68].
Beyond these geographical imbalances, countries differed in the distribution and
focus of their research. Although both USA and Poland were among the countries with
the largest number of cases, the underlying research patterns differed considerably. In
Poland, much of the evidence was concentrated among a relatively small number of
recurring authors, whose research primarily focused on the invasion and spread of non-
native trees in temperate forests [e.g., 39, 40, 69, 70]. In contrast, studies from the
continental USA involved a broader range of authors and research contexts [e.g., 28, 43,
71-73]. Puerto Rico, an unincorporated territory of the USA, showed yet another pattern,
with much of the evidence arising from long-term ecological research and forest
monitoring, particularly studies in the Luquillo Experimental Forest [e.g., 74, 75], as well

as from analyses of national forest inventory datasets [e.g., 76, 77].
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Evidence was also unevenly distributed across biomes, with most cases
concentrated in “Tropical & Subtropical Moist Broadleaf Forests” and “Temperate
Broadleaf & Mixed Forests”. Both biomes were strongly overrepresented relative to their
global extent, so their prominence cannot be explained by biome area alone. This pattern
may partly reflect the geographical concentration of research effort, particularly in high-
income countries with greater research capacity (e.g., USA, several European
countries). Conversely, the limited representation of non-forest biomes (e.g., deserts,
tundra or grasslands) is expected, given the more restricted occurrence of trees in these
environments.

The two most represented biomes showed contrasting geographical patterns.
Evidence from “Tropical & Subtropical Moist Broadleaf Forests” was strongly associated
with islands, particularly those located in the Caribbean such as Puerto Rico, Virgin
Islands, Bahamas and Jamaica [e.g., 4, 16, 76], Hawaii [e.g., 78, 79], and the Seychelles
[e.g., 80, 81]. In contrast, evidence from “Temperate Broadleaf & Mixed Forests” was
predominantly associated with mainland areas, particularly in continental USA [e.g., 73,
82] and Europe [e.g., 69, 70, 83]. The high representation of temperate forests is
consistent with their well-documented predominance in ecological and evolutionary
research, likely driven by their overlap with high-income countries [84]. In contrast, the
pronounced insular component of the tropical evidence may partly reflect the long history
and high rates of non-native species introductions to islands [85], which have contributed
to the emergence of novel native—non-native communities in human-modified
landscapes [5]. Despite the broad biogeographical coverage of the systematic map,
evidence from the remaining biomes was much more limited, even in predominantly
forested biomes such as “Temperate Conifer Forests”’, “Mangroves” and “Boreal
Forests/Taiga”. This limited representation may reflect both a genuine deficit of studies
and differences among biomes in the opportunities for non-native trees to establish and
persist. Environmental constraints, biotic resistance, or limited availability of suitable
microsites may restrict establishment, and the relative importance of these factors is
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likely to vary substantially among biomes [86-88]. As a result, the patterns observed in
the best-represented biomes may not be generalizable to less-represented biomes and

regions.

High tree compositional diversity
The available evidence on spontaneous native—hon-native tree mixtures encompassed
a high diversity of tree species and species combinations. Patterns of species
representation, however, differed between native and non-native trees. While the most
frequently reported native species varied among biomes, reflecting differences in their
natural species pools, certain non-native species recurred across different biomes. This
was particularly evident for P. cattleyanum and L. leucocephala, which were among the
most frequently reported non-native species in several tropical biomes. Their recurrence
may partly reflect their long histories of human use and introduction outside their native
ranges. Psidium cattleyanum, native to Brazil, was introduced into many tropical and
subtropical regions for its edible fruits and ornamental use, including on oceanic islands
[89]. Similarly, L. leucocephala, native to Central America, has been widely introduced
throughout the tropics as a multipurpose tree for agroforestry, fodder, and wood
production [90]. Schinus terebinthifolia, another South American species widely
introduced as an ornamental tree [91, 92], was among the most frequently represented
non-native species in “Tropical & Subtropical Grasslands, Savannas & Shrublands”,
“Flooded Grasslands & Savannas”, and “Mangroves”. However, its prominence in the
latter two biomes should be interpreted cautiously, as each was represented by only two
cases. All three species have been documented as invasive in different regions [93],
which may have contributed to the scientific attention they have received and their
representation in the available literature.

