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Preface 
 

This PhD with the title ‘Non-native palms (Arecaceae) as generators of novel ecosystems’ 

was conducted at the Section for Ecoinformatics and Biodiversity, Department of Biology, 

Aarhus University, Denmark, between November 2017 and March 2021. The thesis was 

supervised by main supervisor Professor Jens-Christian Svenning and co-supervisor Assistant 

Professor Robert Buitenwerf, both affiliated to the Section for Ecoinformatics and 

Biodiversity, Department of Biology, Aarhus University, Denmark.  

 

The thesis consists of an introduction and four papers which are at different stages of 

completion. In the introduction, I pave the way for the four papers by critically reviewing 

relevant state-of-the-art literature within the field of invasion biology. The main emphases of 

the introduction are the ecological roles of non-native species in a world of rapid 

environmental change and the concept of novel ecosystem as a nuanced approach for studying 

biodiversity and functioning of ecosystems consisting of non-native species. The introduction 

ends with an assessment of the palm family (Arecaceae) as a potential suitable model group 

for studying novel ecosystems. 

 

The first paper is an extensive literature review that represents the first-ever global synthesis 

of non-native palms (as generators of novel ecosystems) and provides the foundation for the 

other three papers. In the second paper we investigate the biodiversity and functioning of 

four palm-generated novel ecosystems across four different biomes around the world. The 

third paper constitutes a field-based case study with the objective to quantify species 

richness and functional diversity of arthropods and litter decomposition of a palm-generated 

novel ecosystem in the Southern European Alps. In the fourth paper we aim to project the 

potential distribution of palm-generated novel ecosystems under future climate change 

scenarios at a global scale using a species distribution modelling approach.  

 

 

Schaffhausen, April 2021 
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Summary in English 
Ecosystems comprising a combination of native and non-native species will increasingly be 

the norm in the Anthropocene. Recent evidence shows that non-native species will likely play 

a pivotal role in making ecosystems more resilient under ongoing climate change. However, 

the dichotomous view of the good native species vs. the bad non-native species is still 

widespread among ecologists. Overcoming this one-sided view on non-native species is 

essential to benefit from their desirable effects and ensure resilient, biodiverse ecosystems in 

the future. The concept of novel ecosystems offers a nuanced, holistic and pragmatic approach 

for dealing with ecosystems hosting non-native species. Despite the increasing prevalence of 

novel ecosystems (i.e., self-maintaining ecosystems that support species assemblages without 

historical precedence), they are still understudied. We know little about their biodiversity 

patterns and functioning, or about the role of non-native plants as potential generators of 

novel ecosystems. To address these knowledge gaps, we used the family of palms (Arecaceae) 

as a model group to study the generation of novel ecosystems throughout my thesis. Palms are 

a suitable model group for novel ecosystems because they act as ecosystem engineers and 

have been widely introduced beyond their native range for agro- and horticultural reasons.  

In paper I we provide the first global synthesis on non-native palms as potential 

generators of novel ecosystems. Our extensive literature review revealed that of the 2557 

palm species, 3.4% were recorded as naturalized and 1.1% as invasive, exceeding the average 

invasion success of all woody plants. Even though reports on the ecological effects of palms 

were sparse, we found strong evidence that non-native palms can generate novel ecosystems. 

In paper II, we investigated the biotic composition and functioning of palm generated 

novel ecosystems. We conducted extensive fieldwork focusing on four non-native palm 

species in four study regions located in four different biomes (Bahia [Brazil], Sao Paulo 

[Brazil], Baja California [Mexico], Southern European Alps [Switzerland & Italy]). We found 

that non-native palms strongly altered the physical vegetation structure, the microclimate, 

woody species recruitment and soil fungal communities. However, the direction and 

magnitude varied across the study regions. Overall, our results emphasized that non-native 

palms can promote desirable ecosystem functions and services but also revealed that the 

effects of non-native species are strongly context-dependant. The observed effects also 

implied further ecological consequences e.g., on the trophic structure of the ecosystems and 

on litter decomposition. 

For paper III we examined the effects of the non-native Chinese windmill palm 

(Trachycarpus fortunei) on different arthropod feeding guilds and litter decomposition in a 

temperate, deciduous forest in the Southern European Alps. We found substantial decline in 

herbivore richness and abundance but increase in carnivore and detritivore abundances, 

indicating an alteration of the trophic structure. The palm-generated novel ecosystem 

maintained a functioning litter decomposition process, but we found evidence that the primary 

decomposition drivers were altered by the presence of the non-native windmill palm. 

For the future we expect non-native palms to expand their ranges due to ongoing 

global warming because palms are thermophilic. In paper IV we used species distribution 

models (SDMs) to project the potential distribution of palm-generated novel ecosystems 

under current and future climate change scenarios (2050 and 2070). Our projections suggested 

strong future expansions of palm-generated novel ecosystems into temperate regions.  



8 

 

Resumé på dansk 
Økosystemer bestående af en kombination af hjemmehørende og ikke-hjemmehørende arter, vil i 

stigende omfang blive normen i Antropocæn. Nyere evidens viser, at ikke-hjemmehørende arter kan 

bidrage til biodiversiteten, og vil højest sandsynligt spille en afgørende rolle i at gøre økosystemer 

mere modstandsdygtige under igangværende klimaforandringer. Imidlertid er det todelte syn på gode 

hjemmehørende arter mod dårlige ikke-hjemmehørende arter er dog stadig vidt udbredt blandt 

økologer. At overkomme dette unuancerede syn på ikke-hjemmehørende arter er essentielt, hvis vi vil 

drage fordel af deres ønskelige virkninger og for at sikre modstandsdygtige, biodiverse økosystemer i 

fremtiden. Begrebet ”nye økosystemer” tilbyder en nuanceret, holistisk og pragmatisk tilgang til 

håndtering af økosystemer indeholdende ikke-hjemmehørende arter. Til trods for den stigende 

allestedsnærværelse af nye økosystemer er de stadig meget lidt undersøgte, og vi ved meget lidt om 

deres biodiversitetsmønstre, deres funktion og hvilken rolle, som ikke-hjemmehørende planter spiller i 

deres skabelse. 

 For at adressere denne mangel på viden, har vi brugt palmefamilien (Arecaceae) som 

modelgruppe for nye økosystemer in min afhandling. Vi forventer at palmer er en passende 

modelgruppe for nye økosystemer fordi de er kendte for at agere som økosystemingeniører, og er 

blevet indført mange steder uden for deres oprindelige udbredelse, til dyrkning i landbruget. I artikel I 

giver vi den første globale syntese af palmer som potentielle skabere af nye økosystemer. Vores 

omfattende litteraturgennemgang afdækkede at af de 2557 palmearter, var 3.4% registrerede som 

naturaliserede og 1.1% som invasive, overstigende den gennemsnitlige mængde af invasive arter 

blandt vedplanterne. Selvom beretninger om de økologiske effekter af palmer var sparsomme, fandt vi 

stærkt evidens for at ikke-hjemmehørende palmer kan skabe nye økosystemer. 

 I artikel II, undersøgte vi den biologiske sammensætning og funktion i palme-skabte 

økosystemer. For dette, udførte vi massive feltarbejder med fokus på fire ikke-hjemmehørende 

palmearter i fire regioner (Bahia [Brazilien], São Paulo [Brazilien], Baja California [Mexico], de 

sydeuropæiske Alper [Schweiz & Italien]) i fire forskellige biomer. Vi opdagede at ikke-

hjemmehørende palmer havde stor indflydelse på den fysiske vegetationsstruktur, mikroklimaet, 

vedplanterekruttering og jordsvampesamfundet, men retningen og effektstørrelsen varierede på tværs 

af de fire regioner. Samlet set understregede vores resultater, at ikke-hjemmehørende arter kan fremme 

ønskværdige økosystem-funktioner og -tjenester, men afslørede også at virkningerne af ikke-

hjemmehørende arter er stærkt kontekstafhængige. De observerede effekter antydede også yderligere 

økologiske konsekvenser, fx på den trofiske struktur i økosystemerne og på nedbrydningen af førne. 

I artikel III undersøgte vi de potentielle virkninger af den ikke-hjemmehørende kinesiske 

hørpalme (Trachycarpus fortunei) på forskellige leddyrgrupper og førne-nedbrydning i en tempereret 

løvskov i de sydeuropæiske Alper. Vi fandt kraftige fald i planteædernes artsrigdom og tæthed, men 

stigninger i kødædende og detritivore tætheder, hvilket indikerer en ændring af den trofiske struktur. 

Det palme-genererede nye økosystem opretholdt en fungerende førne-nedbrydningsproces, men vi 

fandt beviser for, at de primære drivere af nedbrydningen blev ændret ved tilstedeværelsen af den 

ikke-hjemmehørende hørpalme. 

For fremtiden forventede vi, at ikke- hjemmehørende palmer ville udvide deres udbredelse på 

grund af den igangværende globale opvarmning, fordi palmer er termofile. I artikel IV brugte vi 

artsdistributionsmodeller (SDM'er) til at forudsige den potentielle fordeling af palme-genererede nye 

økosystemer under nuværende og fremtidige klimaforandringsscenarier (2050 og 2070). Vores 

fremskrivninger forudser stærke fremtidige udvidelser af palmegenererede nye økosystemer i 

tempererede klimazoner. 
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Introduction 
 

Biotic globalization in the Anthropocene  
The Anthropocene is a new geological epoch characterized by unprecedented human 

disturbance of the earth's ecosystems. It is not only dating the beginning of strong human 

impacts on geology and climate, but  is also the starting point of the accelerating globalisation 

of biota (Capinha et al., 2015; Waters et al., 2016). Increasing intercontinental trade and travel 

during the 20th century has promoted the accidental and intentional introduction of species to 

regions outside their native range (Essl et al., 2011). This global phenomenon of biotic 

exchange across biogeographic realms (Capinha et al., 2015) has raised concern amongst 

biologists who suspected undesirable ecological effects: In 1958, Charles Elton laid the 

foundation of the research area of “invasion biology” with the book “The Ecology of 

Invasions by Animals and Plants” (Elton, 1958). Since then, invasion biology as a discipline 

has grown continuously, always with the primary focus of investigating (negative) effects of 

non-native, potentially invasive, species (Warren et al., 2017). The conclusions drawn from 

these studies are usually the same: Non-native species have negative impacts on ecosystems 

and (preventive) eradication or control is the solution (Warren et al., 2017). This dichotomous 

view on native/non-native as good/bad species is deeply rooted among invasion biologist 

(Guiaşu & Tindale, 2018) and is increasingly perceived as outdated and counterproductive to 

conserve biodiversity and maintain functioning ecosystems under rapid anthropogenic 

changes (Thomas, 2020). As a result, heated debates are ongoing within the community 

(Russell & Blackburn, 2017) and a growing number of ecologists are calling for a more 

balanced and pragmatic approach on how to manage non-native species in a globalized world 

undergoing environmental changes (Cassini, 2020). Not dismissing the potential risks 

associated with introducing new species in an ecosystem, this thesis explores an alternative 

narrative, where non-native species can also represent an opportunity for biodiversity 

conservation. 

 

 

Non-native species –major threat to biodiversity or conservation’s 

straw man? 
In our current globalized world, many species have been introduced outside their 

native range, either intentionally or non-intentionally (Dawson et al., 2017). A proportion of 

these non-native species may become invasive if they pass through all the three main invasion 

stages as defined by Blackburn et al. (2011): (1) Escaping from captivity and cultivation, (2) 

establishing self-sustaining populations and (3) developing an invasive behaviour by 

spreading rapidly and having detrimental ecological impacts. Invasive species can indeed 

pose a threat to biodiversity (Davis, 2009), as evidenced by compelling examples in the 

literature (Dueñas et al., 2021; Spatz et al., 2017). Certain ecosystems, such as island and 

island-like ecosystems are especially prone to experiencing strong negative impacts caused by 

non-native species (Bellard et al., 2017). Some functional groups (e.g. predators) are very 

frequently reported to have strong detrimental ecological effects (Doherty et al., 2016). 

However, effects of non-native species are context dependant, and the spectrum of their 

effects is likely much broader than usually understood in the literature. 
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Even though many non-native species never showed any signs of invasiveness, they 

are under general suspicion of causing detrimental ecological damage (Schlaepfer, 2018). 

This perceived risk is partially due to biases within the field of invasion biology (Hulme et al., 

2013; Warren et al., 2017). These biases have emerged due to a variety of reasons, including 

the following three central critiques: (1) The field of invasion biology is biased towards 

focusing mainly on the negative ecological effects of problematic non-native species (Davis, 

2009). Potential desirable or net ecological effects of non-native species remain 

underexplored, resulting in the general conclusion that non-native species are usually a major 

threat to biodiversity (Gbedomon et al., 2020). (2) The driver-passenger-model suggests that 

non-native species are not always the initial cause of ecological change but are often just 

“passengers” occurring in ecosystems that recently underwent disturbance initiated by other 

drivers than non-native species (MacDougall & Turkington, 2005). Simple correlative studies 

or anecdotal evidence (e.g. observations) would not be able to uncover potential spurious 

correlations. (3) A further limitation of many invasion biology studies is that effects of non-

native species are quantified at a local scale, but the findings are then also assumed valid at 

the regional or landscape level (Powell et al., 2011, 2013). For example, at the plot level non-

native species might reduce native species richness, whilst at the landscape level they might 

contribute to biodiversity by adding new species but also by increasing the overall landscape 

heterogeneity, generating new habitat types. The biases within invasion biology are common 

enough, that some scientists emphasized that meta-analysis based on single-species studies 

should be interpreted with caution (Guerin et al., 2018). 

Recently, evidence is growing that non-native species can substantially contribute to 

biodiversity and ecosystem services (Schlaepfer, 2018). For example, non-native species are 

able to engage in mutualistic interactions with native species and provide regulating and 

provisioning ecosystem services (Junker et al., 2010; Russo et al., 2016). Non-native species 

have been shown to increase regional species richness and compensate the local species 

extinction driven by human induced environmental change at local scales (Thomas, 2020; 

Thomas & Palmer, 2015). It was also suggested that non-native species have potential 

conservation value as they might provide ecosystem services as functional substitutes for 

extinct taxa (Schlaepfer et al., 2011). 

The ecological roles and values of non-native species also needs to be discussed in 

view of rapid ongoing climate change (Essl et al., 2019). Climatic changes have always 

triggered species to adjust their distribution ranges: some species expanded their range, others 

faced range contractions or became (locally) extinct (MacArthur, 1984). During the last 

glacial maximum, for example, many thermophile tree species survived in restricted southern 

refugia and migrated northwards as climate conditions became again suitable (Svenning et al., 

2008). If species were not allowed to expand their ranges and track climate change, they 

would have increasingly smaller range sizes within regions with unsuitable conditions and 

some would become (locally) extinct. Additionally, ecosystems would increasingly consist of 

species that are not adapted to the new environmental conditions. As a result, preventing 

species to expand their ranges and to establish outside their native range would increase 

species’ extinction risk and lead to ecosystems that are less resilient to external disturbances 

(Thomas, 2020). These processes underline that ecosystems are dynamic and that species 

assemblages are reassembling to adapt to changing conditions, with non-native species 

usually having a central role in these novel species assemblages. 

The spectrum of the potential ecological roles and effects of non-native species is 

considerably broader than presented by the one-sided narrative of the “bad” non-native 
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species constituting one of the major threats to biodiversity. Thus, further research on non-

native species would benefit from greater attention to the potential desirable ecological effects 

of non-native species i.e., their potential benefits for biodiversity and their ability to make 

ecosystems more resilient under new climatic conditions. The concept of novel ecosystems is 

a pragmatic approach to objectively investigate the ecological roles of non-native species and 

their contribution to biodiversity conservation.  

 

 

Novel ecosystems – a pragmatic approach for dealing with non-

native species in a changing world 
Ecosystems consisting of many non-native species have generally been designated as 

degraded ecosystems. Restoration efforts usually attempt to restore these ecosystems back to a 

“pristine” or pre-degraded stage by eradicating non-native species (Hobbs et al., 2009). 

However, as stated above, non-native species can also contribute to biodiversity and 

ecosystem functioning, especially under environmental changes (Schlaepfer, 2018). The 

concept of novel ecosystems allows for a more objective approach to manage ecosystems in 

the Anthropocene. 

The concept of novel ecosystems was introduced by Hobbs et al. (2006) to draw 

attention to the increasing number of ecosystems which faced human induced compositional 

and environmental changes. Hobbs et al. (2006, 2009) defined novel ecosystems as 

ecosystems created on purpose or accidentally in which the biotic composition, the abiotic 

conditions or both variables have been irreversibly changed by human agency compared to 

historically present systems (Figure 1). Changes of the biotic composition are caused either by 

the (local) extinction of native species or by the introduction of non-native species. Abiotic 

variables that are frequently altered under anthropogenic influence include, amongst many 

others, climate variables, the concentration of CO2 or soil composition. A further 

characteristic of novel ecosystems is that they maintain themselves without human 

intervention (Hobbs et al., 2009). For example, actively managed systems such as agricultural 

fields do not qualify as novel ecosystems as they are not self-sustaining. However, abandoned 

agricultural fields, which are not under human management anymore, would classify as novel 

ecosystems if they meet the other necessary criteria. The restoration of novel ecosystems to 

historical conditions is generally not feasible anymore or at least very unrealistic (Hobbs et 

al., 2009). However, Hobbs et al. (2009) also created the term “hybrid system” that is defined 

as an ecosystem containing novel and historical elements in which the degree of change has 

not yet crossed a certain threshold and restoration to a historical state is still possible. 
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Figure 1. Historical, hybrid and novel ecosystems as a function of change of the biotic 

composition and abiotic conditions. White arrows indicate possible direction of changes while 

the black bars represent irreversible thresholds. Illustration modified from Hallett et al. 

