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Abstract 30 

Purpose of Review Spontaneous mixtures of native and non-native tree species occur 31 

in forest landscapes affected by land-use change, species introductions and 32 

disturbances. However, research on these communities remains fragmented. 33 

 34 

Recent Findings We identified 238 cases. Research was concentrated in high-income 35 

countries and studies included diverse combinations of native and non-native tree 36 

species. Land abandonment was the most frequently reported driver in tropical moist 37 

forests, whereas urbanization, forest management, land abandonment and nearby non-38 

native tree plantings were more evenly represented in temperate forests. Research 39 

focused primarily on forest composition, structure, regeneration and dynamics, with 40 

comparatively limited attention to functional traits, soil properties, ecosystem functioning 41 

and associated biodiversity. Approximately two-thirds of cases relied on single-time 42 

assessments, while studies incorporating both native and fully non-native reference 43 

forests as reference conditions were uncommon. 44 

 45 

Summary Spontaneous native–non-native tree mixtures involve diverse species 46 

combinations and develop under different ecological and land-use contexts. Our findings 47 

highlight the need for context-dependent forest management that considers species 48 

characteristics, potential ecological impacts, land-use history and landscape conditions, 49 

rather than biogeographical origin alone. 50 

 51 

Keywords: Biodiversity; Ecosystem functioning; Forest management; Forest 52 

regeneration; Land-use change; Secondary succession 53 

 54 
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 56 

 57 



3 
 

Introduction 58 

Forest ecosystems are increasingly being reshaped by human-driven changes in land 59 

use, species introductions, disturbance regimes and climate. These interacting 60 

pressures can alter species composition and ecological processes, generating 61 

communities that differ from those that historically occurred in a given region [1-3]. 62 

Among these emerging communities, spontaneous mixtures of native and non-native 63 

tree species are increasingly reported across a wide range of ecosystems and regions 64 

[e.g., 4-6]. 65 

Spontaneous native–non-native tree mixtures can arise along contrasting 66 

trajectories of human influence, from land-use intensification to the relaxation or 67 

cessation of former land uses [7, 8]. For example, land abandonment can promote 68 

secondary succession and forest regeneration, allowing native and non-native tree 69 

species to colonize previously managed areas. Their coexistence may be maintained by 70 

differences in establishment strategies, growth rates and tolerance to environmental 71 

conditions, as well as by spatial and temporal heterogeneity during succession [e.g., 9, 72 

10]. Similarly, hydrological alterations can modify river dynamics, flooding regimes and 73 

soil conditions, generating environmental heterogeneity that may favour the 74 

establishment and coexistence of native and non-native tree species with different 75 

tolerances to flooding and soil moisture [e.g., 11, 12]. Non-native tree plantations can 76 

also provide propagule sources to surrounding native forests [e.g., 13] and, when 77 

management is absent or of low intensity, they often provide opportunities for the 78 

establishment of native trees [e.g., 14]. Fire, whether of natural or anthropogenic origin, 79 

can also facilitate the development of these mixtures by reducing competition and 80 

creating opportunities for the establishment and regeneration of non-native trees [e.g., 81 

15], as can natural disturbances such as hurricanes, floods, volcanic eruptions, and 82 

windthrow [e.g., 16, 17]. Thus, native–non-native tree mixtures are becoming an 83 

increasingly common feature of contemporary forest landscapes, and their prevalence 84 

is likely to increase as global change continues to alter forest ecosystem structure, 85 
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composition and dynamics [e.g., 18, 19]. Understanding the ecological consequences of 86 

these emerging tree mixtures is, therefore, an increasingly important challenge for forest 87 

management [20]. 88 

Native and non-native species often differ in their functional traits and life-history 89 

strategies [21, 22], potentially shaping patterns of coexistence and, in turn, forest 90 

composition and ecosystem functioning [23, 24]. Accordingly, their coexistence has been 91 

examined across a range of attributes, including plant diversity [e.g., 25, 26], tree 92 

regeneration [e.g., 15], soil properties [e.g., 27], carbon cycling [e.g., 28], and associated 93 

biodiversity [e.g., 29, 30]. However, the patterns and processes observed in these 94 

communities may vary markedly depending on tree species identities, functional 95 

characteristics, and species interactions [31]. 96 

Despite their ecological relevance, spontaneously assembled native–non-native 97 

tree mixtures have rarely been considered as a distinct forest system. Research on 98 

mixed forests has focused predominantly on native tree-species mixtures [e.g., 32-35] 99 

or deliberately established native–non-native mixed-species plantations [e.g., 36-38]. In 100 

contrast, research on spontaneous native–non-native mixtures is scattered across 101 

different fields, including invasion ecology [e.g., 39, 40], restoration ecology [e.g., 6, 41], 102 

urban ecology [e.g., 42, 43], and ecological succession [e.g., 44, 45]. As a result, these 103 

systems have been described and conceptualised differently depending on the research 104 

context, making it difficult to integrate findings across studies. 105 

This fragmentation also limits our ability to obtain a comprehensive picture of the 106 

available evidence. It remains unclear where these mixtures have been studied, which 107 

native and non-native tree species are represented, under which anthropogenic drivers 108 

and natural disturbances they occur, how research has addressed them across spatial 109 

and temporal scales and study designs, and which ecological attributes have received 110 

the greatest attention. Mapping this evidence is, thus, a necessary first step towards a 111 

broader synthesis of current knowledge. 112 
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To provide this overview, we conducted a systematic map of the global evidence 113 

on spontaneously assembled native–non-native tree mixtures. Systematic maps are 114 

particularly well suited to synthesize broad and heterogeneous evidence bases because 115 

they use transparent and reproducible methods to identify, catalogue, and characterize 116 

how existing knowledge is distributed across multiple dimensions [46]. Specifically, we 117 

asked: (1) How is the available evidence on native–non-native tree mixtures 118 

geographically distributed?; (2) Which native and non-native tree species are more 119 

frequently represented?; (3) Under which anthropogenic drivers and natural 120 

disturbances have these mixtures been studied?; (4) How have they been studied across 121 

spatial and temporal scales and study designs?; and (5) Which ecological attributes have 122 

received attention? By providing the first global systematic map of these emerging forest 123 

systems, we seek to identify major research trends, evidence clusters, and knowledge 124 

gaps, thereby establishing a foundation for future research and for a broader evidence 125 

base to inform their management. 126 

 127 

Methods 128 

Conceptual framework 129 

We adopted a Population-Outcome (PO) framework to define the scope of the review 130 

and categorise the available evidence: 131 

- Population: Forest communities in which native and non-native tree species co-occur 132 

following spontaneous establishment, without intentional species mixing or plantation 133 

design. Intentionally established mixed-species plantations were therefore excluded. 134 

