A Comparative Literature Review of the Ecological and
Socioeconomic Factors Influencing the Establishment and
Invasion of Rhododendron ponticum in Ireland and Hydrocotyle
ranunculoides in the Netherlands

Bachelor’s Thesis Earth and Environment
University College Utrecht
Aine Coakley (#6496725)

Supervisor:
Dr. Kees Klein Goldewijk

Date:
09/08/2025

Word count:
7590

<y

A% Universiteit
E

N Utrecht



Summary 4
Introduction 5
Research gap and research question 6
The IMPOrtance Of INVASIVE SPECICS. .....uciiuiieriiieitiieriieeeieeereeeteeereeeteeeteeestreessseessseesssaessseessesessesesesenses 7
Literature Review 8
INVASIVE PIOCESS. ..ottt sttt ettt s h e e a et et e b e et et et e bt e st et e sbeebe et etesbeebeeneens 8
Driving factors fOr INVASIONS........ccvircvireieiieiiesteetesteseeseestestaesssesseeseeessaesssesssesssesseessassssesseesseesseesseenns 8
INVASIVE POTENTIAL ...cuuiiiiiiii ettt sttt st st e st e bt e naeas 9
BiI0l0O@ICAL fACLOTS. ....eeeietietieet ettt ettt ettt et et et ettt e et e st e et e enteeaee 10
LOCAtION TACTOTS. .. .viiiiiiiiiieciee ettt ettt e et e et e et e e et e eebeeebseesabeesaseesaseesaseesaseeenseeenseeas 10
Introduction and event related fACtOTS.........ceeviirierierieietee e 11
Analytical Invasion FrameWOTKS.........cccccviiriieriiiiiiciieiccie ettt svesebesaeseveseaessnessnesanens 12

L N S TSR 13
Ireland: Invasion of Rhododendron ponticum..............cccecuieiiieiiieiieiieieeie ettt 14
Introduction and SPread...........cecieriirieiieieeee ettt st n b eeees 14
Ecological and Economic IMPACt...........ceecuiriirieiieiieiieniesieseesieesteesteeseesseesseessaesseesseesseessessseens 15

The Netherlands: Invasion of Hydrocotyle ranunculoides............ccoecverviiienienienieniesieseeseesieeeeenenn 15
Introduction and SPread..........c.ceccuieecieieiieiiie e eeeeree et sreesve e teesree s beessbeeessaesssaeessaeessseensseanns 16
Ecological and Economic IMPaCt...........cceeiiiiiriiiiiiieeieciieei ettt ettt 17
Methods 17
RESEATCH DIESIZN....ceuviiiiiiiieiieiieieee ettt ettt et e st e st e st e steestaesseesstesseessaessaesseessaessaesseenseesseensennes 17
Framework APPIICAtION. ... .ccviicviiiicieeie ettt st e st et e aesteesteeste e teebeesseesaeseesseesseesseesseesseessennns 18
Data COlIECTION. ...ttt ettt ettt et ettt et e et e sab e eabesaeesatesatesbeesbeesbeenbeanbean 18
COMPATALIVE ANALYSIS . eueeieeeitieitieeieet ettt et et et et et e te e bt e bt et e eabeeneeeateeateeateenteeneesntesaeesntesneesaeenseas 19
Results 19
Case Study: Rhododendron pOntiCUMIL...........cccueriiiierieniesieieeeeseese e et ebeesaeesbeesbeesseensessseesseans 19
Introduction and event related fACtOTS. ... ..eeieriiiieieieee e 19
Biological and ecological fACtOrS.........iiiiiiiiiiiiieciie et n 20
LOCAtION TACTOTS. ... viiieiiieiiiecieeeiee ettt ettt et e et e et e e e beeeateeesbeeebae e aseessseessseessseessseeensesenseean 21
Ecological and €CONOMIC IMPACES........cccuierueeriieiieieeiieeieeteeteeteetesresaessesseesseessaesseesseesseesseesseens 22
Lessons and reCOMMENAAtIONS. ......cc.eeuertirtirieieitieteeterte sttt sttt e et sttt eseesbeese et eneeseeeneeneenees 24

Case Study: Hydrocotyle ranunculoides...........ccveruieriieriienieinieeie et eieere e ere e sresivesineseaeseneseneseneseeas 24
Introduction and event related fACtOrS.......ccouiiiiiiiiiiiieeeee e 25
Biological and ecological faCtOrS........ccuiiiiriiiieiiece ettt 26
LOCALION FACTOTS. ...ttt ettt sttt e bbbt ettt e b et e e e s e ebeeatenees 27
Ecological and €CONOMIC IMPACES.........ccvierreerrieerierieieereeteereasessesresssesssesssessssssaesseesssesssessaesseens 28
Lessons and reCOMMENAAtIONS. .......ccuieruiiriierienieniieeeeet ettt ettt ettt saae s 30
COMPATALIVE ANALYSIS...eeiiuiiiiiiiiiieiie et eeiee et et e et e eteeeteeestaeestse e sbeessseessseessseesssaeasseasssessssesesseenssens 30
DS CUSSION. cccuveiiieissnnricssssanrecsssnsecsssssnsessssssssesssssssssssssssssssssssssessssssssssssssssssssssssssssssssssssssssassssssssssess 32

Comparative INVasion DYNAMICS. ......ccuerierierierieriieiteieeie ettt ettt eeeetesteetesstesatesaeesaeesseesseesseesseas 32



ECOIOZICAL IMPACES.....vieviiiieiieiieie et ete et e et e eteseteeeresebestbestaestaesssesssesssesssesssasssesssesssesssesseesensseesseessens 33
Human Management and RESPONSE.........c.eeeuiiiiiiiiiiieiieeieeeie et et eieeeteeesteeeeveeseveessseessseessseesnveeas 34
Economic Impact and Projected CoOStS........couiriiiieriiiiieeesie ettt ettt ettt ettt 34
Hydrocotyle ranunculoides in the Netherlands............cccoocevienienienienieeceeeeeeeee e 34
Rhododendron ponticum in Ireland and Great Britain...........ccccveevieciieciieiieeieecieereeieeie e 35
StrateZIC COMPATISONS. ...veeuvieriereereeteereesseeseeseesseasessseassesssesssesssesssesssesssesssessessssesssesssessssssesssenns 36
IINTEATIONIS .ottt ettt ettt ettt et e bt e bt et et ea bt e st e e bt ea bt eabeeateemeeeabesabeemteemteeaeesatesabeeatesaeesaeen 36
Implications for Predictive Modelling and Future Invasions............ccccceeveeviieieeiieenienieeie e 37
Conclusion 37

BiblIOGIrapRiy...cceeicnciinisiiniseiissnicssnncssnicsssnecssssssssssesssssssssssssssssossssssssssssssssssssssssssssssssssosssssossnssss 39



Summary

Biological invasions represent a growing threat to global biodiversity, ecosystem
functioning, and socio-economic stability. Despite extensive research on invasive species,
comparative studies that analyse how ecological and socio-economic factors interact across
contexts remain scarce. This thesis investigates how combinations of biological traits, habitat
characteristics, and human-mediated introduction pathways influence the establishment and
spread of invasive plant species. Using the Macroecological Framework for Invasive Aliens
(MAFIA) established by Pysek et al. (2020), I conduct a comparative literature review of two
invasive plant species: Rhododendron ponticum in Ireland and Hydrocotyle ranunculoides in the
Netherlands.