(2013). 

 

 

The concept of novel ecosystems is the subject of an ongoing debate among conservationists 

and restoration ecologists (Miller & Bestelmeyer, 2016). Critics mainly dispute that under the 

guise of generating novel ecosystems, companies or governments might tolerate collateral 

environmental damage (Murcia et al., 2014). Conventional invasion biologists also critique 

the overall positive connotation of novel ecosystems and doubt that most novel ecosystems 

are irreversibly altered by referring to some successful restoration examples (Murcia et al., 

2014).  

Despite some limitations, the concept of novel ecosystems provides a valuable 

framework for studying non-native species, as it allows for a more balanced understanding of 

ecosystem dynamics in a changing world. Most importantly, this concept allows for an 

objective, holistic assessment of ecosystems and recognizes that ecosystems consisting of 

non-native species, which formerly would have been designated as degraded, can be of 

ecological value. Under this framework, non-native species, that contribute to biodiversity 

and ecosystem functioning or that do not cause ecological damage will not be systematically 

and preventively eradicated, and species assemblages that are better adapted to the changing 

climatic condition can be promoted, resulting in more resilient ecosystems.  

 

 

Non-native palms as a model group for novel ecosystems 
The role of non-native plants as drivers of novel ecosystems has been well documented within 

a wide range of habitats around the globe (Lugo, 2004; Rogers & Chown, 2014; Yu et al., 

2016). Despite our awareness of the various potential mechanisms through which non-native 

plants can alter ecosystem composition and processes (Hejda et al., 2009; Vilà et al., 2011), 

we still know little about the degree of novelty that different taxonomic groups, functional 
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types or species of plants can generate within an ecosystem and how they consequently 

transform them into a novel ecosystem.  

Suitable taxonomic groups to study novel ecosystems (1) contain species that have 

been moved to regions outside their native range and naturalized, (2) will expand their climate 

envelope due to global warming, (3) act as ecosystem engineers e.g. due to unique traits 

which are novel to the invaded ecosystem and (4) are known keystone species. The palm 

family (Arecaceae), which consists of ca. 2557 species (Govaerts et al., 2015), is a taxonomic 

group that fulfills all the above criteria for a suitable model group to study novel ecosystems: .  

(1) Many palm species have been introduced into regions far away from their native 

range, with multiple species reported naturalized or even invasive (Holmquist et al., 2011; 

Ishii & Iwasaki, 2008; Svenning, 2002; Talley et al., 2012; Walther et al., 2007). The 

widespread cultivation of palms in agri- and horticulture has especially expanded the 

distribution of many palm species: Several palm species are important agricultural crops (e.g. 

the coconut palm, the oil palm and date palm) and the palm family ranks on the third position 

of the economically most important crop families after grasses and legumes (Balslev et al., 

2016). Palms are also extremely popular as ornamental plants in gardens and for landscaping 

(Broschat et al., 2014).  

(2) Due to ongoing global warming, the climate envelope of the palm family is 

expanding into regions where native palms were absent before: Although, the palm family is 

currently mainly restricted to regions with tropical and subtropical climate due to the inability 

of their cells to enter physiological dormancy outside a growing season (Reichgelt et al., 

2018), ongoing global warming is facilitating palms to grow at higher latitudes and altitudes 

which were previously too cold (Butler & Larson, 2020). This trend is already evidenced by 

reported cases of northwards expansion of palms’  native range, induced by global warming 

(Butler et al., 2011; Butler & Tran, 2017; Tripp & Dexter, 2006).  

(3) Within their native range, palms are known as ecosystem engineers. Due to their 

unique physiognomy (e.g. their unusually huge leaves compared to many other plants), they 

are known to alter the physical structure of the ecosystem and thus influence native plant 

communities and ecosystem functioning. For example, dense palm stands can lower light 

availability at ground level, leading to a reduction of shade intolerant native plant species 

(Farris-Lopez et al., 2004; Wang & Augspurger, 2006). Palms can also reduce the 

establishment of small-seeded (tree-)species by producing thick litter layers (Farris-Lopez et 

al., 2004). Arnason et al. (1982) show that the slow decomposition of palm leaves and their 

different nutrient balance compared to dicotyledonous trees influence forest floor biomass. 

Falling palm leaves are known to prevent seedling recruitment of dicotyledonous trees. 

(Peters et al., 2004; Young et al., 2014).  

(4) Finally, palms are often considered as keystone species in ecosystems where they 

occur naturally. Many species are for example strongly involved in mutualistic relationships 

with pollinators and (Galetti et al., 2001; Henderson, 2002; Sica et al., 2014) and certain 

species have been reported to influence animal distribution and behaviour, which in turn 

might impact ecosystem functioning (Eiserhardt et al., 2011). Based on our knowledge on the 

important role of many palms in their native habitat, it can be expected that also non-native 

palm species have the potential to affect composition, interactions and functioning of 

ecosystems, finally resulting in novel ecosystems.  
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Thesis objective and paper overview (aim, methods, results)  

 

Despite the potential of non-native species in promoting more biodiverse and resilient 

ecosystems under ongoing climate change, their role on ecosystem structure and function has 

largely been overlooked. The concept of novel ecosystems offers a nuanced, holistic and 

pragmatic framework to study the ecological roles of non-native species. In this context, my 

overall objective is to broaden the understanding of the biodiversity and functioning of novel 

ecosystems driven by non-native species and to predict their distribution under future global 

change. I used non-native palms as a model group, as they are widely disseminated outside 

their native range, will benefit from global warming and are of high ecological importance 

within their native range.  

 

 

Paper 1: Non‐native palms (Arecaceae) as generators of novel ecosystems: A global 

assessment 

 

Vincent Fehr, Robert Buitenwerf, Jens-Christian Svenning 

 

Aim: This paper is a literature review on non-native palms as potential generators of novel 

ecosystems with the aim to obtain an overview on the state-of-the-art knowledge on the topic 

but also to identify current knowledge gaps. The collated information then served as a basis to 

specify the research questions for the other three papers of this thesis.  

 

Methods: We reviewed scientific and grey literature searching for reported cases of non-

native palm introductions, naturalizations, and invasions. We then built a database on all the 

non-native palm reports including information on the geographic location, region of origin, 

climate region, naturalization stage, ecological and socioeconomic effects, and human uses. 

We analyzed the compiled data to identify (bio)-geographic and climatic patterns of non-

native palm naturalizations tested how the human footprint index correlated with the number 

of non-native palm species per geographic region. We also composed an overview on the 

reported effects caused by non-native palms on different taxonomic groups and ecosystem 

functions.  

 

Results: We found that of the total 2557 palm species, 3.4% were recorded as naturalized and 

1.1% were recorded as invasive. The majority of naturalized palms occurred in tropical and 

subtropical regions in areas with a high human footprint index. Tall palms and palms from 

open habitats and dry forests were more likely to naturalize than smaller palms and palms 

from moist forests. Naturalized palms were most often reported to affect native plants and the 

physical vegetation structure. The majority of reported effects were reported to be undesirable 

and were based on anecdotal evidence. We also found reported cases where non-native palms 

promoted large scale events such as wildfires or where non-native palms triggered a tropic 

cascade.  

 

Author contributions: The idea was conceived by me and my supervisors. I collected the data 

and analyzed the data with support from my supervisors. I wrote the manuscript with input 

from my supervisors.  
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Paper 2: Biodiversity and ecosystem functioning of palm-generated novel ecosystems: a 

cross-continental comparison 

 

Vincent Fehr, Robert Buitenwerf, Mauro Galetti, Pedro Peña Garcillan, Marco Moretti, Ida 

Broman Nielsen, Larissa Rocha, Yuri de Souza, Tobias Guldberg Frøslev and Jens-Christian 

Svenning 

 

Aim: The aim of this study was to examine biodiversity patterns and ecosystem functioning of 

novel ecosystems generated by non-native palms. 

 

Methods: In four study regions (Bahia [Brazil], Sao Paulo [Brazil], Baja California [Mexico] 

and the Southern European Alps [Switzerland and Italy]) located in four different biomes we 

quantified the effects of four different non-native palm species on the physical vegetation 

structure (canopy cover and understory density), air temperature, native woody species 

recruitment, litter accumulation and soil organisms in palm-invaded plots and control plots 

(10 plot pairs per study region). To quantify the understory density, we used a handheld 

terrestrial laser scanner. Canopy cover was calculated using hemispherical photography on a 

smartphone. Data on soil organisms was obtained using an environmental DNA approach on 

soil samples. We used generalized linear mixed models (GLMMs) to test for differences of 

the measured variables between palm-invaded plots and control plots. To illustrate 

compositional differences of taxonomic groups of soil organisms between invaded plots and 

control plots we performed non-metric multidimensional scaling (NMDS) and tested the 

differences using permutational multivariate analysis of variance (PERMANOVA). 

 

Results: Non-native palms strongly affected the physical vegetation structure (in various 

directions) and negatively affected abundance and richness of native recruiting woody 

species. We also found that fungal richness in palm invaded plots was increased in two study 

regions with a relatively low total fungal richness but was decreased in two study sites with a 

relatively high total fungal richness. Soil fungal composition differed significantly between 

invaded and non-invaded plots in Baja California.  

 

Author contributions: The idea and study design were conceived by me and my supervisors. I 

organized the fieldwork and collected the data with assistance of my co-authors. I extracted 

the eDNA of the soil samples. Ida Broman Nielsen did the PCR analysis. Tobias Guldberg 

Frøslev performed the bioinformatic analysis. I analyzed the data with support from my 

supervisors. I wrote the manuscript (which is still under development) with input from my co-

authors and supervisors.  
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Paper 3: Trophic rewiring of a novel ecosystem generated by a non-native palm 

 

Vincent Fehr, Robert Buitenwerf, Gloria Guidotti, Tanya Handa, Sergio Rasmann, Boris 

Pezzatti, Marco Moretti, Jens-Christian Svenning 

 

Aim: In this paper we investigated how the non-native Chinese windmill palm (Trachycarpus 

fortunei) affects abundance and richness of arthropod feeding guilds and the process of litter 

decomposition in temperate, deciduous forests in the Southern European Alps.  

 

Methods: In 10 palm-invaded plots and 10 non-invaded control plots we sampled arthropods 

using pitfall traps and window traps. The arthropods were identified at order and 

morphospecies level and a feeding guild was assigned. To examine the litter decomposition 

process, we created 360 litterbags of six different treatments consisting 2 g of litter of fast or 

slow decomposing litter of native species and litter of palms and a mixture between them. The 

litterbags remained in the plots for 72 or 254 days, depending on the treatment, and were then 

weighed to obtain the remaining litter mass. We used generalized linear mixed models to test 

for differences in abundance and richness of the feeding guilds in palm-invaded and control 

plots.  

 

Results: We observed a significant decline of the abundance and richness of herbivores in 

palm-invaded plots. Abundance of carnivores and detritivores was significantly higher in 

palm-invaded plots than in control plots whilst their richness did not differ between plot types. 

The litter decomposition rate for slow decomposing leaves, palm leaves and a mixture of both 

these leaf types was higher in invaded plots than in control plots after 254 days. No 

differences were observed for fast decomposing leaves, palm leaves and a mixture of both 

these leaf types after 72 days.  

 

Author contributions: The idea was conceived by me and my supervisors. The study design 

and methodology were developed by me, Marco Moretti, Tanya Handa and my supervisors. I 

supported Gloria Guidotti with the arthropod sampling and the litterbag installation. Gloria 

Guidotti sorted and identified the arthropods and collected and weighed the litterbags with 

support from Marco Moretti and Boris Pezzatti, respectively. I performed the data analysis 

with input from my supervisors. I wrote the manuscript (which is still under development) 

with input from my co-authors and supervisors. The data collected for paper 3 was also used 

in the Master’s thesis of Gloria Guidotti (Guidotti, 2020), which I co-supervised and 

contributed the statistical analysis. 
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Paper 4: Strong projected expansion of palm-generated novel ecosystems into temperate 

regions under future climate change 

 

Vincent Fehr*, Emilio Berti*, Robert Buitenwerf, Jens-Christian Svenning 

*shared first-authorship 

 

Aim: The aim of this study was to project the current and future potential distribution of palm-

generated novel ecosystems. 

 

Methods: We used occurrences of 52 palm species that were identified in paper I of this 

thesis to have naturalized beyond their native range and for which more than 10 occurrence 

records were available on GBIF after cleaning. As climatic predicator variables we used 

maximum temperature of warmest month, minimum temperature of coldest month, 

precipitation of the wettest quarter and aridity index. Projections were performed for current 

climatic conditions and for two future scenarios (2050 and 2070) under two concentration 

pathways (RCP2.6 and RCP8.5). We used an ensemble approach including five algorithms 

(GLM, GAM, BRT, RF, Maxent) to model the potential distribution of the 52 palm species.  

 

Results: The potential richness for the 52 naturalizing palms was projected to increase under 

future climate change scenarios in most equatorial regions, India, Southeast Asia and Western 

Europe and to decrease in Central America, large parts of Southern America and Southern 

Africa, the Mediterranean and in drier parts of Australia. In the temperate broadleaf and 

mixed forest biome, suitable areas for naturalizing palms will increase under future scenarios. 

 

Author contributions: The idea was conceived by me, Emilio Berti and my supervisors. Me, 

Emilio Berti and my supervisors designed the study. I provided the list of non-native palm 

species to be included in the species distribution modelling. Emilio Berti run the species 

distribution models with input from me and my supervisors. I wrote the manuscript (which is 

still under development) with input from Emilio Berti and my supervisors. Emilio Berti and I 

share first-authorship. 
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Overview of thesis papers 
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generators of novel ecosystems: A global assessment. Diversity and Distributions, 26(11): 

1523-1538. 
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Abstract 
Novel ecosystems are emerging rapidly in the Anthropocene and fundamentally affect 

biodiversity patterns at all scales. However, novel ecosystems are still understudied, and little 

is known about their functioning, ecosystem processes and biodiversity. In this paper, we 

address these knowledge gaps by studying non-native palm-invaded ecosystems which we 

expect to qualify as novel ecosystems. For this, we conducted extensive fieldwork 

investigating the effects of four non-native palm species across four biomes. Specifically, we 

quantified the physical vegetation structure (using a terrestrial laser scanner), air temperature, 

woody species recruitment, litter accumulation and soil organisms (via eDNA extraction of 

soil samples) in palm-invaded plots and paired uninvaded plots in each study region. We 

found strong effects of non-native palms on the physical vegetation structure, further affecting 

local microclimatic conditions. Abundance and richness of native recruiting woody species 

were overall negatively affected. The presence of non-native palms in unproductive 

ecosystems resulted in an increase of the soil fungal richness, whilst in productive systems 

soil fungal richness was negatively affected by non-native palms. We expect that the observed 

alterations of the biotic composition and abiotic conditions by the non-native palms are 

altering key ecosystem processes and functions, such as litter decomposition and nutrient 

cycle, and affect biota across trophic levels. Magnitude and direction of the non-native palms’ 

effect varied across the four study regions, making it difficult to generalize and indicating that 

functioning of palm generated novel ecosystems is strongly context-dependent. Overall, we 

provided important insights of how non-native (palm) species can affect ecosystem 

functioning and generate novel ecosystems.  
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Introduction 
Novel ecosystems are self-sustaining ecosystems that consist of species combinations that 

have not existed in the past (Hobbs et al., 2009). Main drivers of novel ecosystems are the 

human-driven introductions of non-native species to regions outside their native range and 

anthropogenic climate and land-use change (Hobbs et al., 2006). The emergence of novel 

ecosystems is expected to increase due to ongoing environmental changes and new species 

introductions in the future (Hobbs et al., 2009; Thomas, 2020). Whilst biotic introductions are 

generally perceived as ecologically detrimental, it was also suggested that novel ecosystems 

consisting of non-native species might be better adapted to the altered climatic conditions and 

thus are also more resilient under rapid environmental changes (Thomas, 2020). Despite the 

increasing prevalence of novel ecosystems, we still know little about the biodiversity capacity 

and functioning of novel ecosystems. However, this is key to ensure ecosystem services we 

depend on and to conserve biodiversity.  

We address these knowledge gaps by investigating biodiversity patterns and 

functioning of ecosystems driven by non-native palms as palms have been widely 

disseminated beyond their native range for horticultural and agricultural reasons and are 

suggested to act as ecosystem engineers (Fehr et al., 2020). Even though there exists strong 

evidence, that non-native palms can affect taxonomic groups and ecosystem functioning and 

potentially generate novel ecosystems (Fehr et al., 2020) only few studies have quantified the 

ecological effects of non-native palms (e.g. Holmquist et al., 2011; Mengardo et al., 2012; 

Young et al., 2017).  

