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ABSTRACT

The spread of invasive alien plant species (IAPs) poses a se-
rious threat to the biodiversity and effectiveness of rivers and
drainage canals. Nevertheless, the reasons for the implications
of increasing presence of [APs on the stability and effectiveness
of flood defences are still unclear. To point out the current
knowledge on the topic, a systematic review was performed fo-
cusing on three of the key riparian IAPs: Amorpha fruticosa,
Arundo donax and Reynoutria japonica. We searched for articles
in the Scopus database, focused on the links between the three
target species and hydrology and geomorphological processes.
Only 7 papers were found containing what we were looking for.
All the three target species are true «engineer plantsy, signifi-
cantly regulating the edaphic and functional peculiarities of
colonised environments, which correspond in the present case
to river embankments. A. fiuticosa slows down the water flow
speed, increasing the flood risk; the extremely superficial A.
donax root systems weaken bank stability, whereas R. japonica
promotes soil erosion due to its peculiar roots’ morphology and
extremely rapid biological cycles. This work shows that, despite
clear evidence of the significant negative impacts mediated by
the three IAPs of concern, the available levels of knowledge are
wholly insufficient. In order to develop effective management
strategies for riparian contexts globally, further investigations
are needed urgently. Future research should focus on the struc-
tural/functional impacts of IAPs in riparian environments, not
forgetting the additional effects of global changes and human
impact on rivers and their functions.

INTRODUCTION

Biological invasions are one of the most serious issues ecosys-
tems are facing around the world, especially in so-called devel-
oped countries and in a scenario of global change (Pysek ef al.,
2020). Alien plant species, particularly invasive ones (IAPs = in-
vasive alien plants), transform ecosystems by altering biotic com-
munities and trophic balances (Rodriguez-Merino et al., 2018).
In addition, invasion processes often lead to drastic reductions in
species richness or to communities largely or even entirely con-
sisting of IAPs (Viciani ef al., 2020). In particular, riparian and
freshwater habitats are among the most threatened globally
(Brundu, 2015) and among the most affected by biological inva-
sions (Pysek ef al., 2010; Bolpagni, 2021). In many cases, [APs
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invade riverbanks or wetlands first (PySek and Prach, 1994), es-
pecially when these have already been altered by human activities
(Brundu, 2015; Malavasi et al., 2018; Boscutti et al., 2022), and
then spread to surrounding environments.

In economically developed countries, most marshes and wet-
lands have been gradually reclaimed and natural watercourses rec-
tified and regulated with riverbanks and flood-control reservoirs.
Consequently, in hyper-exploited lowlands original aquatic
ecosystems have been replaced by drainage canals, often arranged
in extensive networks (Bolpagni et al., 2020; Montanari et al.,
2020, 2022), and/or impaired rivers. Indeed, lowland lotic systems
are impacted by their use as waterways, dammed for generating
hydropower and for preventing floods (Shevchyk et al., 2021),
filled with domestic and industrial wastewater, and polluted by
fertilisers and pesticides largely used in agriculture (Viaroli et al.,
2018). In addition, lotic ecosystems are often forced to flow into
increasingly smaller riverbeds, delimited by embankments built
in past centuries and continuously raised in height and reinforced.
This fact is becoming increasingly important in recent decades
due to the increased frequency of extreme weather events, result-
ing in increased flooding intensity and magnitude with greater risk
in densely populated areas such as the Po Valley (Krellenberg et
al., 2013; Morelli et al., 2014). Recently, the presence of Arundo
donax L. thizomes is considered to be one of the possible flaws
which favoured local instability that triggered concentrated ero-
sion and riverbank breach during the 2020 Panaro River flood
(Ceccato and Simonini, 2023).