The central research question behind this analysis is: How can insights from historical
plant invasions in Europe inform more accurate prediction and management of future invasions?
To answer this, I examine the role of species traits, local environmental conditions, propagule
pressure, residence time, and socio-economic drivers in shaping invasion outcomes.

The analysis demonstrates that while both species share biological and ecological
characteristics typically associated with invasion success, such as rapid growth, high
reproductive capacity, and tolerance of disturbance, context determines the magnitude and nature
of their impacts. Rhododendron ponticum thrives in Ireland’s acidic woodlands and established
itself through centuries of intentional planting and weak early regulation (Dehnen-Schmutz et al.,
2006). Its spread has resulted in significant biodiversity loss and long-term management costs,
exceeding €1.5 million annually in Ireland alone (Dehnen-Schmutz et al., 2003). Hydrocotyle
ranunculoides colonised Dutch waterways via the ornamental plant trade and has become a

major economic burden due to its interference with water infrastructure and increased flood risk



(Baas & Duistermaat, 1998). Dutch control costs are projected to surpass €10 million by 2035 if
spread continues unchecked (Diagne et al., 2020).

These findings demonstrate that invasion success cannot be reliably predicted through
species traits alone. Effective management must incorporate context-dependent factors such as
habitat vulnerability, socio-economic behaviours, and policy enforcement. Historical invasion
data, when analysed through structured frameworks like MAFIA, can significantly improve
future invasion risk assessments. The thesis concludes that effective prevention and management
of invasive species require early detection systems, regulation of introduction pathways,
ecological restoration of vulnerable habitats, and strengthened cross-border collaborations across

Europe.

Introduction

The steep rise in global trade, travel, and human-mediated landscape alteration in recent
decades has led to a corresponding increase in the introduction of non-native species into new
environments (Seebens et al., 2020). While many of these introductions remain ecologically
benign, with little effect on the health of their new ecosystems, some species establish
self-sustaining populations and spread aggressively, often at the expense of native biodiversity.
These are classified as invasive species. Invasive species can disrupt native ecosystems, alter
species composition, and reduce ecosystem services (Kumschick et al, 2015). Consequently, they
are now recognised as one of the leading drivers of global biodiversity loss (Blackburn et al.,
2019; Bellard et al., 2016). In addition to ecological damage, invasive species can present
significant economic burdens and pose risks to human health, particularly when costly

eradication or management efforts are required (Cuthbert et al., 2022; Ogden et al., 2019).



In this review, I will compare and contrast the factors that influence the establishment of
two invasive plant species in Ireland and the Netherlands. Rhododendron ponticum is one of the
costliest and most damaging invasive species in Irish and British ecosystems, while in the
Netherlands it has yet to cause significant problems, though its invasive potential has been
recognised (Casati et al., 2023). In the Dutch waterways, Hydrocotyle ranunculoides has
established itself as one of the most problematic invasive species, while it remains unestablished
in Irish ecosystems, though similarly has been recognised as a potential threat (Millane et al.,
2014; Djeddour et al., 2017). By comparing these two cases, this review aims to identify the
factors that contribute to the successful establishment and spread of invasive species and
evaluate how these factors vary between contexts. Such an analysis may inform better prevention

and management strategies for future invasions across Europe.

Research gap and research question

The central research question of this review is as follows: “How can insights from the
historical invasions of Rhododendron ponticum in Ireland and Hydrocotyle ranunculoides in the
Netherlands inform predictive models of future plant invasions?” While risk evaluations of
invasive species are common, they often lack a unified analytical approach and may overlook the
interplay of context-dependent factors (Wilson et al., 2020; Catford et al., 2022). This review
applies the MAFIA (Macroecological Framework for Invasive Aliens) developed by Pysek et al.
(2020) to conduct a comparative case study of R. ponticum and H. ranunculoides, aiming to

demonstrate how a standardized framework can improve predictive capacity in invasion biology.



The importance of invasive species

The frequency and severity of biological invasions are increasing globally as human
activity leads to a steadily more interconnected world (Li & Yu, 2023). New established alien
species are being recorded worldwide at an unprecedented rate of 200 per year (Li & Yu, 2023).
Furthermore, the total number of established alien species worldwide is projected to increase by
36% from 2005 through to 2050 (Seebens et al., 2020).

Damages incurred by biological invasions are also increasing with this rise (Cuthbert et
al., 2022, ). In terms of human health, invasive plant species such as Giant Hogweed (Heracleum
mantegazzianum) carry risks of injury due to phytophotodermatitis (Baker et al., 2017). Invasive
animal species, such as the Asian tiger mosquito (4edes albopictus), present significant risks as
vectors for illnesses such as dengue, LaCrosse and West Nile virus (Benedict et al., 2007).
Economically, studies demonstrate that since 1960, management costs for biological invasions
totalled at least $95.3 billion US dollars, while damage costs totalled at least $1130.6 billion US
dollars (Cuthbert et al., 2022). Cuthbert et al. (2022) also found that these costs are increasing
rapidly over time.

Biological invasions evidently can have significant ecological and economical effects that
necessitate the understanding of the processes that facilitated them, as well as the underlying
biological or evolutionary characteristics of the species that may have contributed to their
success. This understanding is crucial in order to better predict and prevent new invasions, as

well as allowing for improved management and control of current invasions.