We especially expect non-native palms to affect the physical vegetation structure of the 

invaded environment due to their generally large leaves (Farris-Lopez et al., 2004; Henderson, 

2002). Changes in the physical structure can result in strong alterations of the microclimatic 

conditions and the light regime, with further implications for recruiting woody species and 

native animal communities (De Frenne et al., 2013; Gaudio et al., 2017). Compared to most 

angiosperms palm leaves differ not only by their size but also by their physical and chemical 

characteristics (Kissling et al., 2019; Tomlinson et al., 2011). Thus we hypothesize that no-

native palms could affect litter decomposition which constitutes a key ecosystem process as it 

control carbon sequestration and nutrient availability (Cornwell et al., 2008). We also 

speculate that non-native palms could alter the composition of (detritivorous) soil organisms 

due to the distinct leaf traits of palms. 

In this study, we explore how four non-native palm species (Elaeis guineensis, 

Archontophoenix alexandrae, Phoenix dactylifera and Trachycarpus fortunei) at four 

locations (Bahia [Brazil], Sao Paulo [Brazil], Baja California [Mexico] and the Southern 

European Alps [Switzerland and Italy]) in four biomes (tropical rainforest, subtropical 

rainforest, desert [riverbed] and temperate deciduous forest) affect physical vegetation 

structure, air temperature, woody species recruitment, litter accumulation and soil organisms. 

The objective of this study is (1) to identify direct and indirect pathways of how non-native 

palms can alter biodiversity patterns and ecosystem functioning – and (potentially) generate 

novel ecosystems; and (2) to determine if generalizations of the ecological effects of non-

native palms are possible.   
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Methods 
Study regions and focal non-native palm species 

We selected four palm species (Table 1) with self-sustaining populations existing outside their 

native range. We defined self-sustaining populations as occurring in high abundance over a 

considerable area or mono-dominant locally in a certain number of locations. Each species 

was found in a unique biome. All four selected palm species are widely cultivated around the 

globe as ornamentals and/or crops and were reported as an invasive species in multiple 

countries across different continents (Fehr et al., 2020). 

 

Table 1. The four non-native palm species per study region focused on in this project. 

 
 

 

Sampling design and sampling period 

In each of the four study regions (Table 1), we established 20 plots of 400 m2 (20 m × 20 m), 

10 invaded plots that are highly dominated by the non-native palm species and 10 paired 

control plots where non-native palms were absent. Control plots had similar conditions as 

paired invaded plot. The pairs were at least 50 m apart to minimize the effects of neighboring 

non-native palms but always within 3 km (usually less) to ensure ecological similarity. Each 

plot was further divided into four 10 m × 10 m quadrants and eight subplots (2 m × 2 m; 

Figure 1) to allow the standardized collection of data of the variables for which plot-wide data 

collection is logistically impossible. The study was carried out between March 2018 and May 

2020.  

 

 

Study region Biome or habitat type Coordinates 

Latin name Common name Lat Long

Bahia  (Brazil) Tropical rain forest on sandy, 

nutrient poor soil (restinga)

Elaeis guineensis African oil palm 14° 53' S 39° 02' W

São Paulo (Brazil) Subtropical seasonal forest Archontophoenix alexandrae Alexander palm 22° 25' S 47° 32' W

Baja California ( Mexico) Desert (temporarely dried up 

riverbed)

Phoenix dactylifera Date palm 27° 16' N 112° 55' W

Southern European Alps 

(Switzerland and Italy)

Temperate, deciduous forest Trachycarpus fortunei Chinese windmill 

palm

46° 00' N 8° 54' E

Focal non-native palm species
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Figure 1. Each 20 m × 20 m plot was divided into four 10 m × 10 m quadrants and eight 2 m 

× 2 m subplots. 

 

 

Non-native palm sampling  

We classified the non-native palm individuals into five different ontogenetic stages (seedling, 

infant, juvenile, immature, adult; Supplementary Table S2). Juveniles, immatures and adults 

were counted per quadrant whilst seedlings and infants were counted per subplot. The 

juveniles of Archontophoenix alexandrae and the juveniles and immatures of Trachycarpus 

fortunei were not counted within quadrants, as this was logistically impossible due to their 

high abundance. To obtain an estimate of the number of individuals of each ontogenetic stage 

of all four non-native palm species per quadrant, we extrapolated the number of individuals 

from the subplots to the quadrants, where real counting was not possible. 

A palm density index (PDI) was calculated to obtain an estimate of the relative density 

of non-native palms within quadrants. The palm density index is based on the (extrapolated) 

number of juvenile (J), immature (I) and adult palms (A). Assuming that juveniles have circa 

half of the crown diameter of immature and adult individuals and thus cover around one-

quarter of the area of an immature or adult, we downweighed the contribution of juveniles to 

palm density relative by one quarter, relative to the contribution of immature and adult palms. 

We accounted for differences in crown diameter of the four palm species by multiplying the 

sum of the downweighed number of juveniles, the number of immature and adult individuals 

with the maximal blade length (L) of the palm species, as blade length can be assumed as a 

proxy for crown diameter (A. alexandrae = 4.5 m, E. guineensis = 7.5 m, P. dactylifera = 5 m, 

T. fortunei = 3 m, Kissling et al., 2019). The formula for the palm density index is:   

PDIspecies = Lspecies*(0.25*J+I + A). 

 

Vegetation sampling  

In each plot, we counted all woody (morpho-)species and collated them to allow a woody 

species richness comparison within paired plots. In every quadrant, all tree individuals with a 

DBH > 10 cm were counted per taxonomic species (Bahia, Baja California and Southern 
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European Alps) or per morphospecies (São Paulo region). In every subplot, all recruiting 

woody individuals (including palms, excluding lianas) with a height > 50 cm and a DBH < 10 

cm were counted per taxonomic species (Southern European Alps and Baja California) or per 

morphospecies (Bahia and São Paulo region), as well as all tree individuals with a DBH > 10 

cm. The total woody species richness in the plots in Bahia is likely a moderate overestimate as 

it was not possible to collate the identified taxonomic species of the tree individuals with the 

morphospecies of the recruiting individuals due to logistical reasons. Thus, if a species is 

occurring as a tree individual and as a recruiting individual it was double counted. 

 

Physical vegetation structure 

To quantify the relative understory density of palm-invaded and non-invaded sites, we 

conducted laser scans using a mobile terrestrial laser scanner (MTLS; Paynter et al., 2018), 

specifically a GeoSLAM ZEB REVO. We conducted the scans positioning the MTLS in the 

center of each quadrant (four scans per plot). The MTLS was attached to a monopod and was 

moved vertically from 50 cm to 3 m above ground level with three full rotations during each 

scan. Scanning time was 150 to 180 seconds. We analyzed the resulting 3D point clouds of 

each scan by calculating the average length of the horizontal (2D) distances (Cartesian plane 

at 90° from the scanner) between the centroid (laser scanner location) and each point. For our 

calculation, we included points within a radius of 5 m from the centroid to exclude points 

outside of each quadrant. We also omitted points below 50 cm and above 3 m to exclude 

ground points and points outside the maximum position of our laser scanner, respectively. 

This method has proven effective to uncover relative differences of the understory density of 

different forest types (Paynter et al., 2018).  

To estimate canopy cover, we used the Gap Light Analysis Mobile App (GLAMA; 

Tichý, 2016) on a smartphone (Samsung XCover 4) with a fisheye lens. The hemispherical 

photographs were taken in the center of each subplot at 30 cm and 2 m height (16 pictures per 

plot) by holding the smartphone horizontally. Branches or leaves were removed if they were 

closer than 5 cm to the lens. The modified Canopy Cover Index (CCI) was calculated with the 

app in the field. The settings were adjusted to capture a 60% view of the hemisphere, to 

analyze all pixels and to use the blue color spectrum. In the Southern European Alps, laser 

scans were conducted, and photos were taken once during peak foliage in summer and once in 

winter when deciduous trees have dropped the leaves.  

 

Air temperature 

To examine the influence of non-native palms on the local microclimate, we measured the air 

temperature under the canopy of non-native palms and under the canopy of native woody 

species. We attached temperature logging iButtons (DS1922L, temp. resolution 0.5°C, 

logging interval 1.5 hours) between 10 and 30 cm above ground to a palm individual in the 

invaded plot and to a native tree species in the control plot. To prevent heating up due to 

direct sunlight, we covered the iButtons with white plastic plates. Due to logistical reasons 

temperature measuring was only possible at a subset of plots and the measuring periods varied 

across study regions and plots. The temperature metrics we derived from the measurements 

were daily temperature maximum, daily temperature minimum and daily temperature 
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amplitude. For the analysis, we examined these three metrics separately for the period of May 

to September and the period of November to March. 

 

Litter depth and cover 

As an indicator variable for litter decomposition, we measured litter thickness and litter depth. 

Litter thickness was measured at two random locations that are at least 50 cm apart from each 

other in each subplot using a ruler. Litter cover was estimated visually for each subplot using 

five classes of litter coverage (1 = 0 - 5%; 2 = 5 - 25%; 3 = 25 - 50%; 4 = 50 - 75%; 5 = 75 - 

100%).  

 

Soil sampling 

To explore differences between communities of four taxonomic groups of soil organisms 

(arthropods, bacteria, fungi and earthworms) in palm-invaded and non-invaded control plots, 

we collected soil at nine locations in each plot (at each intersection of a virtual 5 m x 5 m 

grid) in all four regions. At each sampling point, we removed the coarse litter of a 25 cm x 25 

cm quadrat and sampled the soil to a depth of 1 cm. The nine samples were then pooled 

together and thoroughly mixed. From the pooled sample, we took a 10 ml subsample and 

added silica to keep the samples dry. 

 

DNA extraction and sequencing 

Environmental DNA was extracted from soil samples using the DNeasy PowerSoil Kit 

(Qiagen) following the manufactures protocol. A total of four extraction blanks was included. 

DNA concentration was estimated on the QubitTM using the dsDNA HS assay Kit 

(ThermoFisher), and samples with a DNA concentration higher than 10 ng/µl were diluted to 

10 ng/µl. The DNA was PCR amplified using four primers targeting arthropods, bacteria, 

fungi and earthworms, respectively. For arthropods, the primers ZBJ-ArtF1c (5’-

AGATATTGGAACWTTATATTTTATTTTTGG-3’) and ZBJ-ArtR2c (5’-

WACTAATCAATTWCCAAATCCTCC-3’) (Zeale et al., 2011) were used to amplify a 

fragment in the 5’ end of the COI region. For bacteria, the primers 341F (5’-

CCTAYGGGRBGCASCAG-3’) and 806R (5’-GGACTACNNGGGTATCTAAT-3’) (Yu et 

al., 2005) were used to amplify a fragment covering the V3 and V4 hypervariable regions of 

the 16S rRNA gene. The internal transcribed spacer region 2 (nrITS2) was amplified for fungi 

using the primers gITS7 (5´-GTGARTCATCGARTCTTTG-3´) (Ihrmark et al., 2012) and 

ITS4 (5´-TCCTCCGCTTATTGATATGC-3´) (White et al., 1990), and a fragment of mtDNA 

16S gene was amplified for earthworms using the primers ewB (5’-

CAAGAAGACCCTATAGAGCTT-3’) and ewC (5’- GGTCGCCCCAACCGAAT-3’) 

(Bienert et al., 2012). 

All primer pairs were designed with 96 unique tags (MID/barcodes) of 6 bp at the 5′ 

end, for dual tagging, where each sample got assigned a unique primer tag combination. No 

primer tag was therefore used more than once throughout the study, and no single tag was 

used more than once in any library. 

PCR amplification was performed in a 25 μL reaction containing 1X Gold Buffer, 

2.5 mM of MgCl2, 0.04 U/μl AmpliTaq Gold (Life Technologies), 0.2 mM of each dNTPs, 

0.8 mg/mL bovine serum albumin (BSA), 0.6 μM of each primer and 1 μL DNA extract.  



48 

 

For arthropods, thermocycling was initiated by 10 min at 95°C, followed by 36 cycles of 

95°C for 15 sec., 52°C for 30 sec and 72°C for 30 sec., and a final elongation step for 7 min. 

at 72°C. 

For bacteria, an initial denaturation step of 95°C for 5 min was used, followed by 32 cycles of 

95°C for 15 sec., 55°C for 30 sec. and 72°C for 40 sec., and a final elongation step of 72°C 

for 4 min. For fungi, the initial denaturation was done at 95°C for 5 min, followed by 31 

cycles of 95°C for 30 sec., 55°C for 30 sec. and 72°C for 1 min, and a final elongation step of 

72°C, 7 min. 

For earthworms, an initial denaturation step of 95°C for 10 min was used, followed by 40 

cycles of 95°C for 30 sec., 58°C for 30 sec. and 72°C for 30 sec., and a final elongation step 

of 72°C for 7 min. For all four PCR set-ups, four negative controls were included together 

with the four extraction blanks. PCR amplification and fragment sizes were verified on 2% 

agarose gel, stained with GelRedTM (Biotium, CA, USA). 

The PCR products were combined into four pools, one primer set, and purified using 

the MinElute PCR purification Kit (Qiagen) with a final elution volume of 25 μL. The DNA 

concentration was estimated on the QubitTM (as above), and the fragment length was checked 

on the Bioanalyzer High Sensitivity Chip (Agilent Technologies). Each pool was hereafter 

built into separate libraries using the Truseq PCR free Library Preparation Kit, following the 

manufacturers protocol, except that MinElute was used for purification, instead of the kit 

included beads. MagBio beads (MagBio genomics) were used to carry out a final cleaning 

step, using a 1,5x bead volume, and a final elution in 25 ul EB-buffer (Qiagen). Library 

concentration was estimated on the QubitTM (as above) and fragment size distribution of the 

libraries was checked on the Agilent 2100 Bioanalyzer (as above). The libraries were then 

pooled equimolar and sequenced at the lllumina Miseq v.3 platform (Illumina), 300 bp PE. 

Sequencing was carried out at the GeoGenetics Sequencing Core. 

 

Bioinformatics 

Bioinformatic steps followed the general procedures of Frøslev et al. (2017, 2019), with 

minor modifications. Demultiplexing of samples was done with a custom script that keeps R1 

and R2 separate for DADA2 processing, and is based on Cutadapt (Martin, 2011) searching 

for a sequence pattern matching the full length combined tag and primer allowing for no 

errors, and removing possible remnants of the other primer at the 3’ end. We used DADA2 (v 

1.8) (Callahan et al., 2016) to identify OTUs (operational taxonomic units) as exact amplicon 

sequence variants (ESVs) and removal of chimeras (bismeras). For the length variable ITS2 

marker, the procedure included a sliding window truncation of sequences from the 5’ end with 

Sickle (Joshi & Fass, 2011) (with options: pe -l 50 -q 28 -x -f -t sanger). For the other markers 

with short amplicons and/or with homogeneous length, a fixed length cutoff of the 3’ end or at 

the start of the 3´ primer was applied, allowing for ample overlap.  

The fungal ITS2 data was further extracted with ITSx (Bengtsson-Palme et al., 2013), and 

thereafter clustered with VSEARCH (v 2.3.2) (Rognes et al., 2016) at 98.5% to achieve 

molecular units (OTUs) that approach species level taxa.  

Overall, the OTU richness for fungi (n = 4020) and bacteria (n = 11873) was a lot 

higher than for arthropods (n = 206) and earthworms (n = 119). The sampling coverage was 

overall high for fungi (0.657 – 0.835) and moderate to low for bacteria (0.306 – 0.534), 
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arthropods (0.071 – 0.519) and earthworms (0.243 – 0.433) (Supplementary Table S1 and 

Supplementary Figure S1).  

 

Annotation of taxa and guilds 

For the taxonomic assignment of the arthropod data, we used the sequence ID tool from GBIF 

(https://www.gbif.org/tools/sequence-id). We used species level annotation of exact and 

ambiguous matches, genus level of close matches and family level for weak matches. We 

only kept OTUs from the Phylum “Arthropoda”. To assign the taxonomy of the bacteria, we 

used the Silva SSU taxonomic training data formatted for DADA2 (Silva version 138). The 

annotation was performed using the ‘assignTaxonomy’ function with minimum bootstrap 

confidence of 80 from the dada2 package in R (Callahan et al., 2016). We only kept OTUs 

annotated with the kingdom “Bacteria”. The taxonomic assignment of the earthworms was 

done by blasting the representative sequence of each OTU against GenBank and retrieving the 

up to 100 best hits. A custom script was then used to evaluate the best hits of each OTU, and 

adjusting the taxonomy based on competing names and accuracy of match. The taxonomy of 

the fungal sequences was done by matching sequences against the UNITE database using the 

approach described in Frøslev et al (2019). OTUs for which the kingdom could not be 

annotated were excluded as they were likely non-fungal taxa. Ecological guilds for the fungi 

were assigned to the fungi taxa using the FUNGuild database (Nguyen et al. 2016). Sampling 

coverage was calculated using the iNEXT R package (Hsieh et al. 2016). The taxonomic 

composition of fungi (phylum level), bacteria (phylum level), arthropods (class level) and 

earthworms (family level) is presented in the Supplementary Figure S2. 