Despite the recurrence of some species, no single native or non-native tree
dominated the evidence even within the most represented biomes, where the most
frequently reported species occurred in approximately one quarter of cases. Rather, the
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evidence encompassed a wide variety of native—non-native species combinations,
suggesting that non-native trees may establish and coexist across a broad range of
native species pools and ecological contexts. This diversity of species combinations is
consistent with the formation of novel communities, in which human-mediated species
introductions and environmental change can generate diverse assemblages that differ
from those occurring under historical conditions [18]. Importantly, the same non-native
species may coexist with different native species pools across biomes, potentially
resulting in species combinations with different functional characteristics. The degree of
functional similarity or dissimilarity between native and non-native trees may therefore
vary depending on the traits of the species involved [94]. Thus, biogeographical origin
alone may provide limited information about the ecological consequences of native—non-

native tree coexistence [95].

Context-dependency of anthropogenic drivers and natural disturbances

The anthropogenic drivers associated with the development of spontaneous native—non-
native tree mixtures varied across ecological and geographical contexts. Differences in
the relative representation of main drivers were particularly evident in the two best-
represented biomes, which points to contrasting pathways to native—non-native tree
coexistence.

In the “Tropical & Subtropical Moist Broadleaf Forests” biome, land abandonment
was particularly frequent as the main driver on Caribbean islands (i.e., Puerto Rico, Virgin
Islands, Bahamas and Jamaica), where agricultural abandonment was followed by
secondary forest recovery and the development of new combinations of native and non-
native tree species [e.g., 4, 76, 96]. This successional context was also recurrently
affected by hurricanes, illustrating how natural disturbances can occur alongside
anthropogenic drivers and influence the conditions under which native—non-native
mixtures develop [e.g., 16, 97]. More broadly across the Neotropics, the occurrence of
non-native species during secondary forest succession appears to be widespread: [98]
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found non-native woody species in 81% of more than 50 secondary-forest
chronosequences across ten countries, with a particularly high contribution during early
succession.

In contrast, four anthropogenic drivers predominated in the studies of the
“Temperate Broadleaf & Mixed Forests” biome. Land abandonment showed a broader
geographical distribution than in tropical moist forests, being documented across widely
separated regions in Europe [e.g., 83, 99, 100], North America [e.g., 28, 101], and
Australasia [e.g., 27, 102]. Nearby non-native tree plantations or ornamental plantings
were also a widely represented driver. For example, studies from Japan [17], Chile [103],
and Poland [104] illustrate how planted non-native trees can spread into surrounding
forests and become part of native—non-native mixtures, with this process depending on
species-specific capacities for dispersal, establishment, and regeneration. Forest
management was also a frequent main driver, mainly through management-induced
canopy openings that promoted the regeneration of non-native trees [e.g., 105, 106].
Finally, urbanization was associated with shifts in the proportion of native and non-native
trees along urban-rural and forest-edge gradients [e.g., 73, 107]. This is consistent with
the strong focus of research on plant responses to urbanization in temperate Europe and
North America [108]. Importantly, these drivers were not mutually exclusive, and several
cases involved different combinations of land abandonment, forest management, nearby
non-native plantations or ornamental plantings, and urbanization (Fig. S3a).
Consequently, their co-occurrence may reflect the long history of human modification of
temperate forest landscapes, where successive and overlapping land-use changes have
left persistent impacts [109].

Other anthropogenic drivers were more prominent in some of the less-
represented biomes. In the “Mediterranean Forests, Woodlands & Scrub” biome, nearby
non-native tree plantations or ornamental plantings represented the most frequently
identified main driver, and often co-occurred with forest management and anthropogenic

fire, although their classification as main or secondary drivers varied among cases [e.g.,
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13, 15, 110]. In the “Deserts & Xeric Shrublands” biome, hydrological alteration was
particularly represented, and much of the evidence involved non-native Tamarix
coexisting with native Populus and Salix species in riparian forests [e.g., 50, 71, 111].
Although the limited number of cases in these biomes prevents broader generalization,
they provide additional examples of context-specific pathways to spontaneous mixture
development.