Literature Review

Invasive Process

In order for a species to establish itself in a region and become invasive, it must survive
various transitions (Gioria et al., 2023; Blackburn et al., 2011; Briski et al., 2018). It must
initially enter via a pathway, i.e. be inadvertently transported via some human-mediated means
from its region of origin to a new region (Blackburn et al., 2011). Having been introduced, it may
then, through naturalisation, become casual to a region, which is the term given to species that
are unable to maintain self-sustaining populations but are occasionally found beyond cultivation
(Keller et al., 2011; Richardson et al., 2000). A species is established if it then propagates itself
without human intervention (Keller et al., 2011). Blackburn et al (2011) proposed a unified
framework that identifies the four key stages of invasion as: 1) transport, 2) introduction, 3)
establishment and 4) spread. The term “invasive” is itself contested, with some arguing for a
definition strictly based on ecological and biogeographic criteria, while others argue that only
alien species with negative impacts should be described as invasive (Richardson et al., 2011;
Richardson et al., 2000). In this review, a species is described as invasive if its spread and
establishment cause measurable negative impacts, to the environment, economy or human health

(Keller et al., 2011).

Driving factors for invasions

Competing theories further debate the contribution of different factors to the invasive
potential of a non-native species. Charles Elton, often described as the founder of invasion
biology, proposed the biotic resistance hypothesis, which holds that regions with high

biodiversity and relatively low levels of disturbance, in particular caused by humans, will be



more resistant to establishment by non-native species (Elton, 1958). While intuitively logical,
studies have demonstrated that the reality is far more complex (Alpert et al., 2000; Blackburn et
al., 2011; Briski et al., 2018; Catford et al., 2022, Hayes et al., 2008). Negative associations have
been found between native and invasive species diversity at small scales, however positive
associations can be found at larger scales (Ackerman et al., 2017). Contention in the field of
invasion biology is also present in the applicability of some of the primary hypotheses that have
been proposed to explain and predict biological invasions (Jeschke et al., 2012: Catford et al.,
2009). Biotic resistance is one of these, with other hypotheses including the island susceptibility
hypothesis, invasional meltdown hypothesis, novel weapons hypothesis, enemy release
hypothesis, and the tens rule (Jeschke et al., 2012). One study that evaluated these hypotheses
suggests that empirical support for some of them is doubtful and has declined over time,
indicating the need for more rigorous research and consideration of broader biogeographical and
socioeconomic contexts and their interactions with non-native species traits in the assessment

and management of potentially invasive species (Jeschke et al., 2012).

Invasive Potential

Different factors that contribute to a species’ invasive potential. Broadly, three primary
categories of factors can be found in the literature. These include biological/genetic
characteristics of the non-native species, location characteristics of the invaded area, and factors

related to the introduction events of the species (Pysek et al., 2020).
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Biological factors

Several studies have investigated the importance of biological traits in relation to a
species’ invasive potential (Gioria et al., 2023; Hayes et al., 2008). The role of such traits has
been shown to be highly context dependent, however (Kikvidze et al., 2011; Catford et al.,
2022). Context dependence is a contested term in invasion biology that is widely invoked to
explain differing results due to the conditions under which an effect is observed (Catford et al.,
2022). Often, biological traits have been mistakenly identified as having contributed to invasion
success (Pysek et al., 2020). Traits that have been shown to play a role include seed bank
persistence, fecundity, germination characteristics, karyological characteristics, high maximum
relative growth rate and high resource allocation to shoots and leaves (Pysek et al., 2009; Keller

etal., 2011; Gioria et al., 2023).

Location factors

The effect of location characteristics on the invasive potential of a non-native species are
also significant (PySek et al., 2009). The concept of ‘invasibility’ was described by Lonsdale
(1999), as a ‘regions vulnerability to invasion’. Factors that characterise an invasible habitat
include its structure (i.e environmental conditions and native biota), the resource availability (i.e
nutrient or water supplies present), and the level of disturbance of the habitat (Alpert et al.,
2000). Further, the size of a species’ native range has also been demonstrated to be significantly

positively correlated to its invasive success (Pysek et al., 2009; Hui et al., 2011).
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Introduction and event related factors

Some of the clearest predictors of invasion success, however, are factors related to
introduction events (Keller et al., 2011; Hayes & Barry, 2008). These include propagule pressure,
colonisation pressure, residence time, and other socioeconomic factors that mediate pathways of
introduction. The most significant of these are propagule pressure and residence time (Cassey et
al., 2018, Keller et al., 2011; Hayes & Barry, 2008). Propagule pressure refers to the number of
introduced individuals of a species to a non-native habitat, while residence time refers to the
length of time for which a species has been present in a non-native habitat. High propagule
pressure is associated with an increased ability of a species to overcome Allee effects and genetic
bottlenecks that cause stochastic extinctions due to small population size (Pysek et al., 2009,
Gioria et al., 2023).

Another factor that particularly influences the likelihood of a non-native plant species
establishing itself in a region is the introduction pathway that it travels to arrive. Introductions
that occur through human socioeconomic activities, such as gardening, agriculture, forestry, trade
and travel have been categorised into these pathways by various researchers (Hulme et al., 2008).
They influence the assembly of non-native floras, the invaded niche, and ultimately the invasion
success of non-native plants (Riera et al., 2024).

With so many variables, it is crucial to attempt to study invasive species in a
contextually sensitive manner (Kikvidze et al., 2011). The development and use of invasion
frameworks in this endeavour take as many contributing factors as possible into account in order
to explain and predict invasive potential and invasive success (Pysek et al., 2020; Blackburn et

al., 2011).
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Analytical Invasion Frameworks

Invasion science is as yet a relatively young discipline, which is evidenced in the recent
development of many different frameworks whose general applicability have yet to be widely
tested (Wilson et al., 2020). In order to choose an appropriate framework with which to evaluate
R. ponticum and H. ranunculoides, different approaches to the study of invasions were
compared.

The ‘Tens Rule’, as described by Williamson and Fitter (1993) holds that 1 in 10 of
imported species appears in the wild, 1 in 10 of those introduced species becomes established,
and that 1 in 10 of those established becomes a pest. This is a limited framework for describing
invasions in the sense that it doesn’t consider the mechanisms behind transitions, and is not
spatially or contextually sensitive.

Various trait-based frameworks have also been utilised. The attempts of these frameworks
to predict invader impacts on native species is based on the idea that alignment between the traits
of native and invading species is central to understanding native species responses to invaders
(Litt & Pearson, 2022; Ricciardi et al., 2013; Sih et al., 2010, 2011). They cannot, however,
explain why non-invasive species share similar traits with invasive ones, and they often ignore
contextual or human-mediated factors.

Blackburn et al. (2011) proposed a staged model for invasions that describes four stages
(transport, introduction, establishment and spread) and assigns barriers to each stage. This
framework is extremely useful for identifying barriers and transitions, but lacks a macro-level
pattern analysis.

Pathway-focused frameworks, such as that proposed by Hulme et al. (2008), track

pathways of introduction for different invasive species. This approach aims to prevent invasions
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at their source. While useful for policy and biosecurity, they don’t explain why introduced

species succeed.