 

Statistical analysis 

All statistical analyses were carried out in R (R Core Team, 2019). We fitted generalized 

linear mixed models (GLMMs) using the ‘glmer’ and ‘lmer’ function from the lme4 package 

(Bates et al. 2015) to test for differences in recruiting woody species metrics (abundance, 

richness and Shannon-Wiener index, Pielou’s evenness), soil-inhabiting fungi, bacteria, 

arthropods, earthworm metrics (richness), canopy cover, understory density, temperature 

(daily minimum, daily maximum, daily amplitude for November-March and May-September 

period), litter cover and litter depth between invaded and control plots (predictor variable = 

plot type and country with interaction). We also tested the relationship of all these variables 

with the palm density index by fitting generalized linear mixed models (GLMMs) (predictor 

variable = palm density index and country with interaction). In all models, as a random effect, 

we nested quadrants within plots and plots within plot pairs to not violate the assumption of 

independence between observations within the same plot pair, plot and quadrant. We then 

simplified the full model by simplifying the random structure with only plot pair remaining as 

random factor (Zuur et al., 2009). We chose the best model by comparing all the simplified 

models and the full model by using the Akaike information criterion (AIC). We used the 

‘emmeans’ function from the emmeans package to calculate the contrasts of the estimated 

marginal means for each variable between invaded and control plots in each country (Lenth et 

al., 2018). We calculated the estimated marginal means of linear trend for each variable in 

relation to the palm density index using the ‘emtrend’ function from the emmeans package 

(Lenth et al., 2018).  
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To visualize compositional patterns between communities of arthropods, bacteria, 

earthworms and fungi at the four different sites and in invaded plots and control plots we 

performed non-metric multidimensional scaling (NMDS) based on the Hellinger-transformed 

Bray-Curtis dissimilarity using the metaMDS function retaining three dimensions in the R 

package vegan (Oksanen et al. 2013). Differences between the community compositions were 

tested using permutational multivariate analysis of variance (PERMANOVA) analysis on 

Bray-Curtis dissimilarities using ‘adonis’ in the R package vegan (Oksanen et al. 2013). We 

also tested for homogeneity of dispersion among sites (Bahia, São Paulo, Baja California, 

Southern European Alps) and plot types (invaded and control plots) using ‘betadisper’ in the 

R package vegan (Oksanen et al. 2013). To identify taxa that were specifically associated with 

the presence or absence of non-native palms we performed an indicator species analysis on 

the presence/absence matrix of each taxonomic group using the function ‘signassoc’ in the R 

package indicspecies (De Caceres et al. 2015). The ’signassoc’ function provides Sidak-

corrected p-values to avoid false positives due to chance (De Caceres et al. 2015).   
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Results 
We quantified the effects of four non-native palm species at for study regions located in four 

different biomes on the physical vegetation structure, air temperature, woody species 

recruitment, litter decomposition and soil-organism communities. We found evidence, that 

non-native palms can strongly affect these variables, however direction and strength of these 

effects varied across the four study regions.  

 

Population structure of the four non-native palm species 

The number of individuals of early ontogenetic stages (seedlings and infants) were generally 

higher than the number of juveniles (Figure 2). The number of immatures and adult was 

substantially lower than the number of juveniles across all study regions.  

 

 
Figure 2. Number of non-native palm individuals (log scale) per quadrant (10 m x 10 m) of 

different ontogenetic stages at each study region. Crown diameter of the four palm species 

(Kissling et al., 2019): A. alexandrae = 4.5 m, E. guineensis = 7.5 m, P. dactylifera = 5 m, T. 

fortunei = 3 m.  
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Physical structure  

Strength and direction of differences of the physical structure between invaded plots and 

control plots were inconsistent across the four study regions (Table 2; Figure 3; 

Supplementary Figure S3). In Baja California, the canopy cover was significantly higher in 

invaded plots than in control plots (t = -14.14, p = <.001). In the other three regions no 

significant differences of the canopy cover between the two plot types were observed, except 

for the Southern European Alps during the deciduous season, where the canopy cover of the 

control plots was more open compared to the invaded plots (t = -8.7, p < .001; Supplementary 

Figure S4). Whilst the understory in São Paulo was more open in the invaded plots than in the 

control plots (t = -2.34, p = .02), we observed a denser understory in the invaded plots than in 

the control plots for the Southern European Alps in summer (t = 7.42, p = <.001) and winter (t 

= 4.55, p = <.001). In Bahia and Baja California, the understory density between invaded and 

control plots was not significantly different (Table 2; Figure 3). 

 

 

 

Figure 3. Canopy cover [%] and understory density (average travel distance of laser impulses 

[m]) in invaded and control plots for all four study regions. Blue boxes represent control plots 

(C) and yellow boxes represent invaded plots (I). P-values indicate if the contrasts of the 

estimated marginal means between invaded and control plots were significant. 

 

 

 

Air temperature 

Significant differences in temperature variables between invaded plots and control plots were 

observed in Baja California and the Southern European Alps but not for Bahia and São Paulo 

(Table 2). In Baja California, daily maximum and minimum temperature and daily 

temperature amplitude between May and September were all significantly higher in invaded 
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plots than in control plots (Table 2; Supplementary Figure S5). Between November and 

March, the daily minimum temperature was also higher in invaded plots than in control plot in 

Baja California (t = -3.27, p = .001), but the daily maximum temperature and daily 

temperature amplitude were significantly lower in invaded plots than in control plots (Table 2; 

Supplementary Figure S6). For the Southern European Alps, daily maximum temperature (t = 

5.52, p < .001) and daily temperature amplitude (t = 5.96, p < .001) were both significantly 

lower in invaded plots than in control plots.  

 

 

Table 2. Coefficient table for the contrasts of the estimated marginal means for various 

variables on the physical structure, air temperature, recruiting woody species and litter 

between invaded and control plots in each country and for the estimated marginal means of 

linear trends of these variables in relation to palm density.

 

 

  

BAH SAP BAJ SAL

Cond. Marg. t-val p t-val p t-val p t-val p Cond. Marg. trend trend trend trend

Physical structure

     canopy cover 0.75 0.69 -0.20 .844 -1.42 .164 -14.14 <.001 -1.72* .094* 0.54 0.48 0.07 0.04 0.15 0.00

     understory density 0.19 0.14 -0.12 .902 -2.34 .020 1.47 0.14 7.42** <.001** 0.42 0.22 -0.05 -0.09 -0.90 0.08

Temperature: May - September

        daily max 0.63 0.61 0.00 .996 0.34 .732 -5.95 <.001 -0.14 .732

        daily min 0.11 0.09 0.80 .421 -0.13 .903 -3.87 <.001 -0.24 .812

        daily amplitude 0.77 0.74 -0.35 .725 0.43 .670 -3.72 <.001 -0.02 .986

Temperature: November - March

        daily max 0.72 0.70 -0.18 .856 1.06 .291 3.07 .002 5.51 <.001

        daily min 0.85 0.84 0.89 .372 0.05 .960 -3.27 .001 -1.56 .119

        daily amplitude 0.44 0.42 -1.04 .297 0.97 .333 5.12 <.001 5.96 <.001

Recruiting woody species

     abundance 0.73 0.45 0.29 .003 6.23 <.001 1.33 .185 2.19 .029 0.39 0.20 -0.67 -0.11 -0.08 -0.05

     richness 0.56 0.44 4.23 <.001 7.52 <.001 2.01 .044 2.03 .042 0.35 0.18 -0.21 -0.09 -0.06 -0.02

     shannon 0.65 0.61 7.00 <.001 11.71 <.001 1.46 .145 2.19 .029 0.52 0.28 0.03 -0.12 -0.18 -0.01

     evenness 0.29 0.05 -0.16 .873 -1.20 .234 1.66 .102 -0.03 .977 0.12 0.01 0.18 -0.06 0.00 0.01

Litter

     litter depth 0.57 0.21 2.68 .011 0.66 .515 0.13 .894 1.72 .093 0.40 0.17 0.23 0.58 -0.02 0.02

     litter cover 0.71 0.53 1.71 .096 0.75 .460 0.91 .370 0.27 .791 0.70 0.47 -0.30 0.03 -0.38 -0.10

* coefficients for the canopy cover in the Southern European Alps in winter (deciduous season for most native woody species): t-val = -8.7, p = <.001

**coefficients for the understory density in the Southern European Alps in winter (deciduous season for most native woody species): t-val = 4.55, p = <.001

SAP BAJ SAL

Contrast plottype (Control - Invaded) Trend (palm density)

R2 model R2 modelBAH
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Native woody species  

Recruiting woody species were overall negatively affected by the presence of non-native 

palms (Table 2; Figure 4). The abundance, richness and Shannon diversity of the recruiting 

woody species was significantly lower in invaded plots than in control plots in Bahia, São 

Paulo and the Southern European Alps. In Baja California, abundance, richness and diversity 

of woody recruiting species were also lower in invaded plots than in control plots, but the 

difference here was only significant for richness (t = 2.01, p = .044; Table 2). At all study 

sites, abundance and richness of woody recruiting species showed a decline with increasing 

palm density (Supplementary Figure S7). Tree abundance for Bahia, São Paulo and the 

Southern European Alps was relatively high compared to Baja California (Supplementary 

Figure S8). 

 

Litter accumulation 

Differences of litter depth and litter cover between invaded and control plots were not very 

strong in most regions (Table 2; Figure S9; Figure S10). In Bahia, the litter cover was lower 

in invaded plots than in control plots (t = 2.68, p = .011), whilst no significant differences 

were observed between invaded and control plots in the other regions. No significant 

differences of the litter cover between plot types were observed in any region. 

 

 

Figure 4. Abundance and richness of woody recruiting species in invaded and control plots 

for all four study regions. Blue boxes represent control plots (C) and yellow boxes represent 

invaded plots (I). P-values indicate if the contrasts of the estimated marginal means between 

invaded and control plots were significant.  
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Soil organism richness 

We found that across invaded and control plots, OTU richness of fungi (all guilds) was higher 

in São Paulo (mean = 192, sd = 44.20) and the Southern European Alps (mean = 181.5, sd = 

50.04) than in Bahia (mean = 80, sd = 36.06) and Baja California (mean = 66, sd = 25.14) 

(Supplementary Table S3). A similar pattern was found for the OTU richness of saprotrophic 

fungi. The Southern European Alps had a high OTU richness of mycorrhiza (mean = 27.60, 

sd = 15.01) relative to the other regions. Bacteria OTU richness was high across all regions 

and differences were small. We found only a very low OTU richness for arthropods and 

earthworms. 

The OTU richness for fungi of all guilds and saprotrophic fungi was significantly 

higher in invaded plots than in control plots in Bahia and Baja California but significantly 

lower in invaded plots than in control plots in São Paulo and the Southern European Alps 

(Table 3; Figure 5, Supplementary Figure S11). The invaded plots in the Southern European 

Alps showed a significantly lower mycorrhiza richness than the control plots (t = 4.08, p < 

.001). In Baja California and the Southern European Alps, OTU richness of bacteria was 

significantly increased in invaded plots compared to the control plots (Table 3, Supplementary 

Figure S12). For arthropods and earthworms, OTU richness was too low to run the GLMMs 

(Supplementary Figure S13). 

 

 

Table 3. Coefficient table for the contrasts of the estimated marginal means for the richness 

of soil inhabiting fungi and bacteria between invaded and control plots in each country and for 

the estimated marginal means of linear trends of these variables in relation to palm density. 

 

BAH SAP BAJ SAL

Cond. Marg. t-val p t-val p t-val p t-val p Cond. Marg. trend trend trend trend

Fungi

     richness (all guilds) 0.97 0.84 -3.90 <.001 6.74 <.001 -3.04 .002 3.65 <.001 0.86 0.24 -0.22 0.09 0.04 -0.02

     richness (saprotrophs) 0.96 0.82 -4.13 <.001 5.81 <.001 -2.89 .004 3.14 .002 0.73 0.39 -0.19 0.06 0.02 -0.02

     richness (mycorrhiza) 0.88 0.81 0.56 .572 -1.37 .169 0.05 .960 4.08 <.001 0.76 0.45 0.03 -0.16 0.13 -0.07

     richness (-sapro., -mycor.) 0.89 0.85 -0.43 .668 3.48 <.001 -1.02 .307 1.95 .051 NA 0.72 -0.27 0.29 0.26 -0.03

Bacteria

     richness 0.92 0.26 -1.27 .206 0.58 .560 -3.90 <.001 -2.36 .018 0.34 0.20 -0.09 0.11 0.13 0.05

Contrast plottype (Control - Invaded) Trend (palm density)

R2 model BAH SAP BAJ SAL R2 model
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Figure 5. Richness of soil inhabiting fungi for all guilds, saprotrophs, mycorrhiza and all 

guilds excluding saprotrophs and mycorrhiza in invaded and control plots for all four study 

regions. Blue boxes represent control plots (C) and yellow boxes represent invaded plots (I). 

P-values indicate if the contrasts of the estimated marginal means between invaded and 

control plots were significant.  
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Soil organism composition and indicator species 

Fungal composition differed significantly between invaded and control plots in Bahia (R2 = 

0.06, p = 0.047), São Paulo (R2 = 0.06, p = 0.045) and Baja California (R2 = 0.08, p = 0.009) 

but not in the Southern European Alps (R2 = 0.06, p = 0.19) according to the PERMANOVA 

(Table 4). Differences of the of bacteria composition between invaded and non-invaded plots 

were only significant for Baja California (R2 = 0.07, p = 0.001) (Table 6). The overall low R2 

values of the PERMANOVA for both fungi and bacteria indicated that plot type (palm-

invaded vs. control) explained only a small proportion of the observed variation. We found no 

differences in dispersion for fungi and bacteria composition between invaded and control 

plots at all four sites (Table 4) suggesting that the PERMANOVA results reflected 

compositional differences between palm-invaded and control plots and are not artefacts of 

heterogeneous dispersion. Between the four study sites the PERMANOVA showed significant 

compositional differences for fungi and bacteria which were influenced by heterogeneous 

dispersion according to the results of the homogeneity of dispersion test. The NMDS 

ordination demonstrated the clustering of the fungal and bacterial communities at the four 

study sites and at the palm-invaded and control plots (Figure 6). For earthworms and 

arthropods, the NMDS was not performed as the number of OTUs was too small (n = 119, 

and n = 206, respectively), with the exception for arthropods in the Southern European Alps. 
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Table 4. Permanova (‘adonis’ function in R package vegan) and analysis of multivariate 

homogeneity of group dispersions (variances) (‘betadisper’ function in R package vegan) 

statistics on fungi, bacteria, arthropods and earthworms composition between the four 

study sites and between plot types (invaded and control) per study sites. 

 
 

 

 

FUNGI betadisper BACTERIA betadisper

df R
2 p p df R

2 p p

All sites All sites

Site 3 0.15 <.001 <.001 Site 3 0.09 <.001 <.001

Residuals 75 0.85 Residuals 75 0.91

Bahia (BR) Bahia (BR)

Plot type 1 0.06 .07 .69 Plot type 1 0.06 .08 .79

Residuals 18 0.94 Residuals 18 0.94

Sao Paulo (BR) Sao Paulo (BR)

Plot type 1 0.06 .06 .14 Plot type 1 0.05 .62 .28

Residuals 18 0.94 Residuals 18 0.95

Baja California (MX) Baja California (MX)

Plot type 1 0.08 .01 0.86 Plot type 1 0.07 .003 .17

Residuals 17 0.92 Residuals 17 0.93

Southern European 

Alps (CH & IT)

Southern European 

Alps (CH & IT)

Plot type 1 0.06 .189 .44 Plot type 1 0.05 .26 .71

Residuals 18 0.94 Residuals 18 0.95

ARTHROPODS betadisper EARTHWORMS betadisper

df R
2 p p df R

2 p p

All sites All sites

Site 3 0.08 <.001 .27 Site 2 0.10 <.001 .30

Residuals 67 0.92 Residuals 37 0.90

Bahia (BR) Bahia (BR)

Plot type 1 0.07 .22 .48 Plot type 1 0.10 .028 .67

Residuals 15 0.93 Residuals 14 0.90

Sao Paulo (BR) Sao Paulo (BR)

Plot type 1 0.04 .98 .50 Plot type 1 0.15 .041 .13

Residuals 18 0.96 Residuals 9 0.85

Baja California (MX) Baja California (MX)

Plot type 1 0.06 .914 .010 Plot type 0 NA NA NA

Residuals 12 0.94 Residuals 0 NA

Southern European 

Alps (CH & IT)

Southern European 

Alps (CH & IT)

Plot type 1 0.06 .28 .52 Plot type 1 0.10 .049 .20

Residuals 18 0.94 Residuals 11 0.90

adonis

adonis

adonis

adonis
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Figure 6. Non-metric multidimensional scaling (NMDS) ordination plots for communities of 

soil-inhabiting fungi, bacteria, arthropods and earthworms and colored by plot type (red dots 

represent control plots, blue dots represent invaded plots). Different shapes represent study 

sites in the plots where all sites are presented together. Final stress level is shown on the 

bottom of each plot. For arthropods and earthworms, the stress value is nearly zero (except for 

earthworms in the Southern European Alps), very likely indicating insufficient data for 

performing a NMDS. In Baja California, no earthworm OTUs were detected in our soil 

samples. 
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Bahia had only one fungal indicator species for invaded plots. For São Paulo all seven fungal 

indicator species were indicators for control plots. Baja California had nine fungal indicator 

species. two for control plots and seven for invaded plots. In the Southern European Alps, we 

identified three fungal indicator species for invaded plots and four indicator species for 

invaded plots. According to FUNGuild (Nguyen et al. 2016) all fungal indicator species are 

saprotroph. We only identified five bacterial indicator species (see Table 5) and no arthropod 

and earthworm indicator species.  