Overall, natural disturbances were less frequently represented than
anthropogenic drivers (Fig. S3b), but the recurrent occurrence of hurricanes in tropical
forests shows that they can also influence the development of native—non-native tree
mixtures and should not be overlooked. The predominance and frequent combination of
anthropogenic drivers, operating in contexts that can also be influenced by natural
disturbances, exemplify the interaction of forces typically linked to the emergence of
novel ecosystems [18, 112]. Nevertheless, this does not necessarily imply that all
spontaneous native—non-native tree mixtures identified in the systematic map qualify as

novel ecosystems.

Knowledge gaps for understanding the ecological consequences of spontaneous
native—non-native tree mixtures

The available evidence focused predominantly on forest composition, structure,
regeneration and dynamics, whereas other ecological attributes (e.g., biodiversity, soil
properties or ecosystem functioning) received considerably less attention. Despite the
increasing number of studies over time, research has remained largely focused on these
four ecological attributes (i.e., composition, structure, regeneration and dynamics; Fig.
6). As a result, we have a detailed picture of how spontaneous native—non-native tree
communities are assembled and structured, but a less complete understanding of their
ecological consequences. Addressing this knowledge gap will require moving beyond

their description towards greater attention to the functional relationships between native
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and non-native trees, their consequences for ecosystem functioning, and their effects on
associated biodiversity.

Species identity alone provides limited information on how native and non-native
trees interact when growing together. One key step is therefore to better understand the
functional characteristics of the species that coexist in these forests. Functional traits
and species-specific performance were considered in some studies, but they
represented only a small fraction of the available evidence. Investigating differences in
resource acquisition and use, tolerance to abiotic conditions or responses to disturbance
could help determine whether coexisting species exhibit functional similarity or
dissimilarity, and whether this results in complementarity or competition [113-115].
Linking functional traits with species-specific performance would therefore help move
beyond describing which species coexist towards understanding the mechanisms
underlying their coexistence and how species perform when growing together.

Importantly, this functional perspective should also extend beyond individual
species to the ecosystem level. Soil properties were relatively underrepresented in our
systematic map (Fig. 5), despite considerable evidence that non-native trees and woody
plant invasions can modify soil physical, chemical, and biological properties relative to
native or uninvaded vegetation [116, 117].Similarly, ecosystem processes and
functioning were among the least studied ecological attributes in spontaneous native—
non-native tree mixtures (Fig. 5). This contrasts with the extensive evidence comparing
ecosystem properties and processes between forests dominated by native trees and
those dominated by non-native trees [118-120].

Individual ecosystem functions do not necessarily respond in the same direction:
a given species combination may enhance some functions, while reducing or having little
effect on others, potentially resulting in trade-offs and synergies among ecosystem
functions [121-123]. Considering several functions simultaneously, and relating their

responses to the functional characteristics of coexisting tree species, would therefore
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provide a more complete picture of what the emergence of these new tree combinations
means for forest functioning.

Beyond ecosystem functioning, associated biodiversity also received little
attention in our systematic map, and consequently little is known about how native—non-
native tree mixtures affect other above- and belowground organisms. This is particularly
relevant because ecological novelty can involve different dimensions of community
organization [124], and changes in tree communities can influence multiple groups of
associated organisms through changes in habitat conditions and resource availability
[125-127]. These responses may involve species gains, losses, and turnover, resulting
in changes in community composition that are not necessarily reflected in species
richness [128, 129]. Extending research beyond tree communities is, thus, necessary to
understand whether the development of spontaneous native—non-native tree mixtures is
accompanied by a broader reorganization of forest biota. Once again, assessing
ecosystem processes and functioning, as well as associated biodiversity, is essential to
allow forecasting effects of native—non-native tree mixtures on ecosystem services
provision, as the latter depends on the former.

Understanding spontaneous native—non-native tree mixtures also requires
moving from snapshots towards their long-term trajectories. The available evidence
covered a wider range of spatial than temporal scales, despite the inherently dynamic
nature of these tree mixtures. Many develop in contexts of land abandonment, spread
from plantations, forest management or urbanization, and their composition and species
dominance may continue to change over decades. Longitudinal studies are needed to
determine whether these mixtures represent relatively persistent communities or
transitional stages, whether native and non-native trees continue to coexist or one group
becomes increasingly dominant, and how their composition, structure, and functioning
change through time. Understanding these trajectories also requires comparing tree
mixtures with surrounding forest types. However, only a subset of studies compared tree
mixtures with native forests, even fewer included forests dominated by non-native trees,
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and relatively few considered both. Such comparisons are essential to determine
whether mixtures retain characteristics of native forests, resemble forests dominated by
non-native trees, or develop distinct characteristics. Together, long-term monitoring and
comparative approaches would provide a better understanding of how these emerging

forests develop and change.