MAFIA

In this review, I apply the Macroecological Framework for Invasive Aliens (MAFIA)
developed by Pysek et al. (2020) to compare the invasion dynamics of R. ponticum and H.
ranunculoides. The MAFIA framework emphasizes context dependence—that is, how the
interaction of species traits, environmental characteristics, and introduction history influences
invasion outcomes. Context dependence is a frequently invoked but inconsistently defined
concept in invasion biology, often used to explain contradictory empirical findings (Catford et
al., 2022). Pysek et al.'s framework addresses this by analyzing large-scale invasion patterns
using a standardised macroecological lens.

The framework considers the following elements within the three overarching categories

of location factors, introduction/event factors and biological-ecological factors:

1. Donor species pool

2. Socioeconomic factors, propagule pressure, and colonization pressure
3. Residence time and spread potential

4. Biological traits of alien species

5. Characteristics of invaded habitats

By examining these interacting factors, MAFIA enables a more nuanced comparison of

invasion processes across different species and regions.
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Ireland: Invasion of Rhododendron ponticum

Fig 1. Rhododendron covering an area in the Knockmealdown mountains

(Irish Examiner, 2020)

Introduction and Spread

Rhododendron ponticum is one of the most expensive alien plant conservation problems
to date in Ireland and Great Britain (Dehnen-Schmutz & Williamson, 2006). As the invasions in
each country occurred simultaneously and began while Ireland was considered part of the United
Kingdom, data pertaining to Great Britain shall also be included in this review. It was most likely
introduced in Britain via the ornamental plant trade in 1763 from Spain (Dehnen-Schmutz &
Williamson, 2006). The first description of its presence in Ireland dates to a plant in Dublin that
was described as being “60 years planted” in 1834, while Hall and Hall describe large plants

present in Derrycunihy Wood, Killarney in 1843 (Dehnen-Schmutz & Williamson., 2006).
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Ecological and Economic Impact

The first descriptions of the ecological impact of R. ponticum in Ireland dates to 1911,
where a group named the “international phytogeographical excursion” acknowledged its
luxuriance in the Killarney Oakwoods as well as its non-native status, but gave no description of
its impact on local biodiversity (Dehnen-Schmutz & Williamson, 2006). Since then, studies have
demonstrated that bird populations are smaller in mature oak forests dominated by R. ponticum
(Jones, 1972). Further, there are very few insect species associated with the plant, and its dense
understory allows only about 2% of light through, which outshades native plant species (Malo et
al., 2012; Casati et al., 2022).

The first documented control work of R. ponticum was undertaken by the Forestry
Commission in the 1930’s, and in 1981 work camps for volunteers were set up in Killarney
National Park dedicated to the eradication of R. ponticum, which have continued annually since

(Dehnen-Schmutz & Williamson., 2006).

The Netherlands: Invasion of Hydrocotyle ranunculoides

Fig 2. Hydrocotyle ranunculoides photographed by Johan van Valkenburg (NVWA 2024)
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Hydrocotyle ranunculoides L.f., commonly known as floating pennywort in English or
grote waternavel in Dutch, is a stoloniferous, perennial aquatic plant native to North America,
ranging from Pennsylvania to Florida and as far west as Washington (EFSA, 2007; Djeddour,
2017). Once valued in aquatic horticulture, it has since emerged as one of the most problematic
invasive aquatic plants in Western Europe, including the Netherlands, where it has had

significant ecological, economic, and regulatory impacts.

Introduction and Spread

The species was first observed in the Netherlands in 1994, in a waterway in Rijnsweerd,
Utrecht, near the Uithof where the Kromme Rijn connects with surrounding polders (Baas &
Holverda, 1996). Though its natural origin is in the Americas, evidence suggests it was likely
introduced into Dutch waterways via the aquatic nursery trade. Van der Vlugt is believed to have
imported the species from Argentina in 1983, distributing it informally through the Aquatic
Plants Working Group, long before it became commercially available in garden centers (Baas &
Holverda, 1996).

Favorable climatic conditions, specifically two abnormally warm summers, are believed
to have accelerated its establishment and proliferation (Baas & Holverda, 1996). The early
growth patterns and spread through Dutch waterways suggest that it primarily disperses through
vegetative growth and rhizome displacement via water flow, a characteristic that contributes to

its aggressive spread (Djeddour, 2017; Newman & Dawson, 1999).
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Ecological and Economic Impact

Following its arrival, the species rapidly became an ecological threat, forming dense,
floating mats that covered waterways, blocked light for native macrophytes, reduced oxygen
levels, and decreased biodiversity (Djeddour, 2017). Particularly in eutrophic waters, it proved
capable of overwintering, especially when protected by existing vegetation, contradicting early
expectations that severe winters would limit its survival (Baas & Duistermaat, 1998).

Mechanized removal efforts were initially successful in Utrecht, especially when
followed by a cold winter. However, these successes were temporary. In regions like
’s-Hertogenbosch, floating mats reappeared in large volumes, requiring costly removal
operations, and the plant eventually spread to the Meuse River and adjacent nature reserves
(Baas & Duistermaat, 1998).

In addition to ecosystem degradation, H. ranunculoides poses risks to recreational use,
water management, and flood control, as its mats can obstruct waterways and infrastructure

(Djeddour, 2017; EFSA, 2007).

Methods

Research Design

In this study, a comparative case study methodology is employed in order to analyse the
establishment and spread of two invasive plant species: Rhododendron ponticum in Ireland and
Hydrocotyle ranunculoides in the Netherlands. This approach was chosen to allow for
context-sensitive analysis of the ecological, biological and anthropogenic factors that contributed
to the invasions in each location. The comparison is structured around the MAFIA framework

(Pysek et al., 2020), which takes macroecological variables from three primary categories into



18

account. These are alien species traits, location characteristics and factors related to introduction

events.

Framework Application

For each species and location, data was gathered and interpreted under the following
components.
1. Alien Species Traits: Reproductive strategy, growth rate, dispersal mechanisms,
phenotypic plasticity, and ecological niche breadth.
2. Location Characteristics: Ecosystem structure, native biodiversity, disturbance regimes,
climate, land use, and hydrology.
3. Introduction-Related Factors: Propagule pressure, residence time, introduction pathway,

socioeconomic drivers, and human facilitation.

Data Collection

This review utilises a qualitative synthesis of peer-reviewed literature, as well as news
publications and government or NGO reports. These were obtained using academic databases
such as Google Scholar, ScienceDirect and Web of Science. Inclusion criteria included
peer-reviewed reports, relevance to invasion biology and the species under study, and publication

dates primarily post-2000 with foundational texts included where necessary (e.g., Elton, 1958).