- Outcome: Any reported ecological attribute of these forests including species 135 

composition and diversity (i.e., plant taxonomic groups), forest structure, natural 136 

regeneration, forest dynamics, functional traits, soil properties, ecosystem processes 137 

and functioning, and associated biodiversity (i.e., non-plant taxonomic groups). 138 

 139 

Search strategy 140 



6 
 

Systematic maps and reviews require rigorous and transparent search strategies to 141 

ensure reproducibility and comprehensiveness and minimise selection bias [47, 48]. The 142 

primary search was conducted in the Web of Science Core Collection (all editions) 143 

between 2 and 3 March 2026. The search was applied to the field “Topic” (title, abstract, 144 

and keywords, those provided by the authors and those used for indexation purposes) 145 

using search terms that were intentionally broad to maximise sensitivity and no temporal 146 

restrictions. Following several rounds of exploratory testing and refinement, the final 147 

search string was: 148 

("mixed forest*" OR "mixed-species forest*" OR "novel forest*" OR "novel ecosystem*" 149 

OR "tree species mixture*" OR ("native species" AND ("non-native species" OR exotic* 150 

OR alien* OR introduced* OR invasive*))) AND forest* NOT plantation* 151 

Additional filters were applied within Web of Science to improve thematic 152 

relevance. Records were restricted to the document type Articles and to the following 153 

subject categories: Ecology, Forestry, Plant Sciences, Biodiversity Conservation, Soil 154 

Science, Zoology, Urban Studies, Geography Physical, and Environmental. Also, only 155 

studies published in the languages English, Spanish, and Portuguese were considered. 156 

After applying these filters, the search produced a total of 6,954 records (Fig. S1). To 157 

complement the database search, a backward citation search was conducted based on 158 

the reference lists of four relevant review studies identified within the initial search results 159 

[4, 6, 8, 19], which contributed 267 additional records (Fig. S1). Although the database 160 

search was filtered for "articles", all publication types retrieved during the search process 161 

(e.g., journal articles, books and book chapters) were considered for eligibility 162 

assessment when they met the predefined inclusion criteria. Following removal of 163 

duplicates, 7,179 unique records were retained for screening (Fig. S1). 164 

 165 

Inclusion criteria 166 

Studies were included in the systematic map if they met all of the following criteria: 167 
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- Study type: Peer-reviewed field studies or review articles had to address natural 168 

ecosystems; greenhouse and laboratory experiments were excluded; 169 

- Population: Studies had to examine mixtures in which native and non-native tree 170 

species co-occurred following spontaneous establishment, without intentional design of 171 

the mixed system; intentionally planted mixed forests and commercial plantations were 172 

excluded, as well as studies focusing exclusively on single-species non-native invasion 173 

processes without explicit consideration of co-occurring native tree species; 174 

- Outcome: Studies had to report at least one ecological attribute of the forest mixture 175 

(see section “Conceptual framework”). 176 

 177 

Study selection procedure 178 

Titles and abstracts of 7,179 records were screened by a single reviewer (RJ-O) to 179 

assess compliance with the predefined inclusion criteria, resulting in the exclusion of 180 

6,619 records. Three additional records were inaccessible and were excluded. The full 181 

texts of 557 potentially eligible records were subsequently assessed by the same 182 

reviewer (RJ-O) for final inclusion (Fig. S1). Records excluded at the full-text stage (n = 183 

322) either (i) examined intentionally designed mixed forests or plantations; (ii) focused 184 

on single-species non-native invasion processes without explicit consideration of co-185 

occurring native tree species; or (iii) did not provide extractable information on any of the 186 

ecological attributes considered in the systematic map. In total, 235 studies met the 187 

inclusion criteria and were retained in the systematic map (Table S1). Three of these 188 

studies [16, 49, 50] each reported two independent cases that differed in study location, 189 

temporal scale, anthropogenic drivers, and/or ecological attributes. Accordingly, these 190 

cases were entered separately, yielding a final dataset of 238 data entries (Table S2). 191 

Hereafter, “study” refers to an individual publication included in the systematic map (n = 192 

235), whereas “case” refers to the unit represented in the final dataset (n = 238). 193 

 194 

Data extraction and systematic map dataset 195 
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Data extraction was conducted by five researchers. Before full extraction, a calibration 196 

exercise was performed to ensure consistency among researchers. Ten studies were 197 

randomly selected and independently extracted by all five researchers. The resulting 198 

data were compared across researchers, and any discrepancies were discussed to 199 

identify their source and reach a common interpretation of the extraction criteria. This 200 

calibration process led to clarification of variable definitions and refinement of the data-201 

extraction matrix to reduce ambiguity and improve consistency. All resulting changes 202 

were communicated to the five researchers before proceeding with the full data 203 

extraction. Following calibration, the remaining studies were divided among the five 204 

researchers, with each study extracted by one researcher (Table S1). 205 

Information was extracted at the study level, except when a study reported 206 

multiple independent cases [16, 49, 50], for which case-specific information was 207 

recorded separately. The following information was extracted from each case to 208 

construct the dataset: 209 

i) Bibliographic information: Year of publication. 210 

ii) General study characteristics: For each study, the study type (field study or review), 211 

the name of the study location, country, geographic realm, biome, whether the study was 212 

conducted on mainland or island systems, and the native and non-native tree species 213 

composing the mixture were extracted. Island systems were further classified as oceanic 214 

or continental according to their geological origin, except for New Zealand, which was 215 

classified as oceanic based on its ecological and biogeographical characteristics. 216 

Each study was assigned to one country, considering sovereign states as the 217 

primary geographical unit; when a study included sites in more than one country, it was 218 

assigned to all countries represented. Each country was classified into income groups 219 

according to the World Bank Group Country Income Classification for fiscal year 2027 220 

[51]. Each study location was also assigned to a biogeographic realm and terrestrial 221 

biome following the global ecoregion classification of [52]. When geographical 222 

coordinates were provided in the original publications, these were used to locate the 223 
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study sites; otherwise, locations were inferred from the reported location names. Studies 224 

including sites located in more than one biome were assigned to all corresponding 225 

biomes. 226 

Dominant tree species were extracted using a standardized protocol. When 227 

studies reported quantitative measures of community composition, the three most 228 

dominant native tree species and the three most dominant non-native tree species were 229 

recorded according to the metric(s) reported by the authors. When quantitative 230 

dominance metrics were unavailable, all native and non-native tree species explicitly 231 

described as dominant, co-dominant, characteristic or major components of the forest 232 

community were recorded. In the few studies where authors reported the presence of 233 

one or more non-native tree species co-occurring with multiple native tree species, but 234 

did not identify the native species individually, this information was recorded as reported 235 