 

 

Table 5. Indicator taxa of fungi and bacteria for invaded and control plots. Only taxa with 

Sitka-corrected p-values below 0.05 are included. Column n shows the number of plots for a 

plot type the taxa is occurring in (maximum is 10). 

 
  

Plot type n p Trophic mode

FUNGI

Bahia (BR) (n=449) Invaded 6 .0099** Pathotroph-Saprotroph-Symbiotroph

Sao Paulo (BR) (n=761) Control 8 .0099** Pathotroph-Saprotroph-Symbiotroph

6 .0099** Pathotroph-Saprotroph-Symbiotroph

7 .0199* Pathotroph-Saprotroph-Symbiotroph

10 .0199* Saprotroph

8 .0297* Saprotroph

9 .0297* Pathotroph-Saprotroph-Symbiotroph

5 .0493* Pathotroph-Saprotroph

4 .0493* Pathotroph-Saprotroph 

5 .0493* Symbiotroph

Invaded 4 .0297* Pathotroph-Saprotroph-Symbiotroph

Baja California (MX) (n=279) Control 7 .0396* Saprotroph

9 .0396* Saprotroph

Invaded 7 .0199* Pathotroph-Saprotroph

5 .0297* Saprotroph

4 .0297* Saprotroph

Southern European Control 6 .0199* Pathotroph-Saprotroph

Alps (CH & IT) 4 .0493* Pathotroph-Symbiotroph

5 .0493* Saprotroph

Invaded 10 .0099** Pathotroph-Saprotroph

8 .0099** Pathotroph-Saprotroph

10 .0099** Pathotroph-Saprotroph

BACTERIA

Bahia (BR) (n=53) Control 8 .039*

Sao Paulo (BR) (n=69) Invaded 6 .0099**

10 .0493*

Southern European Invaded Micromonosporaceae 7 .0493*

Alps (CH & IT) (n=79)

Fusarium tucumaniae

Plectosphaerella niemeijerarum 

Gibberella sp. 

Indicator taxa

Pleiocarpon livistonae

Cladophialophora sp.

Ganodermataceae

Plectosphaerella cucumerina

Podospora serotina

Leucoagaricus sp. 

Volutella sp. 

Didymella sp.

Emericellopsis sp.

Psathyrella sp.

Alloconiothyrium aptrootii

Ascobolaceae sp.

Subramaniula asteroides

Parastagonospora nodorum

Pyrenochaetopsis sp.

Setophaeosphaeria badalingensis

Lophiostoma corticola

Clavicipitaceae

Connersia sp.

Comamonadaceae

Peptostreptococcaceae

Intrasporangiaceae
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Discussion 
We quantified the effects of four non-native palm species (Elaeis guineensis, 

Archontophoenix alexandrae, Phoenix dactylifera and Trachycarpus fortunei) at four 

locations (Bahia [Brazil], São Paulo [Brazil], Baja California [Mexico] and the Southern 

European Alps [Switzerland and Italy]) in four biomes (tropical rainforest, subtropical 

rainforest, desert [riverbed] and temperate deciduous forest) on physical vegetation structure, 

air temperature, woody species recruitment, litter accumulation and soil organisms (Figure 7). 

Overall, richness and abundance of recruiting woody species was negatively affected by non-

native palms. We also found strong effects of the non-native palms on the physical structure, 

air temperature and richness of soil fungi but magnitude and direction of these effects varied 

across the four regions. The observed effects have likely far-reaching effects on ecosystem 

functions and processes and alterations of community composition at higher trophic levels. 

However, effects seemed also strongly context dependent and are thus difficult to generalize. 

We argue that at all four focal non-native palms have generated a novel ecosystem within 

their invaded region.  

 

Figure 7: Illustration of the (potential) interaction between non-native palms, taxonomic 

groups, ecosystem processes and abiotic variables within a palm-generated novel ecosystem. 

Black symbols represent measured variables, grey symbols represent variables we expect to 

be directly or indirectly affected by non-native palm and arrows represent important 

interactions between variables.   
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Physical vegetation structure and microclimatic conditions 

We found that non-native palm species at three of the four study regions altered the physical 

vegetation structure (canopy cover and/or understory density), but the effects varied in 

magnitude and direction across the study regions. These differences could be explained by (1) 

the structure of the invaded environments, (2) the demographic stage of the non-native palm 

population and the related relative non-native palm-density, and (3) the morphologies of the 

invading palm species: (1) The canopy cover of formerly open environments is more strongly 

affected by dense non-native palm stands than the canopy cover of environments that was 

already high before the palm invasion. (2) Non-native palm populations at early demographic 

stages consisting of many juvenile individuals exhibit a dense understory, whilst populations 

of many adult individuals are more open in the understory. (3) Palm species having fronds 

that remain attached to the palm after senescence can create a denser understory than palm 

species of which the senescent leaves fall to the ground. Our results imply that the way and 

intensity of how non-native palms affect the physical vegetation structure is strongly context 

dependent. Overall, our findings emphasize the role of (non-native) palms as ecosystem 

engineers, shaping the physical vegetation structure due to their generally large leaves, 

relative to most other angiosperms (Fehr et al., 2020). The observed changes in the physical 

vegetation structure are critical, because they directly or indirectly affect growth and 

recruitment of plants, behavior, habitat and resources for arthropods, birds and mammals, and 

control the abiotic environment (e.g. light regime, microclimate) and ecosystem processes and 

functioning (Dobrowski et al., 2015; Ferger et al., 2014; Lindenmayer et al., 2006; Litt et al., 

2014). 

Vegetation structure is an important determinant for the microclimatic conditions 

within a forest (De Frenne et al., 2019; Gaudio et al., 2017). In fact, in regions where we 

found strong effects of the non-native palm on the canopy cover, we also found significant 

temperature differences between palm-invaded and non-invaded sites and vice versa. In the 

Southern European Alps during winter, the presence of the non-native palm had a buffering 

effect on daily maximum temperatures and daily temperature amplitude. In Baja California, 

the increased canopy cover in palm-invaded sites was likely the cause for the buffered winter 

temperatures and daily minimum temperature in summer. The reason for the absence of this 

buffering effect in invaded plots during summer for the daily maximum temperature in Baja 

California is surprising. We suspect that the temperature measurements in Baja California in 

non-invaded sites might not be fully representative for the entire site as the temperature 

measurements took place directly under a native tree, but the whole site was only partly 

covered with woody vegetation. We expect that in fact the temperatures in summer are more 

extreme in uninvaded sites, with the exception of the areas directly below the canopy of the 

very few native trees. Overall, our findings are mostly in accordance with previous studies 

that found that a closed forest canopy has a buffering effect on extreme temperatures (Gaudio 

et al., 2017; Karki & Goodman, 2015). 

The buffered temperatures can have further ecological implications. The buffering of 

daily maximum temperatures generally results in cooler and wetter conditions promoting 

more suitable habitats for heat and drought sensitive plants and animals (von Arx et al., 2013). 

Especially in environments with extreme climatic conditions like in Baja California, buffered 

maximum temperatures caused by the palm canopy could have stress-reducing effects on 
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plant and animal communities. Thermophylisation, triggered by ongoing global warming, can 

be limited under cooler conditions below closed canopies (De Frenne et al., 2019). 

Furthermore, increased humidity could promote the process of litter decomposition (García-

Palacios et al., 2016). In summary, we showed that non-native palms can alter local air 

temperature by increasing the canopy cover.  

 

Native woody species recruitment 

We found that abundance and richness of recruiting woody species was negatively affected by 

the presence of non-native palms across all regions. The negative effects were more evident in 

the two study regions with an overall high woody species richness (Bahia and São Paulo) than 

in the two regions with fewer woody species (Southern European Alps, Baja California). The 

potential underlying mechanisms of how the non-native palms reduced native recruiting 

woody species richness are manifold. Non-native palms could be better competitors for 

resources (e.g., water, nutrients, light and space) than native species due to their sheer size 

and their vigorous growth (Schultheis & MacGuigan, 2018; Strauss et al., 2006; Vilà & 

Weiner, 2004). Palms were also reported to suppress the recruitment of (native) plants 

mechanically. For example, palms can destroy or damage recruiting understory vegetation by 

dropping senescent leaves (Peters et al., 2004). However, this mechanism might only be 

involved in São Paulo as it is the only region invaded by a non-native palm which lets the 

leaves fall directly after senescence whilst the leaves of the non-native palms in the other 

regions decompose whilst attached to the palm (own observation). Palms in general have also 

been reported to create dense and thick litter layers that impede germination and recruitment 

of other plant species (Farris-Lopez et al., 2004; Wang & Augspurger, 2006). However, we 

did not find an increased litter depth or litter cover in palm-invaded plots, suggesting that 

litter accumulation is not the driving force in impeding the woody species recruitment in 

palm-invaded sites at the four study regions. We thus assume that competitive advantages of 

the non-native palms relative to native woody species might be the central mechanism of non-

native palms suppressing native woody recruitment. We expect that in the long-term, a strong 

decrease in native woody species recruitment will result in a strongly altered forest 

composition, eventually resulting in monodominant palm stands. However, disequilibrium 

dynamics, e.g. induced by the allocation of palm-infesting pathogens and pests, could 

interfere the creation of monodominant palm stands (Fehr et al., 2020; Milosavljević et al., 

2019) 

The loss of non-native woody species can have strong implication for animal 

communities. Animal communities that rely on native species as a food source could be 

negatively affected (Schirmel et al., 2016). We suggest that non-native palms could to some 

degree compensate the losses of ecosystem services to native fauna by providing ecosystem 

services by itself, as many palms are keystone species within their native habitat and are in 

mutualistic relationships with the local fauna (Galetti et al., 2001; Henderson, 2002; Sica et 

al., 2014). In fact, there exists evidence, that non-native palms can constitute important food 

sources for native animals (Canale et al., 2013; Spennemann, 2019, 2020). To what degree the 

non-native palm can benefit local animals will strongly depend on the relative loss of native 

plant species caused by the non-native palm.  
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Soil biota and litter decomposition 

We found strong effects of the non-native palms on total soil fungal richness and saprotrophic 

fungal richness across all regions. In palm-invaded sites total fungal richness and saprotrophic 

fungal richness were higher in Bahia and Baja California but lower in São Paulo and the 

Southern European Alps. In the Southern European Alps, richness of mycorrhizal fungi 

showed a decline palm-invaded site. In Baja California, the non-native palm even triggered a 

compositional change of the soil fungal community. Soil bacterial richness was higher in 

palm-invaded sites than in non-invaded sites in Baja California and the Southern European 

Alps but did not show changes in community composition in any of the four regions. As soil 

fungi and bacteria together are the main litter decomposer among all microorganisms 

(Krishna & Mohan, 2017), we expect that the non-native palms had strongly altered litter 

decomposition through altering soil microbiota. Litter decomposition constitutes a key 

ecosystem process as it determines carbon sequestration and nutrient cycling (Bradford et al., 

2017; Handa et al., 2014; Parton et al., 2007). There is also evidence that non-native plants 

can establish a positive feedback by altering soil biota communities which in turn favor non-

native plants (Callaway et al., 2004; Zhang et al., 2019). 

It is conspicuous that fungal richness was higher in palm-invaded sites in regions with 

a low total fungal richness (Bahia and Baja California) but lower in palm-invaded sites in 

regions with a high total fungal richness (São Paulo and the Southern European Alps). We 

speculate that the non-native palms increased (fungal) diversity in relatively unproductive 

environments (restinga ecosystem in Bahia and desert riverbed in Baja California) by 

increasing overall biomass but triggered a decline in productive, biodiverse ecosystems 

(subtropical rainforest in São Paulo, deciduous temperate forest in the Southern European 

Alps) by outcompeting native species through altering environmental variables.  
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Ecological implications for the palm-invaded sites in each study region 

As we found that the non-native palms effects are strongly context dependent, we here discuss 

the measured effects of the four non-native palms separately, taking into account the non-

native palm species’ traits, the demographic stage of the non-native palm populations and the 

environmental setting. We also discuss the region-specific ecological implications of the 

palm-invaded sites.  

In Bahia, the oil palm (Elaeis guineensis) is invading a tropical moist rainforest of low 

to medium height on sandy, nutrient poor soil, also referred to as restinga (Pimentel et al., 

2007; Scarano, 2009). We found a strong decrease in native woody species recruitment but no 

alteration of the understory density or canopy cover. Thus, we conclude that competition for 

light might not be the central underlying mechanism resulting in the low native recruiting 

woody species richness but competition for space might be predominant driven by the 

massive dimensions of oil palms. We also suspect that below-ground competition for nutrients 

and water could be at play, as it was reported to be more important in low productive 

environments than above-ground competition (Dietz & Edwards, 2006; Gioria & Osborne, 

2014). The higher soil fungal species richness we found in palm-invaded sites relative to non-

invaded sites is likely an indicator for increased soil organic matter resulting in the 

enrichment of soil nutrients. If this is true, oil palms could have created a positive feedback 

loop, triggered by their large biomass in a naturally low productive environment.  

The oil palm was introduced to Bahia, Brazil, during the 18th century (Watkins, 2011). 

It is suggested that the naturalization of the oil palm was only possible in anthropogenically 

disturbed forests as the oil palm is light demanding and thus unable to grow under a closed 

forest canopy (Watkins, 2011). Currently, the oil palm is widely distributed in Bahia and does 

predominantly occur in small patches of varying successional stages. Thus, the oil palm 

increases landscape heterogeneity, and the localized declines of native woody species might 

be negligible. The oil palm can also benefit local fauna by providing food: The long-term 

survival of endangered primates was reported to depend on the fruits of the oil palm (Canale 

et al., 2013).  

In São Paulo, Brazil, we studied the ecological effects of the horticulturally important 

non-native Alexander palm (Archontophoenix alexandrae) in a subtropical rainforest. In 

palm-invaded sites the understory was more open than in non-invaded sites and the abundance 

and richness of recruiting woody species was strongly declined. This strong decline in 

understory vegetation is the likely result of falling palm leaves that are able to damage 

recruiting plants (Peters et al., 2004) and promote the emergence of monodominant stands. 

The lower soil fungal richness we found in palm-invaded plots is likely associated to the low 

plant richness and together will likely affect litter decomposition (Cornwell et al., 2008; 

Woodworth et al., 2020). Also, the Alexander palm was reported to suppress the endangered, 

ecologically and morphologically very similar native juçara palm (Euterpe edulis) by 

disrupting its seed dispersal and by their overall higher fecundity and more vigorous growth 

(Bello et al., 2020; Mengardo et al., 2012; Mengardo & Pivello, 2012, 2014). We found 

strong negative effects of the monodominant stands of the Alexander palm on native woody 

plant and soil fungal richness, likely resulting in an alteration of ecosystem processes (e.g., 

litter decomposition). We would expect this species to further spread in the future due to an 
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increasing demand of palms in horticulture, however, climate change might hamper the 

expansion of the Alexander palm in São Paulo, as Bello et al. (2020) predicted.  

In Baja California, Mexico, the non-native date palm (Phoenix dactylifera) is 

spreading along temporarily dried up riverbeds in the desert. We found an increased soil 

fungal richness in date palm invaded sites that was likely caused by the increased (soil) 

organic matter the date palm adds to the formerly unproductive system (Hoffland et al., 2020). 

Through this mechanism, we expect that the date palm could increase soil nutrient availability 

and affect litter decomposition. We also found that the date palm strongly increased the 

canopy cover with further implications on the temperature regime. Buffered maximum 

temperatures lead to increased moisture, with potential benefiting effects on local plants and 

animals in environments where water availability is a limiting factor (De Frenne et al., 2019; 

Gaudio et al., 2017). Within our study region the date palm occurred in scattered stands of 

varying successional stages together with stands of native shrubs and trees and barren land. 

This pattern is likely the result of regular flooding and (anthropogenically induced) fire events 

(which are reinforced by the palm itself due to litter input). These strong disturbances 

maintain landscape heterogeneity and are preventing the date palm to (potentially) form 

monodominant stands with likely positive effects on biodiversity (Stein et al., 2014). Indeed, 

it was suggested that the date palm represents a key stone species in Baja California, 

providing habitat and food to native biota (De Grenade, 2013). We expect a future expansion 

of the date palm along the riverbeds, with flooding events being the main seed dispersers.  