Comparative Analysis

Case studies of each invasive species were independently analysed using the MAFIA

framework. This was then used to inform a cross-case comparison.
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Results

Case Study: Rhododendron ponticum

The factors that lead to the successful invasion of R. ponticum have been extensively
discussed in the field of invasion biology. This case study applies the MAFIA (Macroecological
Framework for Invasive Aliens) framework, as proposed by Pysek et al. (2020), to examine the
factors influencing the establishment and spread of R. ponticum in the Ireland, analysing the
roles of alien species traits, location characteristics, and introduction-related factors.

Numerous biological-ecological characteristics have been identified as contributors, such
as hardiness and ease of propagation (Dehnen-Schmutz & Williamson, 2006; Casati et al., 2022).
However, such characteristics tend to be common to the entire Rhododendron genus, of which
about four to five hundred species are grown as ornamentals in Britain and Ireland
(Dehnen-Schmutz & Williamson, 2006). They are not exclusive to ponticum; it is therefore
evident that human-mediated factors also have played a significant role in its spread. Such
factors may include large-scale planting, hybridisation, and destruction of local environments

(Erfmeier & Bruelheide, 2009; Dehnen-Schmutz & Williamson, 2006).

Introduction and event related factors

Following its arrival to Great Britain and Ireland via the ornamental trade, R. ponticum
experienced a rise in popularity due to its visually appealing purple flowers, ease of propagation,
use in game cover and use as root stock for other ornamental rhododendrons (Dehnen-Schmutz
& Williamson, 2006). It was also extremely affordable, almost always being the cheapest

Rhododendron species available to buy (Dehnen-Schmutz & Williamson, 2006).
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The establishment of R. ponticum can therefore be attributed in part to high propagule
pressure that resulted from intense periods of planting (Dehnen-Schmutz & Williamson, 2006).
Studies from the highly-invaded Killarney Oakwoods show that it was commonly planted around
houses, with the densest thickets occurring close to habitations and the individual plants often
occurring in regular lines (Cross, 1981). Criticisms of massive plantings were recorded during
the 19th century, however data on the dates and sites of planting as well as the dates of spread to
unintended habitats are limited, due in part to botanical recording ignoring the presence of

ornamentals (Dehnen-Schmutz & Williamson, 2006).

Biological and ecological factors

Following introduction and establishment, there are a number of biological-ecological
characteristics that contributed to the invasion of R. ponticum (Barron, 2007; Casati et al., 2022).
It produces large quantities of small, wind-dispersed seeds, and is shade tolerant (Barron, 2007;
Casati et al., 2022). It is avoided by grazers due to the presence of andromeda-toxin in its leaves,
which are highly toxic if ingested (Barron, 2007; Casati et al., 2022). If cut back, it resprouts
quickly, with cut stumps able to produce multiple shoots of regrowth that are then also more
likely to flower more vigorously (Barron, 2007). It can also quickly recolonise a cleared area if
seed sources are left behind (Barron, 2007; Casati et al., 2022; Dehnen-Schmutz & Williamson,

2006).

Location factors
Another important factor in the invasive success of R. ponticum is the level of

disturbance of the habitat it is introduced to (Cross, 1981; Casati et al., 2022). In the Killarney
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Oakwoods, for example, disturbance by grazers such as the non-native sitka deer, as well as
cattle, sheep and goats have severely impacted the woodlands (Cross, 1981; Dehnen-Schmutz et
al., 2006). This has left the herb layer with poor species richness due to overgrazing, while the
bryophyte layer remained well developed and rich in species (Cross 1981; Erfmeier &
Bruelheide, 2009). This bryophyte layer provides an abundance of safe sites for seedlings of R.
ponticum (Long & Williams, 2007; Cross, 1981). Further evidence of disturbance being critical
to R. ponticum regeneration is provided by the number of seedlings which develop in forestry
plantations after timber extraction, and the spread of seedlings in sand dune systems of Norfolk

after overgrazing by rabbits (Cross, 1981).
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Table 1

Application of the MAFIA framework to Rhododendron ponticum in Ireland

MAFIA Category Key Factors Summary of Evidence

Alien Species Traits Shade tolerance, seed and Seeds widely dispersed by wind; forms dense thickets that
clonal spread inhibit native regeneration (Gioria et al., 2023;

Kumschick et al., 2015).

Allelopathy and Produces phenolic compounds that suppress native flora
ecological dominance (Elton, 1958; Blackburn et al., 2011).
Recipient Acidic soils, woodlands, Prefers acidic soils of Irish oak woodlands; early
Environment historical land introduction aided by estate plantings (Catford et al.,
management 2022).
Limited natural resistance Low biotic resistance due to simplified understory

communities (Ackerman et al., 2017).

Introduction Factors Ornamental introduction  Introduced in the 18th century; widespread use in estates

and landscape use and hunting grounds (Pysek et al., 2020).

High propagule pressure Multiple introduction events and long-established

and long residence time populations (Cassey et al., 2018; Seebens et al., 2020).

Ecological and economic impacts

R. ponticum invasion has had significant ecological and economic effects in Great Britain
and Ireland. It outshades native species, letting only 2% of light through its dense bushes, which
leads to the death of herb species and the inability of native species to regenerate (Casati et al.,

2022). Bryophytes and lichen diversity declines in areas with large bushes (Long and Williams,
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2007). Bird species richness is also negatively impacted (Jones, 1972). Malo et al. (2012) found
that R. ponticum is associated with an increased abundance of some native mammals, such as
wood mice, which increases seed predation and provides ticks with more hosts. Further, the
nectar of R. ponticum’s flowers is toxic to many native pollinators, and the allelochemicals
present in its leaf litter lead to lower invertebrate biomass (Tiedeken and Stout 2015; Malo et al.,
2012; Cross 1975). It also acts as a reservoir for the fungal pathogen Phytophthora ramorum, or
sudden oak death, which is itself a species that has been identified as a high-risk invader in
Ireland and Northern Ireland (Williams et al., 2010; Kelly et al., 2013).