(e.g., “multiple native tree species”). Scientific names were standardized according to 236 

the Plants of the World Online taxonomic backbone [53]. When synonymous names were 237 

used in the original publications, they were updated to the currently accepted names 238 

following [53]. 239 

iii) Study design: For each study, the spatial scale of inference, the temporal scale, and 240 

comparison condition were extracted. The spatial scale of inference was classified 241 

according to the unit of inference addressed by each study rather than the spatial extent 242 

of sampling. Four categories were defined: 243 

(a) Plot: the unit of inference was an individual sampling plot or localized experimental 244 

unit, and conclusions were restricted to the sampled plots. 245 

(b) Forest: the unit of inference was a forest stand or forest patch. Studies could include 246 

one or several sampling plots, or even multiple stands within the same forest. 247 

(c) Landscape: the unit of inference was the landscape, typically encompassing 248 

comparisons among multiple forest stands, fragments or patches within the same region. 249 
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(d) Regional: the unit of inference encompassed broad geographic regions including 250 

multiple landscapes, extensive environmental gradients or large geographic areas (e.g., 251 

islands, countries or broad climatic regions). 252 

Temporal scale was characterized by classifying studies as based either on a 253 

single sampling occasion or on repeated measurements through time. Studies with 254 

repeated measurements were further classified according to monitoring duration as 255 

short-term (≤ 3 years), mid-term (> 3 to 10 years), or long-term (> 10 years). 256 

For each study, comparisons of spontaneously established native–non-native 257 

tree mixtures with native reference forests, fully non-native forests, or both were 258 

recorded. Tree species-specific performance of native and non-native tree species was 259 

also recorded and defined as the assessment of growth, survival, physiology, 260 

reproduction, or functional traits at the individual species level. 261 

iv) Drivers and disturbance context: For each study, the main anthropogenic driver most 262 

directly associated with the formation or development of the native–non-native tree 263 

mixtures was identified, and additional secondary anthropogenic drivers contributing to 264 

its dynamics were recorded. Drivers were classified as land abandonment (i.e., cessation 265 

of previous land use or management followed by spontaneous vegetation succession), 266 

land-use de-intensification (i.e., reduction, but not cessation, of land-use or management 267 

intensity), land-use intensification (i.e., increased intensity of land use or management), 268 

forest management (i.e., restoration or silvicultural practices such as logging, thinning, 269 

and clearing), nearby non-native tree plantations or ornamental plantings (i.e., when 270 

acting as propagule sources for colonization of adjacent forests), urbanization (i.e., 271 

replacement of previous land uses by urban development or infrastructures), 272 

hydrological alteration (e.g., channelization, dam construction, flow regulation or 273 

diversion, and flood suppression), human-mediated biotic interactions (e.g., introduced 274 

pathogens, altered herbivore pressure or introduced ecosystem engineers), and wildfire 275 

(i.e., when its human origin was supported by the study). Earlier land-use changes or 276 

disturbances that represented only historical context were not classified as main drivers. 277 
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When the available evidence was insufficient to identify the anthropogenic process 278 

associated with the mixture formation, the main driver was classified as “Not reported”. 279 

Natural disturbances affecting the study system (i.e., hurricanes, volcanic eruptions, 280 

windthrow, and flooding) were also recorded. 281 

v) Ecological attributes assessed: Ecological attributes evaluated in each study were 282 

classified into eight non-mutually exclusive categories. Studies could therefore be 283 

assigned to more than one category when multiple ecological attributes were assessed: 284 

(a) Forest composition and diversity: species identity of the communities, species 285 

richness and diversity indices. 286 

(b) Forest structure: diameter at breast height (DBH), tree height, tree density, basal 287 

area, and vegetation stratification (i.e., understory and/or herbaceous cover). 288 

(c) Natural regeneration: density of seedlings/saplings, and recruitment. 289 

(d) Forest dynamics: growth, competition, and survival/mortality.  290 

(e) Functional traits: stem, foliar, litter, root, and dispersal traits. 291 

(f) Soil properties: chemical, physical, and microbiological properties. 292 

(g) Ecosystem processes and functioning: primary productivity (e.g., biomass production 293 

or net primary productivity), decomposition (e.g., decomposition rates), nutrient cycling 294 

(e.g., nutrient mineralization or nutrient fluxes), carbon cycling (e.g., carbon 295 

sequestration or carbon fluxes), hydrological processes (e.g., water infiltration), and air 296 

regulation (e.g., pollutant removal). 297 

(h) Associated biodiversity (i.e., non-plant taxonomic groups): amphibians, reptiles, 298 

mammals, birds, invertebrates, lichens, fungi, bacteria, and archaea. 299 

 300 

Data visualization 301 

Data were summarized at either the study level (n = 235) or the case level (n = 238), 302 

depending on the variable considered. Variables that could differ among independent 303 

cases within the same study were summarized at the case level. For non-mutually 304 

exclusive variables, a single case could contribute to more than one category; 305 
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accordingly, frequencies represent the number of cases assigned to each category, and 306 

summed frequencies may exceed the total number of data cases. Similarly, when a case 307 

encompassed more than one terrestrial biome, it was counted once in each 308 

corresponding biome, resulting in a total of 254 case-biome assignments. The unit of 309 

analysis used is indicated in the corresponding figure or table. 310 

To assess whether the representation of terrestrial biomes in the evidence base 311 

was proportional to their global extent, we compared the percentage of case-biome 312 

assignments corresponding to each biome with the percentage of Earth's terrestrial area 313 

occupied by that biome, following [54]. Global biome extent was obtained from [52]. For 314 

each biome, relative representation was calculated as the difference, in percentage 315 

points, between its percentage of all case-biome assignments and its percentage of 316 

global terrestrial area. Positive values indicate greater representation in the evidence 317 

base relative to global biome extent, whereas negative values indicate lower 318 

representation. 319 

Data processing was performed in R version 4.5.2 [55], and graphical 320 

visualizations were produced using the packages ggplot2 [56], ggh4x [57], ggalluvial [58], 321 

ggnewscale [59], igraph [60], and ggraph [61]. The global map showing the geographical 322 

distribution of the included studies was produced using QGIS version 3.40 [62]. 323 

 324 

Results 325 

Geographical distribution of the evidence 326 

The 238 cases were reported from 43 countries, with the USA accounting for the largest 327 

number (n = 87; 37%), followed by Brazil (n = 18; 8%), Poland (n = 16; 7%), Argentina 328 

(n = 15; 6%), and Chile (n = 9; 4%) (Fig. 1). Most cases were in mainland systems (n = 329 

155; 65%), while 83 cases (35%) occurred on islands (Table S2). Of the island cases, 66 330 