In the Southern European Alps, the Chinese windmill palm (Trachycarpus fortunei) 

invaded a temperate deciduous forest. With its huge, evergreen leaves that represent a novelty 

within the system, the windmill palm was suggested to trigger a biome shift, transforming 

deciduous temperate forest into evergreen (laurophyllous) forest (Fehr et al., 2020), with 

likely strong implications for biodiversity and ecosystem functioning. The first mature 

windmill palms were observed around the year 2000 (Walther et al., 2007), thus all the 

studied windmill palm stands are still at an early successional stage. However, we found that 

these young palm populations have already negatively affected native recruiting woody 

species richness and abundance by building dense thickets of juvenile and immature 

individuals in the understory. Generally, we expect the windmill palms to have a competitive 

advantage relative to native species due to their ability to perform photosynthesis on warm 

winter days when native species are deciduous (Fehr & Burga, 2016). Ongoing global 

warming will further increase the competitiveness of the thermophile windmill palms relative 

to native woody species (Fehr et al., 2020). We speculate that the reduced richness of 

saprotrophic and mycorrhizal fungi in the soil in sites invaded by the windmill palm are 

already a consequence of the impoverished diversity of native woody species. At a local scale 

we hypothesize that the windmill palm could affect litter decomposition by adding a new litter 

trait to the system and by changing the microclimatic conditions. The dominance of a new 

litter trait could also affect herbivorous arthropod communities.  
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Conclusion  
We examined the effects of four non-native palm species across four biomes on the physical 

vegetation structure, air temperature, woody species recruitment, litter accumulation and soil 

organisms. We found that the non-native palms had strong effects on the physical vegetation 

structure, in turn affecting the local air temperature. The abundance and richness of recruiting 

native woody species were negatively affected by non-native palms at all four study regions. 

The presence of non-native palms in unproductive ecosystems resulted in an increase of the 

soil fungal richness, whilst in productive systems soil fungal richness was negatively affected 

by the presence of non-native palms. We expect that the observed alterations of the biotic 

composition and abiotic conditions will affect key ecosystem processes and functions such as 

litter decomposition and nutrient cycle and affect biota across trophic levels. Based on these 

strong effects caused by non-native palms we argue that all four focal non-native palm species 

can be considered to have generated a novel ecosystem within the study region.   

However, magnitude and direction of the non-native palms’ effects on many biotic and 

abiotic variables varied among the four regions. Overall, the net ecological effect for two non-

native palm species in certain regions were likely more desirable, whilst for the other two 

species the net ecological effect was potentially negative. This indicates that the effects of 

non-native palms on biodiversity and ecosystem functioning are context dependent (i.e., 

dependent on the morphology of the palm species and on the invaded ecosystem/biome, but 

generalizations might be valid to a certain extent for similar ecosystems and palm species 

combinations) as are the further ecological implications. Following, landscape managers, 

conservationists and governmental authorities are always well-advised to carefully assess the 

ecological effects and implications of non-native species. This way, valuable resources for 

nature conservation would not be wasted in case the effects of the non-native species are 

negligible but also to not miss potential beneficial effects on biodiversity, ecosystem function 

and services and overall ecosystem resilience. 

Non-native palm-generated novel ecosystems are likely to increase in abundance in 

the future due to ongoing climate change and due to the lasting high popularity of palms in 

horticulture. Thus, we call for more studies on palm-generated novel ecosystems, namely on 

how non-native palms affect ecosystem processes such as litter decomposition and nutrient 

cycling and on the effects of non-native palms on the faunal composition of the invaded 

ecosystem. In general, we call for more objective and holistic studies on the ecological effects 

of non-native species, as the ‘origin’ of a species has proven to be an unsuitable indicator for 

the species’ ecological effects (Davis et al., 2011; Thomas, 2020). 
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Table S1. Sampling coverage of the four taxonomic groups for 

each study site. 

 
 

 

 

Table S2. Ontogenetic stages used to count palms. 

 
 

 

 

Table S3. Mean and standard deviation of OUT 

richness of different soil-inhabiting taxonomic groups 

across the four study regions (BAH = Bahia; SAP = 

São Paulo; BAJ = Baja California; SAL = Southern 

European Alps)

 
 

 

 

Fungi Bacteria Arthropods Earthworm

Bahia (BR) 0.657 0.433 0.071 0.278

Sao Paulo (BR) 0.750 0.494 0.519 0.433

Baja California (MX) 0.835 0.534 0.384 NA

Southern European Alps (CH & IT) 0.768 0.306 0.460 0.243

Seedling Infant Juvenile Immature Adult

1 – 3 eophylls More than 3 eophylls; 

diameter at the base < 5 

cm* resp. < 10 cm **

Stem diameter at base > 

5 cm* resp. > 10 cm**

Stem reached its final 

diameter; stem < 2 m

Stem height > 2 m

*Archontophoenix alexandrae  and Trachycarpus fortunei

**Elaeis guineensis  and Phoenix dactylifera

mean sd mean sd mean sd mean sd

Fungi (all guilds) 80.00 36.06 192.00 44.20 66.00 25.15 181.50 50.04

Fungi (saprotrophs) 66.85 31.17 157.10 35.48 60.25 23.06 154.95 45.52

Fungi (mycorrhiza) 3.95 2.97 11.75 5.01 2.50 2.19 27.60 15.01

Fungi (-sapro., -myco.) 13.35 6.00 34.90 9.86 5.75 3.04 26.55 6.67

Bacteria 190.20 47.88 247.85 64.04 226.25 72.97 250.25 80.63

Arthropods 1.50 1.08 5.10 2.85 1.60 1.43 6.55 3.51

Earthworm 2.90 2.24 2.10 2.17 0.00 0.00 2.60 2.25

SALBAH SAP BAJ
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Figure S1. Rarefaction curves of species richness, Shannon diversity and Simpson diversity 

for fungi, bacteria, arthropods and earthworms at the four study sites. Dashed lines represent 

extrapolated diversity, solid lines represent interpolated diversity.  
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Figure S2. Taxonomic composition of fungi (phylum level), bacteria (phylum level), 

arthropods (class level) and earthworms (family level). 
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Figure S3. Canopy cover and understory density in relation to the palm density index for all 

four study regions. Dots represent measured values for each subplot for the canopy cover and 

for each quadrant for the understory density. The colored lines represent the predictions of the 

GLMMs with a 95% confidence interval.  
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Figure S4. Comparison of canopy cover and understory density in invaded and control plots 

for the Southern European Alps (CH & IT) during winter, when most native woody species 

are deciduous. Blue boxes represent control plots (C) and yellow boxes represent invaded 

plots (I). P-values indicate if the contrasts of the estimated marginal means between invaded 

and control plots were significant. 
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Figure S5. Daily maximum and minimum temperature and daily temperature amplitude in 

invaded and control plots between May and September for all four study regions. Blue boxes 

represent control plots (C) and yellow boxes represent invaded plots (I). P-values indicate if 

the contrasts of the estimated marginal means between invaded and control plots were 

significant. 
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Figure S6. Daily maximum and minimum temperature and daily temperature amplitude in 

invaded and control plots between November and March for all four study regions. Blue 

boxes represent control plots (C) and yellow boxes represent invaded plots (I). P-values 

indicate if the contrasts of the estimated marginal means between invaded and control plots 

were significant. 
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Figure S7. Richness and abundance of recruiting woody species in relation to the palm 

density index for all four study regions. Dots represent measured values for each subplot. The 

colored lines represent the predictions of the GLMMs with a 95% confidence interval. 

  



81 

 

 

 
Figure S8: Tree abundance in invaded and control plots for all four study regions. Blue boxes 

represent control plots (C) and yellow boxes represent invaded plots (I).   
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Figure S9. (top) Litter depth in invaded and control plots for all four study regions. Blue 

boxes represent control plots (C) and yellow boxes represent invaded plots (I). P-values 

indicate if the contrasts of the estimated marginal means between invaded and control plots 

were significant. 

(bottom) Litter depth in relation to the palm density index for all four study regions. Dots 

represent measured values for each subplot. The colored lines represent the predictions of the 

GLMMs with a 95% confidence interval. 
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Figure S10. (top) Litter cover in invaded and control plots for all four study regions. Blue 

boxes represent control plots (C) and yellow boxes represent invaded plots (I). P-values 

indicate if the contrasts of the estimated marginal means between invaded and control plots 

were significant. 

(bottom) Litter cover in relation to the palm density index for all four study regions. Dots 

represent measured values for each subplot. The colored lines represent the predictions of the 

GLMMs with a 95% confidence interval. 
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Figure S11. Richness for fungi (all guilds), saprotrophic fungi, mycorrhizal fungi and all 

fungi (excluding saprotrophs and mycorrhiza) in relation to the palm density index for all four 

study regions. Dots represent measured values for each plot. The colored lines represent the 

predictions of the GLMMs with a 95% confidence interval. 
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Figure S12. (top) Bacteria richness in invaded and control plots for all four study regions. 

Blue boxes represent control plots (C) and yellow boxes represent invaded plots (I). P-values 

indicate if the contrasts of the estimated marginal means between invaded and control plots 

were significant. (bottom) Bacteria richness in relation to the palm density index for all four 

study regions. Dots represent measured values for each plot. The colored lines represent the 

predictions of the GLMMs with a 95% confidence interval. 
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Figure S13. Arthropod and earthworm richness in invaded and control plots between May 

and September for all four study regions. Blue boxes represent control plots (C) and yellow 

boxes represent invaded plots (I). 
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Abstract 
Novel ecosystems driven by non-native species are assembled at an accelerating rate. 

However, little is known about biodiversity and functioning of novel ecosystems. Here, we 

quantify abundance and richness of different arthropod feeding guilds and litter 

decomposition within a novel ecosystem in the Swiss and Italian Alps that emerged from the 

spread of non-native palms (Trachycarpus fortunei). We found that total arthropod abundance 

was higher in palm-invaded sites than in uninvaded sites, whilst arthropod richness was lower 

in palm-invaded sites. Whilst herbivore abundance and richness were substantially lower in 

palm-invaded sites, detritivores and carnivores were more abundant in palm-invaded sites 

than in control plots. Richness of detritivores and carnivores was not significantly affected by 

the non-native palms. Litter decomposition rate was slightly higher in palm-invaded sites, 

indicating a functioning litter decomposition process. We conclude that the non-native palms 

strongly altered the arthropod communities, likely affecting the trophic structure of the system 

and in turn potentially rewiring the food web. 
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Introduction  
Ecosystems with strongly altered species compositions and/or abiotic conditions are 

increasingly assembled in the Anthropocene (Hobbs et al., 2006; Morse et al., 2014). Such 

ecosystems have been labeled as novel ecosystems and are very often driven by the 

introduction of non-native species (Hobbs et al., 2009). However, ecosystems consisting of 

non-native species are often designated as degraded and certain non-native species indeed 

have caused strong ecological damage (Vilà et al., 2011). But evidence is growing that non-

native species can also contribute to biodiversity (Schlaepfer, 2018). Especially under rapid 

climatic change, ecosystems consisting of non-native species might be more resilient than 

ecosystems only having native species (Thomas, 2020). Despite the omnipresence of novel 

ecosystems generated by non-native plant species, still little is known about trophic structures 

and ecosystem processes of these novel ecosystems. Closing these knowledge gaps is key to 

retain resilient, biodiverse ecosystems (Hobbs et al., 2009). 

In this study, we quantify abundance and richness of different arthropod feeding guilds 

and litter decomposition of a novel ecosystem generated by the non-native Chinese windmill 

palm (Trachycarpus fortunei) in the Southern European Alps (Switzerland and Italy). T. 

fortunei escaped from cultivation as an ornamental species during the 20th century (Fehr & 

Burga, 2016). It is now widely naturalized close to urban areas at low altitudes and in some 

areas has built dense, monodominant stands in the forest understory (Fehr & Burga, 2016; 

Walther et al., 2007). Within the temperate deciduous forests of the Southern European Alps, 

the non-native palm constitutes a novel functional type (Fehr & Burga, 2016). The leaves of 

the non-native palms are bigger in size, evergreen and differ regarding their physical and 

chemical characteristics compared to the leaves of the native plant species (Kissling et al., 

2019; Tomlinson et al., 2011). Because of this, T. fortunei is transitioning temperate 

deciduous forests into evergreen forests, triggering a biome shift and is thus considered to 

have generated a novel ecosystem (Fehr et al., 2020; Fehr & Burga, 2016). Swiss national 

authorities for the environment list T. fortunei as an invasive species as the dense thickets of 

juvenile individuals are suspected to prevent the regeneration of native species by competing 

for space and light and thus pose a threat to biodiversity (Info Flora, 2014). However, no 

empirical evidence exists about the ecological consequences of this non-native palm within 

the study region.  

We used arthropods, classified into different feeding guilds, as an indicator group for 

biodiversity, as a large number of organisms of higher trophic levels depend on arthropods 

(e.g. as prey) and because arthropods play an important role for ecosystem functioning (Obrist 

& Duelli, 2010). Changes in plant species compositions are well-known to affect important 

determinants (e.g. leaf functional type, physical habitat structure, microclimatic conditions, 

light regime) for the distribution of certain arthropod groups (Litt et al., 2014), suggesting that 

the non-native palm has the potential to affect arthropod communities. We focused on the leaf 

litter decomposition process as a representative of a key ecosystem function. The main drivers 

of leaf litter decomposition are leaf litter traits, climate and decomposer communities 

(Cornwell et al., 2008). As the non-native palm has likely affected all these drivers, the 

decomposition process between the novel ecosystem and the historic ecosystem does likely 

differ.  

The objective of this study is to begin to understand the ecological consequences of 

the non-native palm, T. fortunei, in the Southern European Alps. For this, we assessed 

abundance and richness of different feeding guilds of arthropods and quantified litter 

decomposition in palm-invaded sites and sites uninvaded by palms. We then discuss the 
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underlying mechanisms and the ecological implications of the observed changes caused by 

the non-native palm.  

 

Material and Methods 
Study region and plot design 

The arthropod sampling and the litter decomposition experiment were conducted in the 

Southern European Alps in Southern Switzerland and Italy, encompassing the cities of 

Bellinzona, Locarno, Lugano, Varese and Verbania. A paired-plot design was applied, where 

each of the ten plot pairs consisted of one invaded plot (20 m x 20 m) with a high density of 

T. fortunei and a control plot (20 m x 20 m) where the non-native palm was absent. Paired 

plots were at least 50 m apart to minimize the effects of neighboring palms but always within 

3 km (usually less) to ensure ecological similarity.  

 

Arthropod sampling and identification 

In each plot, two window traps to capture flying arthropods and three pitfall traps to collect 

ground dwelling arthropods (each within 1 m distance to each other) were installed and filled 

with a mixture of water and 0.5% bactericide. The sampling took place during two periods of 

four weeks (May 24 - June 19, 2019, and July 24 - August 24, 2019). The traps were emptied 

every week and the arthropods were preserved in a solution of ethanol (70%). Of the total 

eight weeks of sampling, two samples from two weeks in August were discarded due to 

unfavorable weather conditions. For each plot, samples from all sampling periods were 

pooled together. All individuals were identified at the order level and morphospecies level 

(and where possible at family level) and assigned to a main feeding guild (detritivore, 

carnivore, herbivore, omnivore) (Obrist & Duelli, 2010). The morphospecies approach 

separates taxa by morphological differences that are obvious to the identifier and can be used 

as a substitute for species to estimate richness and composition (Beattle & Oliver, 1994).  

 

Litter decomposition experiment 

To examine how the presence of T. fortunei affects litter decomposition, we monitored the 

decomposition process in invaded and control plots by accounting for the weight loss of leaf-

litter material (Graça et al., 2005). Six different litterbag treatments were defined consisting of 

palm leaves and leaves of native tree species (Table 1). The leaves of the native tree species 

used in the litterbags reflected the five most frequent species across all 20 plots, and in each 

plot at least one of the five species was present. As decomposability between these five 

species differed, we grouped them into fast and slow decomposing species (Finerty et al., 

2016). The different treatments allowed us to test how leaves of the non-native palm T. 

fortunei (P and PP), fast decomposing native species (F) and slow decomposing native species 

(S) decompose in response to the presence of T. fortunei. The litterbag treatments containing a 

mixture of native decomposing leaves with palm leaves (FP and SP) allowed testing for 

additive effect of T. fortunei leaves on litter decomposition. Each litterbag consisted of 2 g of 

undamaged, senescent leaves, which were collected shortly after abscission and then dried for 

48 hours at 40°C. Litterbags consisted of an equal amount of leave mass from each species, 

with the exception for the treatment with slow decomposing leaves (S). These litterbags 

consisted of 2/3 of Castanea sativa leaves and of 1/3 of Quercus sp. leaves to reflect the 

frequency of these species in the plots. We used litterbags with a mesh size of 5 mm on the 

top to allow meso-fauna to access the leaf-litter in the bags, and with 1 mm mesh size on the 
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bottom to avoid loss of leaf fragments but to still ensure the access for decomposing 

microorganisms. 

On March 7, 2019, three repetitions of litterbags, each consisting of six litterbags of a 

different treatment, were randomly positioned in each of the 20 plots (= 360 litterbags in 

total). After 72 days of exposure, litterbags with treatment F, FP and P were collected, whilst 

litterbags with treatment S, SP and PP were collected after 254 days. We were able to 

recollect 349 litterbags of the 360 initially positioned litterbags. The remaining 11 litterbags 

were lost or destroyed. Approximately half of the weight of the litterbags was lost after the 

exposure times of 72 and 254 days. We roughly determined the right moment of collection by 

regularly collecting and weighing several litterbags, which were installed only for this 

purpose. After collection, the remaining leaf litter of the litterbags was cleaned from soil 

particles, dried for 48 hours at 70°C and weighed.  
 