Described as the most expensive alien plant conservation problem in Britain and Ireland
by Dehnen-Schmutz and Williamson (2006), the costs associated with R. ponticum are primarily
associated with its management and control in forestry (Casati et al., 2022). In their economic
analysis of the control efforts being utilised on R. ponticum in the British Isles, Dehnen-Schmutz
et al. (2003) surveyed a number of landowners and land managers in Britain and Ireland in order
to estimate the costs associated with managing this invader. 56 respondents who indicated that
they wished to control R. ponticum estimated their total costs to come to 17 million pounds per
year, which comes to about 2,800 pounds per hectare (Dehnen-Schmutz et al., 2003). The
authors further describe that the level of control effort expended by private landowners and
managers falls short of the social optimum by more than 100%, which indicates that economic

impacts could be exacerbated if action is not taken (Dehnen-Schmutz et al., 2003).
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Lessons and recommendations
The case of R. ponticum in Ireland provides valuable information about the interactions
of biological, location and event-related factors. The application of the MAFIA framework

allows for the following insights:

Trait-based predictions concerning invasive behaviour are insufficient on their own.
While many Rhododendron species share traits, R. ponticum became invasive, highlighting the
necessity of integrating factors such as propagule pressure and location conditions into risk
assessment models.

Human-mediated factors are major drivers of invasion. Historical trends in horticulture,
habitat disturbance and land-use change had cumulative effects that drove the spread of R.
ponticum. These factors tend to be underrepresented in invasion models.

Disturbance amplifies the invasibility of R. ponticum. Ecosystems that have been
weakened by overgrazing or forestry are particularly at risk. Together, high propagule pressure
and high levels of disturbance appear to significantly increase the probability and severity of

invasion.

Case Study: Hydrocotyle ranunculoides

Hydrocotyle ranunculoides, commonly known as floating pennywort, is an invasive
aquatic plant native to North and South America (Baas & Holverda, 1996). Since its introduction
to Europe, it has become one of the most aggressive aquatic invaders in the Netherlands. Its rapid

vegetative reproduction, capacity for mat formation, and resistance to eradication have made it a
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significant threat to Dutch aquatic ecosystems (Baas & Duistermaat, 1999). This case study
applies the MAFIA (Macroecological Framework for Invasive Aliens) framework, as proposed
by Pysek et al. (2020), to examine the factors influencing the establishment and spread of H.
ranunculoides in the Netherlands, analysing the roles of alien species traits, location

characteristics, and introduction-related factors.

Introduction and event related factors

H. ranunculoides was introduced into Europe through the ornamental plant trade (Baas &
Holverda, 1996; Baas & Duistermaat, 1999). It was widely sold for use in garden ponds and
aquaria during the 1980s and 1990s (Baas & Holverda, 1996; Baas & Duistermaat, 1999)).
According to Hulme et al. (2008), ornamental pathways are among the most common
introduction routes for aquatic invasive plants in Europe. The socioeconomic appeal of this
species — fast-growing, aesthetically pleasing, and easy to cultivate — contributed to its
widespread availability before regulatory controls were established (Baas & Holverda, 1996;
Baas & Duistermaat, 1999).

Its initial distribution in the Netherlands was primarily linked to anthropogenic release or
escape from cultivation (Baas & Holverda, 1996; Baas & Duistermaat, 1999)). As highlighted by
Riera et al. (2024), introduction pathways like this are crucial in shaping the assembly and
ecological traits of non-native floras. The Netherlands' dense urban landscape, with a high
density of managed water bodies and both public and private gardens, facilitated the transition of
H. ranunculoides from ornamental to naturalised species.

Propagule pressure is a central determinant of invasion success (Cassey et al., 2018;

Blackburn et al., 2011). For H. ranunculoides, high propagule pressure arose from frequent
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intentional and unintentional introductions (EPPO, 2007). The repeated presence of the species
in commercial garden centers increased the chance of escape, aligning with the findings of Riera
et al. (2024) regarding the centrality of human-mediated dispersal.

Residence time is another important factor. First recorded in the Netherlands in the late
1990’s, the species rapidly expanded its range within a decade, establishing dense populations.
Longer residence time typically correlates with higher establishment and spread probability

(Cassey et al., 2018).

Biological and ecological factors

The biological traits of H. ranunculoides significantly contribute to its invasive potential.
One study by Gioria et al. (2023) shows that invasive plants often exhibit traits such as high
relative growth rate, vegetative reproduction, and efficient resource allocation to shoots and
leaves, all of which H. ranunculoides displays. It reproduces primarily through fragmentation,
enabling small plant fragments to colonise new sites rapidly (Newman & Dawson, 1999). It
forms dense floating mats that block light, outcompete native macrophytes, and alter aquatic
ecosystems (EPPO 2007; Newman & Dawson, 1999).

Pysek et al. (2023) further elaborate that high phenotypic plasticity, tolerance to eutrophic
conditions, and the ability to reproduce vegetatively are strongly associated with invasion
success. H. ranunculoides exhibits all of these, thriving in low-flow, high-nutrient environments

such as those prevalent in Dutch lowland waterways (Djeddour, 2017).

Additionally, the species’ resistance to mechanical and chemical control methods

complicates its management (Newman & Dawson, 1999). Cuthbert et al. (2022) argue that
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management costs often exceed available resources when species are not addressed

pre-emptively. This highlights the importance of early identification and control.

Location factors

The Netherlands' physical geography and aquatic infrastructure present a highly invasible
environment for H. ranunculoides. As Lonsdale (1999) suggests, factors like disturbance,
nutrient availability, and habitat connectivity shape habitat invasibility. Dutch waterways are
highly modified, nutrient-rich, and well-connected through canals and drainage systems,
providing ideal conditions for spread.

Ackerman et al. (2017) and Catford et al. (2022) have emphasised the context
dependence of invasions. In the Dutch context, widespread eutrophication due to agricultural
runoft, coupled with moderate seasonal temperatures and frequent disturbance from maintenance
dredging, creates ideal conditions for colonisation and spread (Djeddour, 2017). Moreover,
native biodiversity levels in these disturbed systems may be insufficient to exert biotic resistance.

Another facilitating feature is the low-flow nature of Dutch water bodies. According to
Seebens et al. (2020), regions with slower water movement tend to accumulate more invasive

aquatic plants due to prolonged residence time of propagules.
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Table 2

Application of the MAFIA framework to Hydrocotyle ranunculoides in the Netherlands

MAFIA Category Key Factors

Summary of Evidence

Alien Species Traits High vegetative growth and

Rapid clonal growth, overwintering capability, and
plasticity regrowth from fragments (Newman & Dawson, 1999;

Djeddour, 2017).

Resistance to control Resistant to herbivory, mechanical removal, and some

herbicides (Djeddour, 2017; Hussner et al., 2019).
Location

Eutrophic and disturbed

Thrives in slow-flowing, nutrient-rich canals and
Characteristics

aquatic systems rivers; sensitive to frost unless buffered by other

vegetation (Baas & Duistermaat, 1999).

Lack of natural enemies No specialist herbivores or pathogens in Europe

(EFSA, 2007).