(80%) were located on oceanic islands and 17 (20%) on continental islands (Table S2). 331 

Evidence was also strongly skewed towards high-income countries (178; 75%), followed 332 

by upper-middle-income (n = 48; 20%), lower-middle-income (n = 8; 3%), and low-333 
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income countries (n = 4; 2%) (Table S2). At the biogeographic-realm level, the 238 cases 334 

were distributed across all seven realms, with the highest representation in the 335 

Neotropical (33%), Palearctic (23%), and Nearctic (19%) realms, while fewer cases 336 

occurred in the Oceanian (9%), Afrotropical (8%), Australasian (5%), and Indo-Malayan 337 

(4%) realms (Fig. 1). Evidence was found across 12 of the 14 terrestrial biomes, although 338 

it was strongly concentrated in two: “Tropical and Subtropical Moist Broadleaf Forests” 339 

(39% of cases) and “Temperate Broadleaf and Mixed Forests” (37% of cases), while all 340 

other biomes contained 15 or fewer cases (≤6% each) (Fig. 1). Relative to their global 341 

terrestrial extent, the two dominant biomes were also the most strongly overrepresented 342 

(+21.8 and +25.7 percentage points, respectively), whereas several biomes were 343 

underrepresented (Table S3). 344 

 345 

Figure 1. Global distribution of evidence included in the systematic map. Dark-grey circles 346 

indicate the geographical distribution of cases, with circle size proportional to the number of cases 347 

reported in each country; reference circles indicate the minimum and maximum numbers of cases 348 

per country. Background colours represent terrestrial biomes (sensu Dinerstein et al., 2017). The 349 

inset bar plot shows the number of cases in each biogeographic realm. Cases spanning more 350 

than one country were counted once in each corresponding country. 351 

 352 

Native and non-native tree species represented in the evidence 353 

The most frequently represented native and non-native tree species differed markedly 354 

among terrestrial biomes (Fig. 2). In “Tropical and Subtropical Moist Broadleaf Forests”, 355 
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the most frequently represented native species were Metrosideros polymorpha (16% of 356 

cases within the biome), Guarea guidonia (14%), and Cecropia schreberiana (9%), 357 

whereas the most frequently represented non-native species were Psidium cattleyanum 358 

and Spathodea campanulata (17% each), followed by Leucaena leucocephala (14%). In 359 

“Temperate Broadleaf and Mixed Forests”, the most frequently represented native 360 

species were Quercus robur (24% of cases), Pinus sylvestris (15%), and Acer rubrum 361 

(14%), whereas the most frequently represented non-native species were Robinia 362 

pseudoacacia (26%), Prunus serotina (18%), and Acer platanoides (16%). Despite being 363 

the most frequently represented species, none occurred in more than 26% of cases 364 

within either biome. 365 

Nevertheless, some non-native species recurred among the most frequently 366 

represented species across different biomes (Fig. 2). Psidium cattleyanum and 367 

Leucaena leucocephala were among the most frequently represented non-native 368 

species in “Tropical and Subtropical Moist Broadleaf Forests”, “Tropical and Subtropical 369 

Dry Broadleaf Forests”, and “Tropical and Subtropical Grasslands, Savannas and 370 

Shrublands”. Schinus terebinthifolia was similarly among the most frequently 371 

represented non-native species in “Tropical and Subtropical Grasslands, Savannas and 372 

Shrublands”, “Flooded Grasslands and Savannas”, and “Mangroves”. These cross-373 

biome patterns should, however, be interpreted cautiously for poorly represented 374 

biomes, as five biomes were represented by three or fewer cases. 375 
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Figure 2. Most frequently reported native and non-native tree species in each biome. For each 376 

biome, the figure displays up to three native and three non-native tree species with the highest 377 

frequencies across cases, selected from all species recorded during data extraction. Values next 378 

to the bars indicate the number of cases within each biome reporting each species. Numbers in 379 

parentheses in biome headers indicate the total number of cases assigned to that biome. Cases 380 

spanning more than one biome were counted once in each corresponding biome. 381 

 382 
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Biome-specific bipartite networks further showed substantial variation in the 383 

number of dominant tree taxa represented in the evidence (Fig. S2). Across biomes, the 384 

number of native taxa reported as dominant ranged from 1 to 181 and the number of 385 

non-native taxa from 2 to 91. “Tropical and Subtropical Moist Broadleaf Forests”, the 386 

biome with the largest number of cases, also contained the largest number of 387 

represented taxa (181 native and 91 non-native taxa). In general, biomes represented 388 

by fewer cases tended to include fewer dominant tree taxa. However, this pattern was 389 

not consistent across all biomes, as some biomes with relatively few cases included a 390 

comparatively large number of taxa. For example, “Tropical and Subtropical Grasslands, 391 

Savannas and Shrublands” included 37 native and 25 non-native taxa across only seven 392 

cases. 393 

 394 

Anthropogenic drivers and natural disturbances represented in the evidence 395 

Land abandonment was the most frequently identified main anthropogenic driver 396 

associated with the development of native–non-native tree mixtures (n = 60; 25% of 397 

cases), followed by urbanization (n = 42; 18%), forest management (n = 37; 16%), and 398 

nearby non-native tree plantations or ornamental plantings (n = 33; 14%). Together, 399 

these four drivers accounted for 73% of all cases included in the systematic map. 400 

Hydrological alteration (n = 17; 7%) and human-mediated biotic interactions (n = 15; 6%) 401 

were less frequently identified, whereas land-use de-intensification, wildfire, and land-402 

use intensification were each associated with fewer than 10 cases. The main 403 

anthropogenic driver was not reported for 16 cases (7%). 404 

Within the two most represented biomes, the distribution of main anthropogenic 405 

drivers differed markedly (Fig. 3). In “Tropical and Subtropical Moist Broadleaf Forests”, 406 

land abandonment was the most frequently represented driver (n = 41; 45% of cases 407 

within the biome), whereas in “Temperate Broadleaf and Mixed Forests” the main driver 408 

was more evenly distributed among urbanization (n = 23; 26%), forest management (n 409 

= 20; 23%), land abandonment (n = 12; 14%), and nearby non-native tree plantations or 410 
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ornamental plantings (n = 11; 12%). Some drivers were also particularly frequent in 411 

specific biomes with smaller evidence bases (Fig. 3). In particular, land abandonment 412 

accounted for 11 of the 15 cases in “Tropical and Subtropical Dry Broadleaf Forests”, 413 

nearby non-native tree plantations or ornamental plantings for 7 of the 15 cases in 414 

“Mediterranean Forests, Woodlands and Scrub”, and hydrological alteration for 5 of the 415 