Table 1. Litterbag treatments 
Treatment ID Treatment Exposure time Species composition Weight [g] 

F Fast decomposing 

leaves 

72 days Fraxinus excelsior 0.67 

Robinia pseudoacacia 0.67 

Tilia cordata 0.67 

FP Fast decomposing 

leaves + non-native 

palm leaves 

72 days Fraxinus excelsior 0.5 

Robinia pseudoacacia 0.5 

Tilia cordata 0.5 

Trachycarpus fortunei 0.5 

P Non-native palm 

leaves 

72 days Trachycarpus fortunei 2 

S Slow decomposing 

leaves  

254 days Castanea sativa 1.33 

Quercus sp. 0.67 

SP Slow decomposing 

leaves + non-native 

palm leaves 

254 days Castanea sativa 0.67 

Quercus sp. 0.67 

Trachycarpus fortunei 0.67 

PP Non-native palm 

leaves 

254 days Trachycarpus fortunei 2 

 

Data analysis 

All statistical analysis were performed in R (R Core Team, 2019). We fitted generalized linear 

mixed models (GLMM) using the “glmer” function from the lme4 package (Bates et al., 

2015) to test for differences in abundance and richness of different feeding guilds of 

arthropods in invaded and control plots. For the two response variables abundance and 

richness, a Poisson error structure was used. Plot type (invaded, control) and feeding guild 

(detritivore, carnivore, herbivore, omnivore) with interaction were used as fixed effects and 

plot pair as a random effect because invaded and control plots of the same plot pair could not 

be assumed independent. To calculate the contrasts of the estimated marginal means for 

abundance and richness of the different guilds between invaded and control plots, we used the 

“emmeans” function from the emmeans package (Lenth et al., 2018). 

To test potential additive effects of palm leaves on the leaf litter decomposition rate of 

native species, we compared the average measured mass loss of treatment FP and SP within 

each plot with the expected mass loss of the treatment FP and SP. The expected mass loss for 

the treatments FP and SP is equal to the sum of mass loss of the treatments F and P divided by 

2, and S and PP divided by 2, respectively, if we assume a homogenous decomposition rate 

for the treatments F, S, P and PP in each plot.   
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Results 
 

Arthropod composition 

In total, we captured 9143 arthropod individuals. The total abundance of arthropods was 

significantly higher (p < 0.001) in invaded plots (n = 4893) than in control plots (n = 4249) 

(Table 2 and 3). The opposite applied to the arthropod morphospecies richness, which was 

significantly lower (p = 0.011) in invaded plots (n = 670) than in control plots (n = 767). 

Focusing on the different feeding guilds, we found that detritivore abundance was 

significantly higher in invaded plots than in control plots (p < 0.001) (Figure 1). There was 

also a slight but insignificant trend of a higher detritivore richness in invaded plots (p = 

0.343). The reverse pattern was detected for herbivores, which were significantly more 

abundant in control plots (p < 0.001) and had a significantly higher species richness in control 

plots (p < 0.001). Carnivores showed a significantly higher abundance in invaded plots (p < 

0.001). 

 

 
Figure 1. Abundance and richness for all arthropods and for four feeding guilds. Blue boxes 

represent control plots and yellow boxes represent invaded plots. 
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Table 2. Coefficients of two generalized linear mixed models (GLMMs) with 

abundance as response variable. 
All arthropods* Estimate Std. Error z-value 

Intercept 4.42 0.10 44.52 

Invaded 0.12 0.02 5.52 
    

All arthropods per guild** Estimate Std. Error z-value 

Intercept 4.61 0.11 41.61 

Invaded 0.22 0.04 5.34 

Detritivores 0.52 0.04 13.29 

Herbivores -0.64 0.05 -12.30 

Omnivores -2.89 0.14 -20.36 

Unknown guild -0.28 0.05 -5.89 

Invaded x Detritivores 0.14 0.05 2.64 

Invaded x Herbivores -1.01 0.09 -11.66 

Invaded x Omnivores 0.15 0.18 0.82 

Invaded x Unknown guild -0.36 0.07 -5.47 

* Model formula: abundance ~ plot_type + (1 | plot_pair) 
** Model formula: abundance ~ plot_type * guild + (1 | plot_pair) 

 

 

Table 3. Coefficients of two generalized linear mixed models (GLMMs) with 

richness as response variable. 
All arthropods* Estimate Std, Error z-value 

Intercept 2,76 0,07 38,72 

Invaded -0,18 0,05 -3,44 
    

All arthropods per guild** Estimate Std, Error z-value 

Intercept 3,28 0,08 39,24 

Invaded -0,01 0,09 -0,09 

Detritivores -0,97 0,12 -8,35 

Herbivores -0,39 0,10 -4,08 

Omnivores -2,46 0,24 -10,12 

Unknown guild -0,32 0,09 -3,38 

Invaded x Detritivores 0,14 0,16 0,85 

Invaded x Herbivores -0,43 0,15 -2,91 

Invaded x Omnivores -0,29 0,35 -0,83 

Invaded x Unknown guild -0,25 0,14 -1,79 

* Model formula: richness ~ plot_type + (1 | plot_pair) 

** Model formula: richness ~ plot_type * guild + (1 | plot_pair) 
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Litter decomposition 

Average decomposition rate after 254 days of slow decomposing native litter, palm leaf litter 

and a mixture of native and palm litter was higher in invaded plots than in control plots 

(Figure 2B). No clear differences of decomposition rate between invaded and control plot 

were found for fast decomposing native litter, palm leaf litter and a mixture of native and 

palm litter after 72 days (Figure 2A). Additive effects of palm leaves were only observed in 

invaded plots for fast and slow decomposing leaves. Fast decomposing litter decomposed 

slower when mixed with palm leaves in invaded plots (Figure 2C). Adding palm leaves to 

slow decomposing native leaves accelerated decomposition rate in invaded plots. We found a 

strong positive relationship between detritivore abundance and decomposition rate for fast 

decomposing litter in control plots. We also observed a slight positive trend for detritivore 

abundance and decomposition rate for all the other litter treatments in control plots (Figure 

2D). In invaded plots no relationship between detritivore abundance and decomposition rate 

was found.  
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Figure 2. (A) Mean litter mass loss per day for litterbags consisting of fast decomposing 

native litter (F), a mixture of native litter and palm litter (FP) and for palm leaf litter (P) after 

72 days in invaded plots (I) and control plots (C). (B) Mean litter mass loss per day for 

litterbags consisting of slow decomposing native litter (S), a mixture of native litter and palm 

litter (SP) and palm leaf litter (PP) after 254 days in invaded plots (I) and control plots (C). 

(C) Difference between the expected mass loss of FP ((F+P)/2) and measured mass loss of FB 

and difference between the expected mass loss of SP ((S+PP)/2) and measured mass loss of 

SB for control and invaded plots. (D) Mass loss for all litterbag treatments in relation to 

detritivore abundance in control and invaded plots. 
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Discussion 
We quantified how abundance and richness of arthropods and litter decomposition differ 

between sites invaded by the non-native palm Trachycarpus fortunei and uninvaded sites in 

the Southern European Alps (Switzerland and Italy). Total arthropod abundance was higher in 

palm-invaded sites than in uninvaded sites, whilst total arthropod richness showed a decline in 

invaded sites. We found strong differences in abundance and richness of the different 

arthropod feeding guilds (herbivores, carnivores and detritivores) between the palm-invaded 

sites and the uninvaded sites. Litter decomposition rate was slightly increased in palm-

invaded sites in the long-term but seemed decoupled from detritivore abundance, whilst litter 

decomposition rate in the uninvaded sites was positively related to detritivore abundance. Our 

findings suggest that the non-native Chinese windmill palm is rewiring the food web with 

potential strong effects on ecosystem functioning. 

 

Abundance and richness of different arthropod guilds 

We found that arthropod composition was strongly affected by the presence of the non-native 

palm, T. fortunei. Total arthropod richness was lower in palm invaded sites than in uninvaded 

sites, whilst total arthropod abundance was higher in palm-invaded sites compared to the 

uninvaded sites. The decline in richness is likely associated to the reduced diversity and 

abundance of native plants on which many native herbivorous arthropods depend on 

(Schirmel et al., 2016). The increase of the total abundance in invaded sites can be accounted 

for by the increased abundance of detritivores and carnivores. Detritivore abundance was 

higher in invaded sites, likely because the big, evergreen palm leaves provided shady and 

humid conditions creating suitable (micro)habitats for isopods (Sfenthourakis & Hornung, 

2018). Increased litter accumulation due to the slow decomposing palm leaves could also 

have increased the amount of suitable habitats for detritivores (Talley et al., 2012). The high 

carnivore abundance in palm-invaded sites can be explained by the increased understory 

density which might facilitate carnivores to hunt their prey (Pearson, 2009). In contrast, 

herbivore richness and abundance were strongly reduced in invaded sites. The hard palm 

leaves are likely impalatable for most native herbivorous arthropods (Holmquist et al., 2011; 

Talley et al., 2012). The high number of carnivores in invaded sites might have also 

negatively affected herbivore richness and abundance, as herbivores might serve them as prey 

(Litt et al., 2014). These observed strong changes in abundance and species richness of 

different arthropod feeding guilds have the potential to strongly alter the structure of the local 

food web, with usually further implications on ecosystem processes and functioning (Bartley 

et al., 2019). 

 

Litter decomposition 

The process of leaf litter decomposition constitutes a key ecosystem function as it controls 

carbon and nutrient cycles (Handa et al., 2014). We found that average decomposition rate for 

both, slow decomposing leaves and palm leaves, was higher in the palm-invaded sites than in 

uninvaded sites after 254 days, but no difference of the decomposition rate between palm-

invaded sites and uninvaded sites was detected after 72 days. Increased humidity driven by 

the shadier conditions caused by the big, evergreen palm leaves could have accelerated the 

decomposition rate in invaded sites in the long-term, as with ongoing litter decay the relative 

importance of moisture to control decomposition is known to increase (García-Palacios et al., 

2016). The overall higher abundance and richness of detritivores in palm-invaded sites could 
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also have accelerated the litter decomposition rate, even though we found no clear positive 

correlation between the detritivore abundance and litter decomposition rate across the invaded 

sites.  

The direction of additive effects of palm leaves on the decomposition rate differed 

between fast and slow decomposing leaves and between palm-invaded and uninvaded sites: 

Adding palm leaves reduced decomposition rate for fast decomposing leaves after 72 days but 

slightly increased decomposition rate for slow decomposing leaves after 254 days. In 

uninvaded sites adding palm leaves did not influence decomposition rate of fast and slow 

decomposing leaves. We would have expected a reduction of the decomposition process for 

all treatments as the morphological and physiological (nutritional) traits of evergreen broad-

leaved vegetation are expected to reduce decomposition processes (Lavorel et al., 2002).  

We found a positive relationship between the abundance of detritivores and 

decomposition rate in uninvaded sites, whilst the decomposition rate in invaded sites seemed 

decoupled from detritivore abundance. As the decomposition rates are either equal or higher 

in invaded sites than in uninvaded sites, there must be further mechanisms in invaded sites 

compensating the missing effects on the decomposition rate by detritivores. Potential 

compensating mechanisms might include an increased microbial decomposition due to more 

favorable microclimate in invaded sites (García-Palacios et al., 2016).  

The observed litter decomposition results might be affected by limitations underlying 

the experimental setting. Due to the low amount of leaf litter per litterbag (2 g), impurities 

from soil and external litter, which can pass through the 4 mm mesh size of the litterbags, 

could have influenced the measured leaf litter weight. However, as we found relatively clear 

differences of the decomposition rate between the six different treatments in the expected 

directions and in accordance with literature (Cornwell et al., 2008; Lavorel et al., 2002), the 

measured mass losses might sufficiently represent the actual decomposition rate.  

 

Ecosystem-level implications 

The observed strong shifts on the relative abundance and richness of the different feeding 

guilds of arthropods do suggest rewiring of the food web of the novel ecosystem and have the 

potential of triggering a trophic cascade. By including additional explanatory variables (e.g., 

soil fungal composition, recruiting woody species composition, physical vegetation structure, 

microclimatic variables) and by performing additional analysis a more profound interpretation 

of the underlying mechanisms of the observed changes and their ecological implications will 

be possible.  

The broader ecological consequences caused by the non-native palm T. fortunei will 

depend on the future extent of the dense palm populations. If the dense non-native palm 

populations will remain restricted to limited areas as is currently the case, they might generate 

heterogeneity at the landscape level. Landscape heterogeneity is an important determinant of 

biodiversity and heterogenous landscaped are generally associated with higher species 

richness (Katayama et al., 2014). Thus, the non-native palm could cause an increase of the 

regional beta-diversity whilst at the same time causing a decline in species richness at the 

local level. On the contrary, if habitats colonized by the non-native palm become strongly 

dominant at the landscape level, heterogeneity might decline resulting in a decline in regional 

beta-diversity. 
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Conclusion 
We showed that the non-native palm species Trachycarpus fortunei had strongly altered 

abundance and species richness of different arthropod feeding guilds in the Southern 

European Alps: We found massive declines in herbivore richness and abundance but increases 

in carnivore and detritivore abundances. We also found that palm-invaded sites maintain a 

functional leaf litter decomposition process, but primary decomposition drivers might differ 

between palm-invaded sites and non-invaded sites. We suggest that the observed changes in 

the palm-invaded sites have resulted in strong alterations of the trophic structure, which in 

turn will affect essential ecosystem processes and functions such as carbon sequestration and 

nutrient cycling.  

For palm-generated novel ecosystems in general, we expect similar ecological effects, 

especially in regions without (or few) native palm species, in which the large, usually hard 

and evergreen palm leaves would represent a novel trait within the system. As palm-generated 

novel ecosystems will likely increase in abundance in the future due to ongoing globalization 

and global warming, we call for more studies investigating the functioning of palm-generated 

novel ecosystems. 
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Abstract 
Novel ecosystems, that are ecosystems with a strongly altered species composition and abiotic 

conditions compared to a historical precedent, are on the rise in the Anthropocene. Projecting 

the future potential occurrence of novel ecosystems is crucial for biodiversity conservation 

and for maintaining ecosystem services. Non-native palms have been shown to be strong 

drivers of novel ecosystems. In this study, we aim to project the potential occurrence of palm-

generated novel ecosystems under future climate change scenarios. For this, we projected the 

potential distribution of 52 naturalizing palm species under current climatic conditions and 

four future climate scenarios (2050 RCP 2.6, 2050 RCP 8.5, 2070 RCP 2.6 and 2070 RCP 

8.5). We found that under future climate change scenarios palm-generated novel ecosystems 

are likely to increase in temperate regions. In tropical and subtropical regions, the potential 

for palms as generators of novel ecosystems will likely remain high, also under future climate 

change.  
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Introduction 

Novel ecosystems, that is ecosystems consisting of species combinations that have not 

occurred in the past, are increasingly assembled in the Anthropocene (Hobbs et al., 2006). 

Main drivers of novel ecosystems are the globalization of biota and rapid environmental 

changes (e.g., land-use and climate change) (Hobbs et al., 2009; Perring & Ellis, 2013; 

Thomas, 2020). Novel ecosystems usually differ regarding ecosystem functioning and thus 

can affect species interactions and ecosystem services (Evers et al., 2018). To maintain 

ecosystem services and to successfully conserve biodiversity it is important to project the 

potential future distribution of novel ecosystems. 

Here, we project the future distribution of frequently naturalizing palm species to 

predict the potential distribution for palm-generated novel ecosystems. Non-native palms 

were shown to have the potential to generate novel ecosystems (Fehr et al., 2020). Due to 

their huge, evergreen leaves and their ability to form monodominant stands, palms were 

reported to alter the vegetation structure, to affect native plant and arthropod communities and 

to trigger large scale events such as wildfires and biome shifts (Fehr et al., 2020; Holmquist et 

al., 2011; Mengardo et al., 2012; Talley et al., 2012; Young et al., 2017). Non-native palms 

were also reported to provide food and habitats to native animals (Canale et al., 2013; De 

Grenade, 2013; Udoidiong & Ekwu, 2011).  

We expect that non-native palms will expand their ranges to higher latitudes, as palms 

are thermophilic (Reichgelt et al., 2018): Only a few palm families contain species that thrive 

under warm temperate climate, the majority of palms originate from tropical and subtropical 

regions (Dransfield & Uhl, 2008; Reichgelt et al., 2018). Native palms were reported to 

expand their range to higher latitudes (Butler et al., 2011; Butler & Tran, 2017; Tripp & 

Dexter, 2006), but also non-native palms are spreading within temperate regions: The Chinese 

windmill palm (Trachycarpus fortunei) has successfully naturalized in the Southern European 

Alps, transforming temperate, deciduous forests into evergreen (laurophyllous) forests, driven 

by global warming, land-use change and increased propagule pressure (Fehr & Burga, 2016; 

Walther et al., 2007). A study that projected the distribution of five palm species from 

subtropical and warm-temperate regions under future climate scenarios supports our 

expectation of an expansion of the palms’ distribution ranges to higher latitudes but also 

showed that increasingly drier conditions might limit future range sizes of palms (Butler & 

Larson, 2020). 