Methodological limitations of the systematic map

Several methodological limitations should be considered when interpreting the patterns
identified in this systematic map. First, as with systematic maps more generally, the
frequency with which a particular variable or topic is represented in the evidence base
should not be interpreted as an indication of its relative extent or importance [130]. In our
case, the frequency with which species, drivers or ecological attributes were recorded
reflects research effort, rather than their ecological importance in spontaneous native—
non-native tree mixtures.

Our data extraction also involved some limitations in the characterization of these
tree mixtures. We recorded up to three dominant native and non-native tree species
reported in each case rather than the complete species composition of each mixture.
This approach was adopted because the level of detail in species composition varied
considerably among studies, with dominant species being more consistently reported
than complete species lists. This allowed us to identify the most frequently represented
species, but not to systematically compare species combinations among cases or
determine how frequently particular native—non-native assemblages occurred. Similarly,
although we identified the main anthropogenic drivers associated with the development
of these mixtures, we did not reconstruct the complete history of each mixture. Therefore,
we could not systematically assess how legacies of previous land use, forest
management or disturbances influenced them as they appear in each individual study.
Finally, our search was restricted to studies published in English, Spanish and
Portuguese, and did not include grey literature. Although English is the predominant

29



736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

language of international scientific publishing, relevant research is not always published
in English, and language restrictions can affect the geographical coverage of evidence
syntheses [131]. The inclusion of Spanish and Portuguese broadened the scope of our
review by allowing the inclusion of 12 additional studies, but relevant evidence published
in other languages may still have been missed. Future global evidence syntheses would
benefit from a broader range of languages, particularly those relevant to currently
underrepresented regions [132]. The exclusion of grey literature may also have limited
the representation of evidence generated outside academic publishing, including

technical and management-oriented information [133].

Implications for forest management
The emergence of spontaneous native—non-native tree mixtures raises important
questions for forest management. These forests are part of a broader increase in
ecological novelty associated with species introductions, land-use change, and other
human-driven environmental changes [134, 135]. Our systematic map shows that these
tree mixtures encompass diverse species combinations arising under different ecological
and anthropogenic contexts and coexist within landscape mosaics that include native
forests, non-native tree plantations, and other forest types. Their management should
therefore consider both the characteristics of individual stands and their broader
landscape context. This heterogeneity also suggests that management implications
cannot be inferred from species biogeographical origin alone (i.e., from the native vs.
non-native status of tree species). Rather, they should consider the ecological roles and
functional characteristics of coexisting species, as well as the processes and historical
conditions that have shaped these communities, consistent with recent perspectives on
managing ecological novelty [135, 136]. Spontaneous native—non-native tree mixtures
should, therefore, not necessarily be treated as a single management category.

A context-dependent approach also requires defining clear management
objectives. The presence of non-native trees within a mixed forest does not, by itself,
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determine whether restoration, control or other interventions are required. Instead,
management decisions should consider the ecological characteristics and potential
impacts of the species involved, including their functional similarity or dissimilarity to
native species, the processes that led to the development of the mixture, and its
surrounding landscape. They should also account for the mixture’s capacity to persist
and maintain ecosystem structure and functioning without continued management, its
effects on biodiversity, ecosystem functioning and ecosystem services, and site-specific
management priorities, such as conservation, production or ecosystem service provision
[137]. For example, preventing the further spread of a non-native species may be a
priority where mixed stands occur adjacent to native forests of high conservation value,
particularly when the species involved pose a risk to native biodiversity or ecosystem
functioning. Conversely, in highly modified landscapes where the mixture may persist
without continued intervention and its effects on biodiversity, ecosystem functioning or
ecosystem services are limited or acceptable in relation to management objectives,
monitoring or allowing forest dynamics to proceed may be more appropriate than active

control [138].