12 cases in “Deserts and Xeric Shrublands”. 416 

Figure 3. Alluvial plot illustrating the distribution of main anthropogenic drivers associated with 417 

the formation or development of spontaneously assembled native–non-native tree mixtures 418 

across biomes. Flow widths are proportional to the number of cases associated with each biome-419 

driver combination. Numbers in parentheses in biome headers indicate the total number of cases 420 

assigned to each biome. Cases spanning more than one biome were counted once in each 421 

corresponding biome and therefore contribute to multiple flows. 422 

 423 

Secondary anthropogenic drivers were frequently reported alongside the main 424 

drivers (Fig. S3), particularly nearby non-native tree plantations or ornamental plantings 425 

(n = 34) and forest management (n = 30). The most frequent main–secondary driver 426 

combinations involved land abandonment with forest management (n = 13), urbanization 427 

with nearby non-native tree plantations or ornamental plantings (n = 11), and land 428 

abandonment with nearby non-native tree plantations or ornamental plantings (n = 8). 429 

Natural disturbances were less frequently represented, with flooding (n = 11) and 430 

hurricanes (n = 9) being the most frequently reported. Flooding co-occurred most 431 
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frequently with hydrological alteration (n = 5), whereas hurricanes were most often 432 

reported in cases associated with land abandonment (n = 7). 433 

 434 

Spatial and temporal scales and study design 435 

The available evidence was predominantly generated at the forest (43% of all cases) or 436 

landscape scales (32%), while plot- (17%) and regional-scale cases (8%) were less 437 

frequent (Fig. 4a). Regarding the temporal dimension, two-thirds of the cases (67%) were 438 

based on a single sampling occasion and only one-third (33%) included repeated 439 

measurements through time (Fig. 4b). Among the latter, half were short-term (≤3 years; 440 

50%), followed by long-term (>10 years; 35%), and mid-term (>3–10 years; 15%) cases 441 

(Fig. 4c). 442 

443 

Figure 4. Spatial and temporal characteristics of the cases included in the systematic map (n = 444 

238). (a) Spatial scale of the cases, distinguishing between landscape, forest, regional, and plot 445 

scales. (b) Temporal scale, distinguishing between single sampling occasions and repeated 446 

measurements. (c) Study duration for cases with repeated measurements, classified as short-447 

term (≤ 3 years), mid-term (> 3–10 years), or long-term (> 10 years). Values indicate the number 448 

of cases in each category. 449 

 450 

Comparative study designs were also unevenly represented (Table S2). Native 451 

reference forests were included as comparators in 76 cases (32% of all cases), whereas 452 

fully non-native forests were used much less frequently (n = 21; 9%), and only 15 cases 453 

(6%) included comparisons with both native reference and fully non-native forests (Table 454 



19 
 

S2). In addition, the species-specific performance of the native and non-native tree 455 

species comprising the mixtures was evaluated in 80 cases (34%) (Table S2). 456 

 457 

Ecological attributes assessed in the evidence 458 

 459 

Figure 5. Distribution of the ecological attributes evaluated in the cases included in the systematic 460 

map (n = 238). Horizontal bars show the frequency of individual variables recorded within each 461 

of the eight ecological-attribute categories. Numbers next to the bars indicate the number of cases 462 

in which each variable was evaluated. Categories and variables were non-mutually exclusive and, 463 

therefore, individual cases could contribute to multiple categories and variables. 464 

 465 

Ecological attributes related to forest composition and diversity, forest structure, natural 466 

regeneration, and forest dynamics were assessed more frequently than functional traits, 467 

soil properties, ecosystem processes and functioning, and associated biodiversity (Fig. 468 
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5). Among individual variables, species identity (63% of cases), species richness (58%), 469 

DBH (50%), tree density (46%), basal area (40%), and natural regeneration evaluated 470 

through seedling and sapling density (36%) were the most frequently assessed (Fig. 5). 471 

In contrast, variables related to ecosystem processes and functioning and associated 472 

biodiversity were generally less frequently assessed, with no individual variable 473 

occurring in more than 8% and 5% of cases, respectively (Fig. 5). 474 

 475 

Furthermore, these differences in research emphasis persisted throughout the 476 

development of the evidence base (Fig. 6). Although the cumulative number of studies 477 

increased across all ecological attributes, forest composition and diversity and forest 478 

structure consistently dominated the literature, with their representation increasing 479 

particularly rapidly from the late 2000s onwards (Fig. 6). 480 

 481 

Figure 6. Accumulation curves of studies evaluating different ecological attributes in 482 

native–non-native tree mixtures over time (n = 235). Dots represent the cumulative 483 

number of studies evaluating each ecological-attribute category by year of publication. 484 

Note that data for 2026 are incomplete because the literature search was conducted 485 

before the end of the year. 486 
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Discussion 487 

Uneven geography of the evidence 488 

The available evidence on spontaneous native–non-native tree mixtures was 489 

geographically and socioeconomically uneven. Most cases were concentrated in high-490 

income countries, particularly in the USA and several European countries. Nevertheless, 491 

the geographical coverage extended beyond these regions, with a relatively high number 492 

of cases in South America, particularly Brazil, Argentina, and Chile, as well as evidence 493 

from several African countries. The representation of several African countries is 494 

noteworthy, as previous global evidence syntheses on forest management, disturbance, 495 

and biodiversity have shown a strong concentration of research in Europe and North 496 

America, with considerably less evidence from other regions [63-65]. The predominance 497 

of high-income countries is also consistent with broader geographical biases in 498 

ecological and biodiversity research, where research effort has been associated with 499 

economic capacity [66], potentially reflecting global disparities in research funding and 500 

infrastructure [67]. Similar geographical imbalances have been documented in invasion 501 

ecology, where research effort remains unevenly distributed across regions [68]. 502 

Beyond these geographical imbalances, countries differed in the distribution and 503 

focus of their research. Although both USA and Poland were among the countries with 504 

the largest number of cases, the underlying research patterns differed considerably. In 505 

Poland, much of the evidence was concentrated among a relatively small number of 506 

recurring authors, whose research primarily focused on the invasion and spread of non-507 

native trees in temperate forests [e.g., 39, 40, 69, 70]. In contrast, studies from the 508 

continental USA involved a broader range of authors and research contexts [e.g., 28, 43, 509 

71-73]. Puerto Rico, an unincorporated territory of the USA, showed yet another pattern, 510 

with much of the evidence arising from long-term ecological research and forest 511 

monitoring, particularly studies in the Luquillo Experimental Forest [e.g., 74, 75], as well 512 

as from analyses of national forest inventory datasets [e.g., 76, 77]. 513 



22 
 

Evidence was also unevenly distributed across biomes, with most cases 514 

concentrated in “Tropical & Subtropical Moist Broadleaf Forests” and “Temperate 515 