Introduction Factors Horticultural/aquarium trade

Likely introduced by aquatic plant enthusiasts in the
1980s; spread via water networks (Baas & Holverda,

1996).

Propagule pressure High, due to multiple plantings and dispersal through

canals (Cassey et al., 2018; Catford et al., 2022).

Ecological and economic impacts

The socioeconomic context of the H. ranunculoides invasion of the Netherlands further

complicates control. Although Dutch waterboards and municipalities now recognise the threat,

control efforts are fragmented and reactive rather than coordinated and pre-emptive. According
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to Cuthbert et al. (2022), such insufficient proactive management is a global issue, often leading
to higher long-term costs.

Legislative responses have included the EU Regulation on Invasive Alien Species, which
bans the sale and transport of H. ranunculoides. However, enforcement remains a challenge.
Bellard et al. (2016, 2019) show that alien species continue to drive biodiversity loss despite
regulatory frameworks, especially when local implementation is inconsistent.

The ecological impacts of H. ranunculoides in the Netherlands are extensive. Its dense
mats reduce light availability, altering photosynthetic dynamics and suppressing native
macrophyte growth (Newman & Dawson, 1999; Djeddour, 2017). Oxygen levels decline under
these mats, leading to anoxic conditions detrimental to fish and invertebrates (Newman &
Dawson, 1999; Djeddour, 2017).

Kumschick et al. (2015) quantify ecological impacts of alien species using standardised
metrics, placing H. ranunculoides in the higher-impact range due to its transformation of
habitats. Its ability to clog waterways disrupts recreational and commercial navigation, while
also increasing flood risk by obstructing water flow (EPPO, 2007).

From an economic perspective, control and maintenance costs are substantial. Dutch
waterboards spend millions annually on mechanical removal and chemical treatment (Millane &
Caffrey, 2014). Despite these efforts, reinvasion is common due to incomplete eradication and
continued fragmentation. This aligns with findings by Cuthbert et al. (2022), who note that

reactive management leads to spiralling costs over time.
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Lessons and recommendations
The case of H. ranunculoides in the Netherlands offers valuable lessons about the
interplay of species traits, local context, and human-mediated introductions. Applying the

MAFIA framework highlights the following insights:

Species traits (vegetative reproduction, mat formation, tolerance to eutrophication) are
highly conducive to invasion.

Location characteristics (nutrient-rich, connected water systems, disturbed habitats)
strongly facilitate spread.

Human factors (propagule pressure via the ornamental trade, lack of early control,
inconsistent regulation) have exacerbated the problem. Future management must prioritise early
detection and rapid response (EDRR), stricter enforcement of trade restrictions, and coordinated
control strategies. Greater investment in public awareness and ecological restoration of water

bodies may also increase resilience to invasion.

Comparative Analysis

The following table presents the primary findings of each case study in a comparative

manner.
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Comparative synthesis of the differences and similarities between H. ranunculoides and R.

ponticum

Dimension

Hpydrocotyle ranunculoides (Netherlands)

Rhododendron ponticum (Ireland)

Introduction

Pathway

Primary Dispersal

Mechanism

Habitat Type

Control Difficulty

Policy Response

Biotic Resistance

Socioecological

Impact

Aquarium/horticultural trade (unintentional

escape)

Vegetative spread via water currents

Aquatic, eutrophic water bodies

High; rapid regrowth from fragments, resistant to

chemical and manual control

Recent bans and inclusion on European Union

concern list

Low due to absence of natural enemies

Waterway blockage, biodiversity decline,

increased flood risk

Intentional ornamental planting

Wind-dispersed seeds and clonal

growth

Temperate woodland and heathland

High; long-lived seed bank, chemical

and physical persistence

Long-standing problem, often

addressed in invasive plant strategies

Low due to simplified forest

ecosystems

Forest degradation, suppression of

native understory, loss of biodiversity
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Discussion

This discussion will synthesise findings from the application of the MAFIA framework to
two case studies: Rhododendron ponticum in Ireland and Hydrocotyle ranunculoides in Ireland
and Great Britain. Each invasion was analysed through the lens of introduction pathways,
establishment pathways, ecological impacts and human responses. This macroecological
approach allows for the identification of patterns of vulnerability, management gaps and
economic consequences that can inform predictive modelling of future biological invasions and

invasion research.

Comparative Invasion Dynamics

Both H. ranunculoides and R. ponticum are prime examples of ornamental introductions
that have transitioned into aggressive invaders, primarily as a result of human-mediated factors
such as propagule pressure. Despite differences in their habitats (aquatic vs. terrestrial), both
species have benefited from a lack of strong biotic resistance in their non-native ranges, as well
as ecological flexibility that allowed them to thrive in these disturbed landscapes.

In the Netherlands, H. ranunculoides exploited eutrophic, low-flow freshwater systems
where native plant competition was weak and physical disturbances rare. Its mat-forming growth
pattern and clonal reproductive strategy enabled rapid spread, with establishment driven
primarily by human disposal from private ponds and aquaria. In contrast, R. ponticum in Ireland
and Great Britain took advantage of historical forestry mismanagement and the resulting lack of
native herbivory, establishing extensive monocultures across acidic woodlands, moorlands and

parklands.
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Despite their contextual differences, both species demonstrate the importance of context
dependence in invasion success. The strength and relevance of different MAFIA components
varied between species. Propagule pressure and control challenges were critical to the invasion
of R. ponticum, while the invasion of H. ranunculoides was primarily driven by anthropogenic

disturbance and the hydrological traits of invaded systems.

Ecological Impacts

The ecological effects for both species are substantial, though they manifest differently
due to the contrasting qualities of the ecosystems they invade. H. ranunculoides disrupts aquatic
ecosystems by outcompeting submerged macrophytes, decreasing oxygen levels and impeding
water flow. This degrades the native habitat for native invertebrates, plants and fish. In addition,
the dense mats it forms reduce recreational and navigational access.

Conversely, R. ponticum creates dense, shady thickets in terrestrial ecosystems, which
suppress native understory vegetation, alters soil chemistry via alleopathy and reduces
invertebrate and bird diversity (Casati et al., 2022; Rotherham, 1983). The result is a
homogenised  landscape  with  diminished ecosystem  services, particularly in
conservation-designated areas such as national parks.

The scale and longevity of R. ponticum’s impacts arguably exceed those of H.
ranunculoides, given its integration into upland forest and moorland ecosystems over the past
century. However, the more rapid recent spread of H. ranunculoides highlights how aquatic

invasions can have acute effects within shorter timescales.
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Human Management and Response

In both cases, delayed responses and inconsistent national policies contributed to the
expansion of each species. R. ponticum was long tolerated and even encouraged in Ireland and
Great Britain as a result of its aesthetic and hunting-related value, with widespread recognition of
its invasiveness only emerging in the late 20th century. Meanwhile, H. ranunculoides continued
to be traded in the Netherlands until an EU-wide ban was enacted in 2016.