Conclusions

This systematic map provides the first global overview of research on spontaneous
native—non-native tree mixtures. The available evidence covers a wide range of tree
species, geographical regions and ecological contexts, showing that these forests can
develop under different combinations of anthropogenic drivers and natural disturbances.
However, research is unevenly distributed across countries and biomes, which limits our
ability to generalize the patterns observed.

Although the number of studies has increased over time, research has mainly
focused on forest composition, structure, regeneration and dynamics. In contrast,
functional traits, soil properties, ecosystem functioning and associated biodiversity have
received much less attention. Furthermore, most studies were based on a single
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sampling occasion, and comparisons with native and fully non-native forests remain
limited. Consequently, important questions remain about how these mixtures function,
how they affect biodiversity and how they change over time. Future research should
therefore combine the assessment of tree functional characteristics, ecosystem
processes and associated biodiversity with long-term monitoring and comparisons
among different forest types.

Overall, our findings highlight the need to better understand the ecological
consequences of spontaneous native—non-native tree mixtures. These forests include
different species combinations and develop under different environmental conditions and
land-use histories, suggesting that their management cannot be based on the
biogeographical origin of tree species alone. Instead, management decisions should
consider the characteristics of the species involved, their effects on biodiversity and

ecosystem functioning, and the specific objectives and conditions of each forest.
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Ficus ampelos
Macaranga tanarius
Melanolepis multiglandulosa
Pometia pinnata
Pterospermum diversifolium
Radermachera quadripinnata
Saribus rotundifolius
Streblus asper
Tabernaemontana pandacaqui
Parapiptadenia excelsa
Pisonia ambigua
Terminalia triflora
Alphitonia philippinensis
Commersonia bartramia
Dillenia beccariana
Macaranga gigantea
Ploiarium elegans
Symplocos polyandra
Syzygium caudatilimbum
Cinchona micrantha
Miconia poeppigii
Vismia baccifera
Peltophorum dubium
unnanensis
L|r|odendyon tulipifera
Quercus alba
Quercus michauxii
Quercus velutina
Rhizophora racemosa

Hevea brasiliensis
Neltuma juliflora
Hibiscus tiliaceus
Calliandra houstoniana
Eriobotrya japonica
Bauhinia monandra
Broussonetia papyrifera
Pinus luchuensis
Swietenia macrophylla
Castanopsis tribuloides
Syzygium cerasoides
Litsea glutinosa

Melia azedarach
Solanum mauritianum
Cedrela odorata
Tecoma stans

Morus alba

Acacia auriculiformis
Gmelina arborea
Tipuana tipu

Acacia cincinnata
Acacia mangium
Senna reticulata
Tachigali sp.
Schizolobium parahyba
Corymbia citriodora
Acer platanoides
Ailanthus altissima
Ulmus pumila

Nypa fruticans

Number of cases

05 01O 10 2

Fig. S2. Bipartite networks showing the dominant native and non-native tree taxa represented in the evidence for each terrestrial biome. Nodes represent tree
taxa, with native taxa (grey colour) shown on the left and non-native taxa (black colour) on the right. Node size is proportional to the number of cases within
the corresponding biome in which each taxon was recorded. Links are unweighted and indicate co-occurrence of native and non-native taxa within the same
case, irrespective of its frequency; other native and/or non-native tree taxa could occur within the same case. The networks include only the dominant tree
taxa extracted for each case and should therefore not be interpreted as complete inventories of the tree-community composition. Numbers in parentheses in
biome headers indicate the total number of cases assigned to each biome. Cases spanning more than one biome were counted once in each corresponding
biome.



Native

Fagus sylvatica

Pinus sylvestris
Alnus glutinosa

Acer pseudoplatanus
Quercus petraea
Acer platanoides
Carpinus betulus
Betula pendula
Quercus robur
Castanopsis sieboldii
Pinus tabuliformis
Populus nigra
Quercus phillyreoides
Quercus serrata
Dacrycarpus dacrydioides
Plagianthus regius
Podocarpus totara
Ulmus laevis

Ulmus minor

Salix spp.

Populus tremula
Fraxinus angustifolia
Populus spp.

Betula lenta

Betula spp.

Celtis australis

Tilia cordata

Acer campestre
Prunus serotina
Quercus alba
Liriodendron tulipifera
Pinus spp.