Broadleaf & Mixed Forests”. Both biomes were strongly overrepresented relative to their 516 

global extent, so their prominence cannot be explained by biome area alone. This pattern 517 

may partly reflect the geographical concentration of research effort, particularly in high-518 

income countries with greater research capacity (e.g., USA, several European 519 

countries). Conversely, the limited representation of non-forest biomes (e.g., deserts, 520 

tundra or grasslands) is expected, given the more restricted occurrence of trees in these 521 

environments.  522 

The two most represented biomes showed contrasting geographical patterns. 523 

Evidence from “Tropical & Subtropical Moist Broadleaf Forests” was strongly associated 524 

with islands, particularly those located in the Caribbean such as Puerto Rico, Virgin 525 

Islands, Bahamas and Jamaica [e.g., 4, 16, 76], Hawaii [e.g., 78, 79], and the Seychelles 526 

[e.g., 80, 81]. In contrast, evidence from “Temperate Broadleaf & Mixed Forests” was 527 

predominantly associated with mainland areas, particularly in continental USA [e.g., 73, 528 

82] and Europe [e.g., 69, 70, 83]. The high representation of temperate forests is 529 

consistent with their well-documented predominance in ecological and evolutionary 530 

research, likely driven by their overlap with high-income countries [84]. In contrast, the 531 

pronounced insular component of the tropical evidence may partly reflect the long history 532 

and high rates of non-native species introductions to islands [85], which have contributed 533 

to the emergence of novel native–non-native communities in human-modified 534 

landscapes [5]. Despite the broad biogeographical coverage of the systematic map, 535 

evidence from the remaining biomes was much more limited, even in predominantly 536 

forested biomes such as “Temperate Conifer Forests”, “Mangroves” and “Boreal 537 

Forests/Taiga”. This limited representation may reflect both a genuine deficit of studies 538 

and differences among biomes in the opportunities for non-native trees to establish and 539 

persist. Environmental constraints, biotic resistance, or limited availability of suitable 540 

microsites may restrict establishment, and the relative importance of these factors is 541 
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likely to vary substantially among biomes [86-88]. As a result, the patterns observed in 542 

the best-represented biomes may not be generalizable to less-represented biomes and 543 

regions. 544 

 545 

High tree compositional diversity 546 

The available evidence on spontaneous native–non-native tree mixtures encompassed 547 

a high diversity of tree species and species combinations. Patterns of species 548 

representation, however, differed between native and non-native trees. While the most 549 

frequently reported native species varied among biomes, reflecting differences in their 550 

natural species pools, certain non-native species recurred across different biomes. This 551 

was particularly evident for P. cattleyanum and L. leucocephala, which were among the 552 

most frequently reported non-native species in several tropical biomes. Their recurrence 553 

may partly reflect their long histories of human use and introduction outside their native 554 

ranges. Psidium cattleyanum, native to Brazil, was introduced into many tropical and 555 

subtropical regions for its edible fruits and ornamental use, including on oceanic islands 556 

[89]. Similarly, L. leucocephala, native to Central America, has been widely introduced 557 

throughout the tropics as a multipurpose tree for agroforestry, fodder, and wood 558 

production [90]. Schinus terebinthifolia, another South American species widely 559 

introduced as an ornamental tree [91, 92], was among the most frequently represented 560 

non-native species in “Tropical & Subtropical Grasslands, Savannas & Shrublands”, 561 

“Flooded Grasslands & Savannas”, and “Mangroves”. However, its prominence in the 562 

latter two biomes should be interpreted cautiously, as each was represented by only two 563 

cases. All three species have been documented as invasive in different regions [93], 564 

which may have contributed to the scientific attention they have received and their 565 

representation in the available literature. 566 

Despite the recurrence of some species, no single native or non-native tree 567 

dominated the evidence even within the most represented biomes, where the most 568 

frequently reported species occurred in approximately one quarter of cases. Rather, the 569 
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evidence encompassed a wide variety of native–non-native species combinations, 570 

suggesting that non-native trees may establish and coexist across a broad range of 571 

native species pools and ecological contexts. This diversity of species combinations is 572 

consistent with the formation of novel communities, in which human-mediated species 573 

introductions and environmental change can generate diverse assemblages that differ 574 

from those occurring under historical conditions [18]. Importantly, the same non-native 575 

species may coexist with different native species pools across biomes, potentially 576 

resulting in species combinations with different functional characteristics. The degree of 577 

functional similarity or dissimilarity between native and non-native trees may therefore 578 

vary depending on the traits of the species involved [94]. Thus, biogeographical origin 579 

alone may provide limited information about the ecological consequences of native–non-580 

native tree coexistence [95]. 581 

 582 

Context-dependency of anthropogenic drivers and natural disturbances 583 

The anthropogenic drivers associated with the development of spontaneous native–non-584 

native tree mixtures varied across ecological and geographical contexts. Differences in 585 

the relative representation of main drivers were particularly evident in the two best-586 

represented biomes, which points to contrasting pathways to native–non-native tree 587 

coexistence. 588 

In the “Tropical & Subtropical Moist Broadleaf Forests” biome, land abandonment 589 

was particularly frequent as the main driver on Caribbean islands (i.e., Puerto Rico, Virgin 590 

Islands, Bahamas and Jamaica), where agricultural abandonment was followed by 591 

secondary forest recovery and the development of new combinations of native and non-592 

native tree species [e.g., 4, 76, 96]. This successional context was also recurrently 593 

affected by hurricanes, illustrating how natural disturbances can occur alongside 594 

anthropogenic drivers and influence the conditions under which native–non-native 595 

mixtures develop [e.g., 16, 97]. More broadly across the Neotropics, the occurrence of 596 

non-native species during secondary forest succession appears to be widespread: [98] 597 
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found non-native woody species in 81% of more than 50 secondary-forest 598 

chronosequences across ten countries, with a particularly high contribution during early 599 

succession. 600 

In contrast, four anthropogenic drivers predominated in the studies of the 601 

“Temperate Broadleaf & Mixed Forests” biome. Land abandonment showed a broader 602 

geographical distribution than in tropical moist forests, being documented across widely 603 

separated regions in Europe [e.g., 83, 99, 100], North America [e.g., 28, 101], and 604 

Australasia [e.g., 27, 102]. Nearby non-native tree plantations or ornamental plantings 605 

were also a widely represented driver. For example, studies from Japan [17], Chile [103], 606 

and Poland [104] illustrate how planted non-native trees can spread into surrounding 607 

forests and become part of native–non-native mixtures, with this process depending on 608 

species-specific capacities for dispersal, establishment, and regeneration. Forest 609 

management was also a frequent main driver, mainly through management‑induced 610 

canopy openings that promoted the regeneration of non-native trees [e.g., 105, 106]. 611 