Where management has occurred, it has been fragmented and reactive. In Ireland and
Great Britain, mechanical removal and herbicide application for R. ponticum are costly and often
followed by regrowth, necessitating long term, resource-intensive efforts. In the Netherlands
chemical and manual removal of H. ranunculoides faces challenges in the form of accessibility
and efficiency due to its aquatic setting and the rapid regeneration of fragmented stolons.

These challenges highlight the importance of incorporating invasion stages into risk
assessment frameworks. Both species were most manageable at the pre-establishment stage, but
insufficient early regulation driven by lack of awareness, economic incentives and lack of trade

restrictions undermined the proactive containment of their spread.

Economic Impact and Projected Costs

Hydrocotyle ranunculoides in the Netherlands

Economic costs of H. ranunculoides in the Netherlands are primarily incurred through its
impacts on water management structure and navigation, due to the dense floating mats that
increase flood risk by clogging drainage systems and weirs (Millane & Caffrey, 2014). Dutch
water boards have spent millions on manual removal operations since the early 2010s (Millane &

Caffrey., 2014). Estimates from the invasive species cost database InvaCost suggest that H.
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ranunculoides generated approximately €2.5 to €5 million in direct costs in the Netherlands
between 2010 and 2020 (Diagne et al., 2020). Projections based on continued spread and
inflation-adjusted labour and chemical control costs suggest this could rise to over €10 million
by 2035, particularly under climate warming scenarios that favour aquatic plant growth (Diagne

et al., 2020).

Indirect costs such as losses in biodiversity, recreational revenue and fishery impacts
remain harder to quantify but are likely substantial. Future economic models should integrate
economic service valuation and stakeholder-specific losses to present a fuller picture of the costs

of an invasion.

Rhododendron ponticum in Ireland and Great Britain

The economic costs of R. ponticum in Ireland and Great Britain are more diffuse but
widespread. Unlike H. ranunculoides, R. ponticum’s terrestrial habitat enables easier logistical
planning for removal, but its eradication is more labour and cost intensive over time. Between
both countries, an estimated cost of €7.5 to €14 million is incurred annually through combined
costs of control and forestry losses (Dehnen-Schmutz & Williamson, 2003). In Ireland alone,
annual control efforts are estimated at €1.5—2 million, primarily funded by the National Parks
and Wildlife Service (NPWS) and supported by volunteer-led clearance initiatives
(Dehnen-Schmutz & Williamson, 2003, Dehnen-Schmutz & Williamson, 2006). Despite decades
of investment, high regrowth rates, inaccessible terrain and insufficient long-term follow up have

meant that it remains a significant problem (Dehnen-Schmutz & Williamson, 2006).
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If current management trends continue, projected cumulative costs may exceed €50—60
million by 2040 (Dehnen-Schmutz & Williamson, 2003). These figures do not account for
indirect economic losses due to degraded forest productivity (for example due to R. ponticum’s
role as a vector for sudden oak death) and opportunity costs of labour and land use. Similarly to
H. ranunculoides in the Netherlands, these costs need to be better evaluated and incorporated

into economic models.

Strategic Comparisons

When comparing the economic impacts of these two species, R. ponticum imposes
greater cumulative long-term costs due to its integration into upland and conservation-critical
landscapes and the difficulty of total removal. In contrast, H. ranunculoides incurs more acute,
infrastructure-related costs that are locally intense but potentially more contained with efficient
early action.

Investment in proactive management, such as monitoring via remote sensing, regulation
of plant trade and rapid response funding could substantially reduce future economic burdens.

Prevention remains far more cost-effective than long-term control.

Limitations

As a literature-based review, the study is limited by the availability and consistency of
existing data. Some ecological or socioeconomic variables (e.g., precise propagule pressure
values or disturbance metrics) were not quantifiable across both cases, necessitating qualitative

interpretation. Additionally, the retrospective nature of the analysis limits the ability to make
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experimental inferences; however, the comparative framework allows for robust hypothesis

generation and contextual insights.

Implications for Predictive Modelling and Future Invasions

These case studies affirm the value of integrating historical invasion patterns with
frameworks like MAFIA to predict future risks. For example, the commercial popularity and
dispersal vectors of both species were known well before their widespread establishment. If such
data had been systematically used for horizon scanning (Catford et al., 2022), both invasions
could have been partially mitigated.

Furthermore, the role of context particularly habitat susceptibility, trade routes, and
regulatory gaps must be embedded in predictive models. Data from global databases (e.g.,
GRIIS, InvaCost) and long-term monitoring platforms can enhance forecasting accuracy if paired
with ecological trait data and human activity patterns.

In conclusion, the invasions of H. ranunculoides and R. ponticum demonstrate how slow
political action, inconsistent regulation, and underutilised early warning tools can transform
ornamental species into entrenched economic and ecological threats. Embedding these lessons
into both national policy and international plant trade regulations will be essential to avoid

similar scenarios in the future.

Conclusion

This thesis set out to answer the question: “What ecological and socioeconomic factors
have influenced the differential establishment and impact of Rhododendron ponticum in Ireland

and Hydrocotyle ranunculoides in the Netherlands?” By applying the MAFIA framework to two
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distinct case studies, this research has identified the primary drivers of invasion success that are
both species-specific and context-dependent.

The findings show that while both species share traits commonly associated with
invasiveness (e.g. high propagule pressure, tolerance to disturbance, and the absence of natural
enemies), the environmental and human contexts in which they were introduced played a
significant role in their establishment and impact. In Ireland, R. ponticum spread rapidly due to
favourable soil conditions, a lack of early regulation, and its use in landscaping, resulting in
long-term ecological degradation and substantial economic costs. In the Netherlands, H.
ranunculoides exploited eutrophic, slow-flowing waterways and benefitted from initial
availability through the ornamental trade, leading to acute management challenges in aquatic
infrastructure and biodiversity conservation.

The comparative analysis reinforces the importance of addressing context dependence in
invasion biology. It also emphasises the urgent need for proactive management measures, early
detection systems, and policy frameworks that consider not only species traits but also
socioeconomic pathways and ecosystem vulnerability.

It is evident that the effectiveness of invasive species management is dependent not only
on ecological understanding but also on anticipating how human actions shape invasion
dynamics. Historical invasion data, when analysed through structured frameworks like MAFIA,

can inform more predictive and preventative strategies across diverse contexts.
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