Quercus montana
Fraxinus excelsior
Quercus rubra

Betula papyrifera
Picea laxa

Quercus coccinea
Quercus michauxii
Acer rubrum

Fagus grandifolia
Pinus strobus
Quercus velutina
Acer saccharum
Salix alba

Betula alleghaniensis
Fraxinus americana
Tsuga canadensis
Cornus florida

Nyssa sylvatica
Quercus spp.

Tilia americana
Ulmus spp.

Juglans regia

Prunus cerasifera
Acer negundo

Celtis occidentalis
Fraxinus spp.
Platanus occidentalis
Castanea sativa
Carpinus caroliniana
Quercus sp.

Tilia sp.

Araucaria araucana
Nothofagus pumilio
Nothofagus antarctica
Erica azorica
Juniperus brevifolia
Laurus azorica

llex perado subsp. azorica
Celtis laevigata
Quercus virginiana
Salix nigra

Discaria chacaye
Ochetophila trinervis
Allocasuarina verticillata
Eucalyptus spp.
Acacia concurrens
Acacia leiocalyx
Allocasuarina littoralis
Alphitonia excelsa
Corymbia spp.
Austrocedrus chilensis
Melicytus ramiflorus
Dodonaea viscosa
Neopanax arboreus
Maytenus boaria
Schinus patagonica
Avristotelia chilensis
Nothofagus dombeyi
Drimys winteri

Luma apiculata
Myrceugenia exsucca
Nothofagus obliqua
Eucalyptus racemosa
Camellia japonica
Cinnamomum chekiangense
Eurya japonica

llex rotunda

Mallotus japonicus
Quercus glauca
Ternstroemia gymnanthera
Metrosideros umbellata
Virgilia divaricata

Non—native

Number of cases
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Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.

Quercus rubra

Prunus serotina

Robinia pseudoacacia

Acer pseudoplatanus

Acer negundo

Malus domestica

Prunus cerasifera

Fraxinus pennsylvanica

Larix kaempferi

Phellodendron amurense

Paulownia tomentosa

Ulmus pumila

Acer platanoides

Castanea mollissima

Pinus strobus

Ailanthus altissima

Elaeagnus umbellata

Morus alba

Frangula alnus

Salix babylonica f. babylonica

Trachycarpus fortunei

Maclura pomifera

Prunus laurocerasus

Pinus contorta

Pittosporum undulatum

Cryptomeria japonica

Eucalyptus globulus

Triadica sebifera

Salix x rubens

Acacia pycnantha

Ochna serrulata

Senna pendula

Syagrus romanzoffiana

Pseudotsuga menziesii

Alnus sp.

Acacia dealbata

Acacia melanoxylon

Prunus avium

Prunus cerasus

Salix spp.

Pinus radiata

Ligustrum lucidum

Macrolearia lyallii

Acacia mearnsii



Native

Cryptocarya alba
Nothofagus obliqua
Eucalyptus gomphocephala
Eucalyptus marginata
Quillaja saponaria
Beilschmiedia berteroana
Maytenus boaria

Salix humboldtiana
Lithraea caustica
Nothofagus alessandrii
Nothofagus glauca
Vachellia caven

Alnus glutinosa
Fraxinus angustifolia
Pinus pinaster
Populus spp.

Salix spp.

Pinus pinea

Quercus ilex
Diospyros glabra
Kiggelaria africana
Olea europaea
Podocarpus elongatus
Populus alba

Searsia angustifolia
Brabejum stellatifolium
Metrosideros angustifolia
Virgilia divaricata
Liriodendron tulipifera
Quercus alba

Quercus michauxii
Quercus velutina

Number of cases

05 01O 10 2

Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.

Non-native

Acacia dealbata

Eucalyptus cladocalyx

Salix babylonica

Pinus radiata

Acacia longifolia

Eucalyptus spp.

Robinia pseudoacacia

Eucalyptus camaldulensis

Populus spp.