Finally, urbanization was associated with shifts in the proportion of native and non-native 612 

trees along urban-rural and forest-edge gradients [e.g., 73, 107]. This is consistent with 613 

the strong focus of research on plant responses to urbanization in temperate Europe and 614 

North America [108]. Importantly, these drivers were not mutually exclusive, and several 615 

cases involved different combinations of land abandonment, forest management, nearby 616 

non-native plantations or ornamental plantings, and urbanization (Fig. S3a). 617 

Consequently, their co-occurrence may reflect the long history of human modification of 618 

temperate forest landscapes, where successive and overlapping land-use changes have 619 

left persistent impacts [109]. 620 

Other anthropogenic drivers were more prominent in some of the less-621 

represented biomes. In the “Mediterranean Forests, Woodlands & Scrub” biome, nearby 622 

non-native tree plantations or ornamental plantings represented the most frequently 623 

identified main driver, and often co-occurred with forest management and anthropogenic 624 

fire, although their classification as main or secondary drivers varied among cases [e.g., 625 
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13, 15, 110]. In the “Deserts & Xeric Shrublands” biome, hydrological alteration was 626 

particularly represented, and much of the evidence involved non-native Tamarix 627 

coexisting with native Populus and Salix species in riparian forests [e.g., 50, 71, 111]. 628 

Although the limited number of cases in these biomes prevents broader generalization, 629 

they provide additional examples of context-specific pathways to spontaneous mixture 630 

development. 631 

Overall, natural disturbances were less frequently represented than 632 

anthropogenic drivers (Fig. S3b), but the recurrent occurrence of hurricanes in tropical 633 

forests shows that they can also influence the development of native–non-native tree 634 

mixtures and should not be overlooked. The predominance and frequent combination of 635 

anthropogenic drivers, operating in contexts that can also be influenced by natural 636 

disturbances, exemplify the interaction of forces typically linked to the emergence of 637 

novel ecosystems [18, 112]. Nevertheless, this does not necessarily imply that all 638 

spontaneous native–non-native tree mixtures identified in the systematic map qualify as 639 

novel ecosystems. 640 

 641 

Knowledge gaps for understanding the ecological consequences of spontaneous 642 

native–non-native tree mixtures 643 

The available evidence focused predominantly on forest composition, structure, 644 

regeneration and dynamics, whereas other ecological attributes (e.g., biodiversity, soil 645 

properties or ecosystem functioning) received considerably less attention. Despite the 646 

increasing number of studies over time, research has remained largely focused on these 647 

four ecological attributes (i.e., composition, structure, regeneration and dynamics; Fig. 648 

6). As a result, we have a detailed picture of how spontaneous native–non-native tree 649 

communities are assembled and structured, but a less complete understanding of their 650 

ecological consequences. Addressing this knowledge gap will require moving beyond 651 

their description towards greater attention to the functional relationships between native 652 
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and non-native trees, their consequences for ecosystem functioning, and their effects on 653 

associated biodiversity. 654 

Species identity alone provides limited information on how native and non-native 655 

trees interact when growing together. One key step is therefore to better understand the 656 

functional characteristics of the species that coexist in these forests. Functional traits 657 

and species-specific performance were considered in some studies, but they 658 

represented only a small fraction of the available evidence. Investigating differences in 659 

resource acquisition and use, tolerance to abiotic conditions or responses to disturbance 660 

could help determine whether coexisting species exhibit functional similarity or 661 

dissimilarity, and whether this results in complementarity or competition [113-115]. 662 

Linking functional traits with species-specific performance would therefore help move 663 

beyond describing which species coexist towards understanding the mechanisms 664 

underlying their coexistence and how species perform when growing together. 665 

Importantly, this functional perspective should also extend beyond individual 666 

species to the ecosystem level. Soil properties were relatively underrepresented in our 667 

systematic map (Fig. 5), despite considerable evidence that non-native trees and woody 668 

plant invasions can modify soil physical, chemical, and biological properties relative to 669 

native or uninvaded vegetation [116, 117].Similarly, ecosystem processes and 670 

functioning were among the least studied ecological attributes in spontaneous native–671 

non-native tree mixtures (Fig. 5). This contrasts with the extensive evidence comparing 672 

ecosystem properties and processes between forests dominated by native trees and 673 

those dominated by non-native trees [118-120]. 674 

Individual ecosystem functions do not necessarily respond in the same direction: 675 

a given species combination may enhance some functions, while reducing or having little 676 

effect on others, potentially resulting in trade-offs and synergies among ecosystem 677 

functions [121-123]. Considering several functions simultaneously, and relating their 678 

responses to the functional characteristics of coexisting tree species, would therefore 679 



28 
 

provide a more complete picture of what the emergence of these new tree combinations 680 

means for forest functioning. 681 

Beyond ecosystem functioning, associated biodiversity also received little 682 

attention in our systematic map, and consequently little is known about how native–non-683 

native tree mixtures affect other above- and belowground organisms. This is particularly 684 

relevant because ecological novelty can involve different dimensions of community 685 

organization [124], and changes in tree communities can influence multiple groups of 686 

associated organisms through changes in habitat conditions and resource availability 687 

[125-127]. These responses may involve species gains, losses, and turnover, resulting 688 

in changes in community composition that are not necessarily reflected in species 689 

richness [128, 129]. Extending research beyond tree communities is, thus, necessary to 690 

understand whether the development of spontaneous native–non-native tree mixtures is 691 

accompanied by a broader reorganization of forest biota. Once again, assessing 692 

ecosystem processes and functioning, as well as associated biodiversity, is essential to 693 

allow forecasting effects of native–non-native tree mixtures on ecosystem services 694 

provision, as the latter depends on the former. 695 

Understanding spontaneous native–non-native tree mixtures also requires 696 

moving from snapshots towards their long-term trajectories. The available evidence 697 

covered a wider range of spatial than temporal scales, despite the inherently dynamic 698 

nature of these tree mixtures. Many develop in contexts of land abandonment, spread 699 

from plantations, forest management or urbanization, and their composition and species 700 

dominance may continue to change over decades. Longitudinal studies are needed to 701 

determine whether these mixtures represent relatively persistent communities or 702 

transitional stages, whether native and non-native trees continue to coexist or one group 703 

becomes increasingly dominant, and how their composition, structure, and functioning 704 

change through time. Understanding these trajectories also requires comparing tree 705 

mixtures with surrounding forest types. However, only a subset of studies compared tree 706 

mixtures with native forests, even fewer included forests dominated by non-native trees, 707 
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and relatively few considered both. Such comparisons are essential to determine 708 

whether mixtures retain characteristics of native forests, resemble forests dominated by 709 

non-native trees, or develop distinct characteristics. Together, long-term monitoring and 710 

comparative approaches would provide a better understanding of how these emerging 711 

forests develop and change. 712 

 713 

Methodological limitations of the systematic map 714 

Several methodological limitations should be considered when interpreting the patterns 715 

identified in this systematic map. First, as with systematic maps more generally, the 716 

frequency with which a particular variable or topic is represented in the evidence base 717 

should not be interpreted as an indication of its relative extent or importance [130]. In our 718 

case, the frequency with which species, drivers or ecological attributes were recorded 719 

reflects research effort, rather than their ecological importance in spontaneous native–720 

non-native tree mixtures. 721 

Our data extraction also involved some limitations in the characterization of these 722 

tree mixtures. We recorded up to three dominant native and non-native tree species 723 

reported in each case rather than the complete species composition of each mixture. 724 