The aim of this study is to project the potential occurrence of palm-generated novel 

ecosystems under different scenarios of future climate change. For this, we investigate the 

potential distribution of 52 palm species that have been reported to frequently naturalize 

outside their native range by running correlative species distribution models (SDMs) under 

current climatic conditions and under four future scenarios (2050 RCP 2.6, 2050 RCP 8.5, 

2070 RCP 2.6 and 2070 RCP 8.5).  
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Methods 
We selected 64 palm species that were reported by Fehr et al. (2020) to naturalize outside 

their native realm (see Brummitt [2001] for the extent of the realms [= botanical continents, 

TDWG level-1]). Species that were naturalized only within their native continents were 

excluded because they are unlikely to be widely cultivated outside their native continent in the 

future. Thus, they will insignificantly contribute to the generation of novel ecosystems at a 

global scale. 

For all 64 palm species we compiled a dataset of occurrences from GBIF (Global 

Biodiversity Information Facility). To remove possible erroneous coordinates, we cleaned the 

occurrence records before use and removed records: prior to 1950, not georeferenced, with 

coordinate uncertainty greater than 10 km, with invalid coordinates, with equal latitude and 

longitude, sea coordinates, from fossil sources, and occurrences within 10 km from country 

capitals and 1 km from country and province centroids, within 100 m from GBIF headquarters 

and ~10,000 biodiversity institutions worldwide (Zizka et al., 2019). We only included 

occurrence records within native and introduced botanical regions (TDWL level-2) as 

identified by Fehr et al. (2020) and Govaerts et al. (2015). To reduce spatial autocorrelation 

due to sampling bias, occurrences closer to each other than 20 km were removed (Aiello-

Lammens et al., 2015). Species with a final number of occurrences lower than 10 were 

excluded, leaving 52 species for analyses. The median of occurrence points per species in the 

final dataset was 68 (mean 620, range 12-6,052) (Supplementary Figure S1).  

As environmental predictors for the SDMs, we selected climatic predictors from the 

Worldclim database v 1.0 (Hijmans et al., 2005) at 2.5 arc-min resolution (~ 4.5 km at the 

equator) and reprojected using bilinear interpolation to 5 km2 resolution with a Behrmann 

equal-area projection. We selected four climate variables that capture extreme conditions and, 

thus, likely represent factors limiting distributions of palm species: maximum temperature of 

the warmest month (Bio 5), minimum temperature of coldest month (Bio 6), precipitation of 

the wettest quarter (Bio 16), and aridity index (Ar). For the two future scenarios 2050 

(average 2041–2060) and 2070 (average for 2061–2080), we used the same climatic variables 

projected into the future via five GCMs (cc, he, ip, mr, no) for two representative 

concentration pathways (RCPs): RCP2.6 (decline to zero of radiative forcing by 2080 with 

emissions having peaked early in the century – about 2020 – then rapidly declining) and 

RCP8.5 (business as usual). These GCMs cover a range of CMIP5 model performances and 

reflect predictions that range from pessimistic to optimistic (IPCC 2013). To minimize 

potential issues with multi-collinearity, we ensured that the variance inflation factor (VIF) 

among climatic variables was below 4; VIF values for Bio 5 = 3.46, for Bio 6 = 3.42, for Bio 

16 = 1.99, and for Ar = 2.06.  

To model the distribution of the palm species, we used an ensemble approach, which 

gives more robust projection over single-model forecasts (Araújo & New, 2007). In our 

ensemble approach, we combined the climatic suitability output from five algorithms (GLM, 

GAM, BRT, RF, Maxent) weighted by their predictive ability, computed as the true skill 

statistic (TSS), which is an overall measure of model performance. We chose these five 

algorithms as they are usually associated with high predictive performance (Elith et al., 2006). 

To assess model performance for each algorithm, we used a 5-fold cross-validation approach 

and computed TSS and the area under the receiver operating characteristic curve (AUC). 
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SDMs had in general high values of both AUC and TSS, showing high predictive 

performance (Supplementary Figure S2 and Table S1). Moreover, low levels of both ORMin 

(mean = median = SE = 0.01) and OR10 (mean = median = SE = 0.02) indicate SDMs were 

not overfit. Default parameters were used for the five algorithms, except disabling hinge and 

threshold features for Maxent, which are known to produce overfit response curves (Merow et 

al., 2014). The continuous ensemble predictions were converted to binary maps using the 

threshold value that maximized the sum of sensitivity and specificity (MSS), which 

outperforms other threshold metrics for presence-only data (Liu et al., 2013). 

All data wrangling and analyses were performed in R v.3.6.2, using packages ‘sdm’ 

(Naimi & Araújo, 2016), ‘spThin’ (Aiello-Lammens et al., 2015), and ‘CoordinateCleaner’ 

(Zizka et al., 2019). The aridity index was calculated based on the ‘envirem’ package (Title & 

Bemmels, 2018). All spatial analyses were conducted using the Molleweide spherical equal-

area projection (+proj=moll +lon_0=0 +x_0=0 +y_0=0 +a=6371000 +b=6371000 

+units=m +no_defs). 

To investigate how suitable areas for palm-generated novel ecosystems differ between 

biomes, we calculated the potential suitable area (number of cells) for each species per biome. 

The biome classification was based on the ecoregions from Olson et al. (2001). For each 

species we also divided the projected areas into the following classes of relative nativeness: 

▪ non-native: A species was considered non-native when it occurred outside the native 

realm. 

▪ neonative: A species was considered neonative, when it occurred inside the native 

realm but outside the TDWG-3 level (botanical country level), where it is native. 

▪ native: A species was considered native within a TDWG-3 level country when 

classified as such by Govaerts et al. (2015). 
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Results 
We projected the potential distribution of 52 naturalizing palm species under current climatic 

conditions and for four future scenarios (2050 RCP 2.6, 2050 RCP 8.5, 2070 RCP 2.6 and 

2070 RCP 8.5). The projections were based on native and non-native occurrence records. As 

environmental predictors we used maximum temperature of the warmest month, minimum 

temperature of the coldest month, precipitation of the wettest quarter, and the aridity index. 

The overall high AUC and TSS values indicate a high predictive performance of the SDMs 

(Supplementary Figure S2 and Table S1). 

We found that under current climatic conditions the moist equatorial regions had the 

highest potential richness of naturalizing palm species (Figure 1). Drier tropical regions and 

moist subtropical regions also showed a relatively high potential richness, whilst regions with 

a Mediterranean climate had a lower number of potential naturalizing palm species. Regions 

with a temperate climate or a desert climate were only suitable for very few naturalizing palm 

species.  

 

 

 

Figure 1. Global potential species richness based on 52 naturalizing palm species under 

current climatic conditions.  
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Under future climatic conditions the potential richness of naturalizing palm species was 

projected to increase in many equatorial regions, e.g., the Amazon basin, equatorial Africa, 

India and Southeast Asia as well as in Western Europe, China, South Eastern Australia and 

New Zealand (Figure 2). In Central America, large parts of South America and Southern 

Africa, the European Mediterranean region, and Western and central parts of Australia, our 

projections showed that the potential naturalizing palm richness will decline under future 

climate scenarios. The broad patterns and directions of the differences of the potential 

richness of naturalizing palm species between the future scenarios and current conditions are 

similar for all scenarios but are strongest for the RCP 8.5 scenario in 2070 and weakest for the 

RCP 2.6 scenario in 2050.  

 

 

 
Figure 2. Differences of the potential species richness of 52 naturalizing palm species 

between the current climatic conditions (Figure 1) and future climate scenarios (2050 RCP 

2.6, 2050 RCP 8.5, 2070 RCP 2.6 and 2070 RCP 8.5; Figure S3). 

 

 

In tropical regions the overall suitable non-native area for naturalizing palms will decrease 

slightly for RCP 2.6 in 2050 and 2070 and more strongly for RCP 8.5 in 2050 and 2070 

compared to potential suitable area under the current climatic conditions. These differences 

are especially strong for tropical and subtropical moist broadleaf forest (Figure 3).  
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Figure 3. Suitable area (number of cells) of 52 naturalizing palm species within their native, 

neonative and non-native range under current climatic conditions and future climate scenarios 

(2050 RCP 2.6, 2050 RCP 8.5, 2070 RCP 2.6 and 2070 RCP 8.5) in four tropical and 

subtropical biomes. 

 

 

In the temperate broadleaf and mixed forest biome, the overall suitable non-native area for 

naturalizing palms will increase slightly for RCP 2.6 in 2050 and 2070 and will increase more 

strongly for RCP 8.5 in 2050 and 2070 compared to the suitable area under current climatic 

conditions (Figure 4). The opposite trend can be observed for the temperate grassland, 

savanna and shrubland biome. The suitable non-native area for naturalizing palms in montane 

grass- and shrublands were projected to slightly increase under both RCP 8.5 scenarios but 

not under the RCP 2.6 scenarios. An increase of the suitable non-native area for naturalizing 

palms was also projected for the boreal forest biome (Figure S4). No clear trend for the future 

development of suitable non-native area could be detected for the desert and xeric shrubland 

biome and the Mediterranean forest, woodland and scrub biome.  
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Figure 4. Potential suitable area (number of cells) of 52 naturalizing palm species within their 

native, neonative and non-native range under current climatic conditions and future climate 

scenarios (2050 RCP 2.6, 2050 RCP 8.5, 2070 RCP 2.6 and 2070 RCP 8.5) in six extra-

tropical biomes. 
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Discussion 
We projected the potential distribution of 52 naturalizing palm species under current climatic 

conditions and under four future climate scenarios (2050 RCP 2.6, 2050 RCP 8.5, 2070 RCP 

2.6 and 2070 RCP 8.5). Our results demonstrate that the potential richness of naturalizing 

palms and the suitable non-native areas for naturalizing palms will be sensitive to future 

climate change. The potential richness was projected to increase in equatorial regions, India, 

Southeast Asia and Western Europe and to decrease in Central America, large parts of 

Southern America and Southern Africa, the Mediterranean and in drier parts of Australia 

under all future scenarios. The suitable non-native areas for naturalizing palms were projected 

to expand in temperate broadleaf forests and to decrease in tropical and subtropical biomes 

and temperate grasslands, savannas and shrublands.  

 

Potential naturalizing palm richness under future climate scenarios 

The projected distribution of the 52 naturalizing palm species under current climatic condition 

(Figure 1) does very well reflect the native global distribution of the palm family (Dransfield 

& Uhl, 2008): Moist tropical regions were projected to have the highest potential richness of 

naturalizing palms under current climatic conditions, followed by the drier tropical regions 

and moist subtropical regions. Deserts, semiarid subtropical regions, and temperate regions 

were projected to have a low potential richness of naturalizing palms. This indicates that the 

subset of the 52 naturalizing palm species, is representative for the palm family in terms of 

their climatic requirements.  

For all future climate change scenarios, the potential naturalizing palm richness was 

higher in moist equatorial regions and moist temperate regions and lower in the drier regions 

of the tropics and subtropics compared to the potential richness of the current conditions 

(Figure 2). Palms are generally not well adapted to very dry conditions (Dransfield & Uhl, 

2008; Henderson, 2002; Tomlinson et al., 2011) and dry areas are overall expected to become 

drier under future climate change (Huang et al., 2016), what could explain the projected low 

potential richness of naturalizing palms in drier regions of the subtropics and tropics in the 

future. However, the reason for the projected high increase of the potential naturalizing palm 

richness in many tropical regions is more challenging to interpret. One explanation could be 

that these moist tropical areas are also becoming drier, allowing palm species to find a 

suitable habitat for which the regions were too moist under current climate conditions.  

 

Projected future area size for naturalizing palms in different biomes 

The potential suitable non-native area for naturalizing palms was projected to decrease in all 

tropical and subtropical biomes under future scenarios whilst the potential suitable native area 

remained stable or increased slightly. We speculate that increasing temperatures in tropical 

regions under future scenarios do not allow palm species with extratropical origins to 

naturalize. No clear trend was detected for the future suitable non-native areas in the desert 

and Mediterranean biome. We speculate that in both these biomes, temperatures will increase 

in the future, allowing more palms to find suitable conditions, but at the same time these 

regions become drier, what in turn might reduce the climatic suitability for many palm 

species. In the broadleaf and mixed forest biome the potential suitable non-native areas will 

increase under all future scenarios, what can likely be attributed to increasing temperatures. 
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On the contrary, the increasingly drier conditions in the future in the temperate grassland, 

savanna and shrubland biome are likely the reason for the strong decline of suitable non-

native areas for naturalizing palms in these biomes.  

 

Where do we expect palm-generated novel ecosystems in the future? 

Generally, we expect non-native palms to generate novel ecosystems in places where they 

constitute a novelty within the ecosystem, e.g., because they introduce a new trait into the 

ecosystem or/and because they appear in high abundance. Our projections of the potential 

future non-native palm richness demonstrated that temperate regions, which were climatically 

unsuitable for palms in the past, will become suitable for some non-native palm species. 

Figure 5 illustrates the increasing potential richness of naturalizing palms and the growing 

suitable area for naturalizing palms in Europe under two future scenarios (2070 RCP 2.6 and 

2070 RCP 8.5). Non-native palms would likely add novel traits to the system and potentially 

generate a novel ecosystem in these regions as many regions were unsuitable for palms under 

current climatic conditions. The Chinese windmill palm (Trachycarpus fortunei) spreading in 

the Southern European Alps serves as a textbook example for how a non-native palm 

triggered a biome shift from deciduous forest to evergreen forests and eventually generated a 

novel ecosystem (Berger & Walther, 2006; Fehr & Burga, 2016).   

 

Current 2070, RCP 2.6 2070, RCP 8.5 

 

Species richness 

 

Figure 5. Potential species richness of 52 naturalizing palm species under current climatic 

conditions and for two future scenarios (2070 RCP 2.6 and 2070 RCP 8.5) for Central and 

Southern Europe. 

 

Even tough we found that the average suitable non-native area across all naturalizing palm 

species in many tropical and subtropical regions will decrease with ongoing climate change, 

the potential for non-native palm-generated novel ecosystems will still be relatively high in 

most of these regions. This is because most of these regions will still be suitable for a certain 

number of naturalizing palm species. Thus, we do only expect a slight decrease of the 

probability of the potential emergence of palm-generated novel ecosystems.  
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Potential limitations and the way forward 

A recent study concluded that the aridity index, which we used for our projections, generally 

over-estimates aridity and thus erroneously projects the expansion of drylands under future 

climatic change scenarios (Berg & McColl, 2021). If this is true, it would mean that our future 

projections were to conservative in regions where aridity is the limiting factor for palm 

naturalizations (e.g., likely the case in many tropical and subtropical biomes as well as 

temperate grassland biome) and thus potential naturalizing palm richness and suitable area are 

likely underestimated in these biomes.  

A factor that could potentially limit the expansion of naturalizing palms at higher 

latitudes are rarely but regularly recurring deep absolute minimum temperatures. Palms are 

unable to enter physiological dormancy (Reichgelt et al., 2018) and most species will suffer 

damage or die after exposure to deep freezes. Our projection accounted only partly for the 

potential occurrence of deep absolute minimum temperatures by including minimum 

temperature of coldest month as an environmental predictor variable of the SDMs. However, 

we expect that minimum temperature of the coldest month is only suitable as a proxy for the 

absolute minimum temperature in certain environments. Thus, the projected future areas for 

naturalizing palms at higher latitudes could be too optimistic.  

Palms are usually transported to regions outside their native range by direct human 

agency and following most naturalized palms occur in proximity to urban areas (Fehr et al., 

2020). Thus, we suggest including socio economic variables, in combination with 

environmental predictor variables, to improve the prediction of non-native palm generated 

novel ecosystems.  

Overall, ongoing climate change is promoting the expansion of naturalizing palms into 

higher latitudes and altitudes, but the potential naturalizing richness will remain low in these 

regions compared to tropical and subtropical regions. Most temperate regions do not have any 

native palm species and were unsuitable for palms to naturalize in the past. We expect a 

considerable increase of naturalizing palms as generators of novel ecosystems in these regions 

because palms constitute a novelty within these systems. In tropical and subtropical regions, 

the potential for palms as generators of novel ecosystems might not be strongly affected by 

future climate change as for most regions the climatic suitability will allow a relatively large 

number of palms to naturalize.  
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Supplementary Material 
 

 

Table S1. Average evaluation statistics for the five SDM algorithms across the 52 modelled 

species. Numbers between parentheses are standard errors. 

Model AUC TSS 

BRT 0.92 (0.04) 0.82 (0.07) 

GLM 0.93 (0.04) 0.84 (0.09) 

GAM 0.95 (0.04) 0.87 (0.07) 

Maxent 0.96 (0.03) 0.89 (0.06) 

RF 0.96 (0.03) 0.89 (0.06) 

 

 

 

 

 

 

 
Figure S1. Number of cleaned occurrence records for the 52 palm species under analysis.  
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Figure S2. Predictive performance of the five SDM algorithms. 

 

 

Figure S3. Global potential species richness of 52 naturalizing palm species under current 

climatic conditions and for four future scenarios (2050 RCP 2.6, 2050 RCP 8.5, 2070 RCP 2.6 

and 2070 RCP 8.5). 
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Figure S4. Potential suitable area (number of cells) of 52 naturalized palm species within 

their native, neonative and non-native range under current climatic conditions and future 

climate scenarios (2050 RCP 2.6, 2050 RCP 8.5, 2070 RCP 2.6 and 2070 RCP 8.5) in six 

biomes. 

 

 

 

                  

                     

                    
                      

        

                                                    

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

 
 
 
 
 
  
 
  
 
 
   

       

            

            

            

            