Acacia mearnsii

Ailanthus altissima

Acer platanoides

Ulmus pumila



Temperate Grasslands, Savannas & Shrublands (n = 15)

Native

Allophylus edulis
Blepharocalyx salicifolius
Celtis tala

Citharexylum montevidense
Jodina rhombifolia
Myrsine laetevirens
Ocotea acutifolia

Scutia buxifolia

Celtis occidentalis
Maclura pomifera
Juniperus virginiana
Carpinus caroliniana
Liguidambar styraciflua
Pinus elliottii

Quercus nigra

Casearia sylvestris
Eugenia uniflora

Prunus myrtifolia
Fraxinus pennsylvanica
Populus deltoides
Bauhinia forficata
Phytolacca dioica
Tecoma stans

Schinus terebinthifolia
Cordyline australis
Pittosporum eugenioides
Pittosporum tenuifolium
Fraxinus angustifolia
Quercus robur

Ulmus laevis

Ulmus minor

Salix humboldtiana
Quercus spp.

Taxodium distichum var. imbricarium

Number of cases
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Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.

Non-native

Ligustrum lucidum

Morus alba

Ulmus pumila

Triadica sebifera

Elaeagnus angustifolia

Pinus elliottii

Pittosporum undulatum

Acer pseudoplatanus

Betula pendula

Quercus robur

Acer negundo

Fraxinus pennsylvanica

Robinia pseudoacacia

Populus deltoides

Populus nigra

Populus x canadensis

Salix babylonica

Salix x rubens

Melaleuca quinquenervia



Tropical & Subtropical Dry Broadleaf Forests (n = 15)

Native

Prestoea acuminata var. montana
Pterocarpus officinalis
Bursera simaruba

Andira inermis

Cecropia schreberiana
Guarea guidonia

Tabebuia heterophylla
Coccoloba diversifolia
Metopium toxiferum
Casearia guianensis
Bourreria succulenta
Pithecellobium unguis—cati
Guaiacum officinale
Pisonia albida

Terminalia buceras
Cheirodendron trigynum
Hydrangea arguta
Metrosideros polymorpha
Acacia heterophylla subsp. koa
Metrosideros tremuloides
Myoporum sandwicense
Myrsine lessertiana
Diospyros sandwicensis
Notelaea sandwicensis
Alyxia stellata

Antidesma platyphyllum
Cheirodendron platyphyllum
Coprosma foliosa
Elaeocarpus bifidus

llex anomala

Pittosporum glabrum
Planchonella sandwicensis
Psychotria hathewayi
Psychotria mariniana
Psydrax odoratus
Pteralyxia laurifolia
Santalum ellipticum
Santalum freycinetianum
Syzygium sandwicense
Xylosma hawaiensis

Number of cases

05 O 10O 150 20

Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.

Non-native
+ Albizia procera

® Spathodea campanulata
+ Mangifera indica

e Syzygium jambos

+ Melicoccus bijugatus

® |eucaena leucocephala
+ Senna siamea

* Neltuma juliflora

+ Swietenia mahagoni

» Coffea arabica

¢ Psidium cattleyanum

e Schinus terebinthifolia

* Bischofia javanica

+ Ardisia crenata

+ Ardisia elliptica

+  Cinnamomum burmanni
+ Citharexylum caudatum
+ Ficus microcarpa

+ llex paraguariensis

+ Miconia calvescens

+ Psidium guajava

+  Syzygium cumini

«  Trema orientale



) ~ Native Non-native . o
Salix exigua ® Tamarix ramosissima

Strombocarpa pubescens

Populus deltoides Tamarix chinensis
Populus fremontii

. - ¢ Elaeagnus angustifolia
Salix gooddingii g g

Neltuma glandulosa .
+  Tamarix spp.

Acer spp.
Populus spp. « Ulmus pumila
Salix spp.
Liriodendron tulipifera + Acer platanoides

Quercus alba
Quercus michauxii « Ailanthus altissima

Quercus velutina
. . * Neltuma juliflora
Mimosa tenuiflora
Vachellia karroo
« Cedrela odorata
Psidium oligospermum
Psychotria rufipes .« Cestrum auriculatum
Scalesia pedunculata

Zanthoxylum fagara + Psidium guajava

Number of cases

05 01O 10 2

Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.