This approach was adopted because the level of detail in species composition varied 725 

considerably among studies, with dominant species being more consistently reported 726 

than complete species lists. This allowed us to identify the most frequently represented 727 

species, but not to systematically compare species combinations among cases or 728 

determine how frequently particular native–non-native assemblages occurred. Similarly, 729 

although we identified the main anthropogenic drivers associated with the development 730 

of these mixtures, we did not reconstruct the complete history of each mixture. Therefore, 731 

we could not systematically assess how legacies of previous land use, forest 732 

management or disturbances influenced them as they appear in each individual study. 733 

Finally, our search was restricted to studies published in English, Spanish and 734 

Portuguese, and did not include grey literature. Although English is the predominant 735 
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language of international scientific publishing, relevant research is not always published 736 

in English, and language restrictions can affect the geographical coverage of evidence 737 

syntheses [131]. The inclusion of Spanish and Portuguese broadened the scope of our 738 

review by allowing the inclusion of 12 additional studies, but relevant evidence published 739 

in other languages may still have been missed. Future global evidence syntheses would 740 

benefit from a broader range of languages, particularly those relevant to currently 741 

underrepresented regions [132]. The exclusion of grey literature may also have limited 742 

the representation of evidence generated outside academic publishing, including 743 

technical and management-oriented information [133]. 744 

 745 

Implications for forest management 746 

The emergence of spontaneous native–non-native tree mixtures raises important 747 

questions for forest management. These forests are part of a broader increase in 748 

ecological novelty associated with species introductions, land-use change, and other 749 

human-driven environmental changes [134, 135]. Our systematic map shows that these 750 

tree mixtures encompass diverse species combinations arising under different ecological 751 

and anthropogenic contexts and coexist within landscape mosaics that include native 752 

forests, non-native tree plantations, and other forest types. Their management should 753 

therefore consider both the characteristics of individual stands and their broader 754 

landscape context. This heterogeneity also suggests that management implications 755 

cannot be inferred from species biogeographical origin alone (i.e., from the native vs. 756 

non-native status of tree species). Rather, they should consider the ecological roles and 757 

functional characteristics of coexisting species, as well as the processes and historical 758 

conditions that have shaped these communities, consistent with recent perspectives on 759 

managing ecological novelty [135, 136]. Spontaneous native–non-native tree mixtures 760 

should, therefore, not necessarily be treated as a single management category. 761 

A context-dependent approach also requires defining clear management 762 

objectives. The presence of non-native trees within a mixed forest does not, by itself, 763 



31 
 

determine whether restoration, control or other interventions are required. Instead, 764 

management decisions should consider the ecological characteristics and potential 765 

impacts of the species involved, including their functional similarity or dissimilarity to 766 

native species, the processes that led to the development of the mixture, and its 767 

surrounding landscape. They should also account for the mixture’s capacity to persist 768 

and maintain ecosystem structure and functioning without continued management, its 769 

effects on biodiversity, ecosystem functioning and ecosystem services, and site-specific 770 

management priorities, such as conservation, production or ecosystem service provision 771 

[137]. For example, preventing the further spread of a non-native species may be a 772 

priority where mixed stands occur adjacent to native forests of high conservation value, 773 

particularly when the species involved pose a risk to native biodiversity or ecosystem 774 

functioning. Conversely, in highly modified landscapes where the mixture may persist 775 

without continued intervention and its effects on biodiversity, ecosystem functioning or 776 

ecosystem services are limited or acceptable in relation to management objectives, 777 

monitoring or allowing forest dynamics to proceed may be more appropriate than active 778 

control [138]. 779 

 780 

Conclusions 781 

This systematic map provides the first global overview of research on spontaneous 782 

native–non-native tree mixtures. The available evidence covers a wide range of tree 783 

species, geographical regions and ecological contexts, showing that these forests can 784 

develop under different combinations of anthropogenic drivers and natural disturbances. 785 

However, research is unevenly distributed across countries and biomes, which limits our 786 

ability to generalize the patterns observed. 787 

Although the number of studies has increased over time, research has mainly 788 

focused on forest composition, structure, regeneration and dynamics. In contrast, 789 

functional traits, soil properties, ecosystem functioning and associated biodiversity have 790 

received much less attention. Furthermore, most studies were based on a single 791 
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sampling occasion, and comparisons with native and fully non-native forests remain 792 

limited. Consequently, important questions remain about how these mixtures function, 793 

how they affect biodiversity and how they change over time. Future research should 794 

therefore combine the assessment of tree functional characteristics, ecosystem 795 

processes and associated biodiversity with long-term monitoring and comparisons 796 

among different forest types. 797 

Overall, our findings highlight the need to better understand the ecological 798 

consequences of spontaneous native–non-native tree mixtures. These forests include 799 

different species combinations and develop under different environmental conditions and 800 

land-use histories, suggesting that their management cannot be based on the 801 

biogeographical origin of tree species alone. Instead, management decisions should 802 

consider the characteristics of the species involved, their effects on biodiversity and 803 

ecosystem functioning, and the specific objectives and conditions of each forest. 804 
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Tropical & Subtropical Moist Broadleaf Forests (n = 92)
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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.



Temperate Broadleaf & Mixed Forests (n = 89)
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Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.



Mediterranean Forests, Woodlands & Scrub (n = 15)
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Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.



Temperate Grasslands, Savannas & Shrublands (n = 15)
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Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.



Tropical & Subtropical Dry Broadleaf Forests (n = 15)
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Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.



Deserts & Xeric Shrublands (n = 12)
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Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.



Tropical & Subtropical Grasslands, Savannas & Shrublands (n = 7)
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Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.



Temperate Conifer Forests (n = 3)
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Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.



Boreal Forests/Taiga (n = 1)
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Fig. S2 (continued). Bipartite networks of native and non-native tree taxa across terrestrial biomes.
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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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