Tropical & Subtropical Grasslands, Savannas & Shrublands (n = 7)

Native

Erythroxylum suberosum
Jacaranda caroba
Miconia albicans

Croton urucurana
Mimosa bimucronata
Piptadenia gonoacantha
Cheirodendron trigynum
Hydrangea arguta
Metrosideros polymorpha
Alyxia stellata

Antidesma platyphyllum
Cheirodendron platyphyllum
Coprosma foliosa
Diospyros sandwicensis
Elaeocarpus bifidus

llex anomala

Myrsine lessertiana
Notelaea sandwicensis
Pittosporum glabrum
Planchonella sandwicensis
Psychotria hathewayi
Psychotria mariniana
Psydrax odoratus
Pteralyxia laurifolia
Santalum ellipticum
Santalum freycinetianum
Syzygium sandwicense
Xylosma hawaiensis
Isoberlinia doka

Khaya senegalensis
Vitellaria paradoxa
Baccharis dracunculifolia
Solanum paniculatum
Stryphnodendron rotundifolium var. rotundifolium
Geoffroea decorticans
Schinus fasciculata
Vachellia caven

Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.

Number of cases
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Non—native

Pinus caribaea

Melia azedarach
Tecoma stans
Leucaena leucocephala
Psidium cattleyanum
Schinus terebinthifolia
Ardisia crenata

Ardisia elliptica
Bischofia javanica
Cinnamomum burmanni
Citharexylum caudatum
Coffea arabica

Ficus microcarpa

llex paraguariensis
Miconia calvescens
Psidium guajava
Syzygium cumini
Trema orientale
Gmelina arborea
Tectona grandis
Anadenanthera macrocarpa
Mimosa caesalpiniifolia
Peltophorum dubium
Gleditsia triacanthos

Ulmus pumila



Native Non-native
Castanea sativa + Robinia pseudoacacia
Fraxinus ornus
Quercus spp.
Quercus laurifolia
Quercus nigra + Triadica sebifera
Quercus phellos

Fraxinus excelsior

Tilia cordata
Ulmus glabra + Acer pseudoplatanus
Number of cases
05 01O 10 2
Flooded Grasslands & Savannas (n = 2)
Native Non-native
Metopium toxiferum + Schinus terebinthifolia

Myrica cerifera
Myrsine cubana
Randia aculeata

Pinus elliottii

Taxodium distichum + Melaleuca quinquenervia

Number of cases

05 01O 150 2

Native Non—native

Aegiceras corniculatum + Laguncularia racemosa
Rhizophora stylosa
Laguncularia racemosa
Myrsine cubana
Randia aculeata

Rhizophora mangle + Schinus terebinthifolia

Number of cases

05 01O 10 2

Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.



Native Non-native
Betula papyrifera - « Acer negundo
Picea laxa

Populus balsamifera

Populus tremuloides - + Sorbus spp.

Number of cases

05 01O 10 2

Native Non—native

+ Eucalyptus globulus
Polylepis subtusalbida

*  Pinus radiata

Number of cases

05 01O 1 2

Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.
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a) Secondary anthropogenic drivers b) Natural disturbances
" Land abandonment (n = 60) 3 — 2 Number_ of cases with
= combined drivers
S Urbanization (n = 42) 7 2 1 1
= Secondary anthropogenic drivers
g Forest management (n = 37) 2 1 2 1 1 3 2 [T T .
= : : : 0 2 4 6 8 10 12
g Nearby non-native tree plantations or ornamental plantings (n = 33) 1 3 2 3
m . .
§_ Hydrological alteration (n = 17) 2 — 1 n 1
".:: Not reported (n 6) 1 1 1 Natural disturbances
= Human-mediated biotic interactions (n = 15) 3 — | 1 S
0 2 4 6
c : -
‘T Land-use de-intensification (n = 8) 1 1 1 —
= e
Wildfire (n = 6) 3 1 —
Land-use intensification (n = 4) —

Fig. S3. Heatmap showing associations between main anthropogenic drivers and (a) secondary anthropogenic drivers, and (b) natural disturbances. Numbers within cells indicate the number of cases reporting each combination. Values in parentheses indicate the
total number of cases assigned to each main anthropogenic driver category (rows), and to each secondary anthropogenic driver category or natural disturbance (columns). Grey cells indicate combinations that are not applicable (i.e., the same driver recorded as both
main and secondary anthropogenic driver), and empty cells indicate that no cases reported the corresponding combination. When multiple secondary anthropogenic drivers were reported for a single case, each driver was counted separately; therefore, a case could
contribute to several cells within the same row, but only once to each unique main-secondary driver combination.
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