Despite drainage canals resulting in heavily altered water-
ways, they could act as ecological corridors in areas deeply im-
pacted by human activities, providing alternative habitats for
species which have become rare or threatened (if not even extinct)
in the surrounding countryside (Goulder, 2008; Tolgyesi et al.,
2022). However, since rivers and drainage canals also are easily
invaded by alien plants (Montanari et al., 2020, 2022; Buldrini et
al., 2023), they contribute to the further spreading of these in-
vaders. Their management is, in fact, generally geared toward pro-
tecting the land from flooding risk and providing water for
irrigation (Bolpagni, 2020; Montanari et al., 2020): the riparian
vegetation is periodically cut and pruned to keep the hydraulic
section constant and assure effective drainage, which may contain
the growth of alien species but nonetheless facilitates spreading
through the dispersal of propagules.

All this results in riparian ecosystems characterised by a trivial
flora consisting of ruderal and generalist species (Montanari et
al., 2020, 2022) and colonised by paucispecific, poorly structured
vertically riparian vegetation dominated by IAPs (Celesti-Grapow
et al., 2010; Viciani et al., 2020). This could lead to significant
hydraulic issues considering the inherent characteristics of IAPs,
such as their aptitude for very rapid and efficient propagation
(Spencer et al., 2013; Lavoie, 2017; Delai et al., 2018; Drazan et
al., 2021; Sciuto et al., 2022) and allelopathic effects on native
species (e.g. Kowarik and Sdumel, 2007; Serniak, 2016). Indeed,
the potential for hydrochorous dispersal can promote the longitu-
dinal spread of several IAPs, which form uninterrupted stands
many hundreds of metres long. This greatly amplifies the prob-
lems of managing these species and local hydraulic issues.

Under these conditions, traditional methods of invasive
species containment (e.g., repeated cutting with removal of plant
material) are not only ineffective and extremely expensive, but
also dangerous, because they could further facilitate their spread-

ing, besides potentially damaging man-made infrastructures. This
is especially true for the underground portions of invasive species,
which are able to weaken riverbanks significantly. Therefore, it is
necessary to consider the possible reciprocal links between the
presence and spreading of invasive riparian plants and the hy-
draulic and/or geomorphological conditions of invaded ecosys-
tems: an essential step to develop effective control actions. This
article aims to present the results of a systematic review of re-
search carried out on the topic focusing on three of the most crit-
ical riparian IAPs on a European scale: Amorpha fruticosa L.,
Arundo donax L. and Reynoutria japonica Houtt.

METHODS

To systematise the available knowledge on the interlinks be-

tween the presence and spreading of the three target IAPs (4.

fruticosa, A. donax and R. japonica), and the hydro-geomorpho-

logical characteristics of colonised habitats, the Scopus citation

database (https://www.scopus.com; last access 28 October 2024)

was queried. The following keyword strings were used: for 4.

Sfruticosa «Amorpha fruticosa» OR «false indigo» OR «indigo-

bush» OR «indigobush» AND hydrology OR geomorphology

OR hydraulic OR instability OR flood*; for A. donax «Arundo

donax» OR «giant cane» OR «elephant grass» OR «arundo» OR

«Spanish cane» OR «Colorado river reed» OR «giant reed» OR

«wild cane» AND hydrology OR geomorphology OR hydraulic

OR instability OR flood*; and for R. japonica «Reynoutria

Japonica» OR «Fallopia japonica» OR «Polygonum cuspida-

tum» OR «Polygonum bambusa» OR «Polygonum japonicumy»

OR «Japanese knotweed» OR «renouée du Japon» AND hydrol-

ogy OR geomorphology OR hydraulic OR instability OR flood.

The selected scientific papers were then subjected to analysis

according to a «prioritisation» approach according to their actual

relevance to the objectives of the investigation. The selection
process was articulated as follows:

i) aninitial screening of the titles and keywords of the publica-
tions;

i) asubsequent screening by reading the abstracts of the papers
thematically consistent with the topic of interest;

iii) reading and analysing the articles in their entirety only if the
investigated research topic was substantially consistent with
the possible existence of ecosystem relationships between the
presence and local spreading of the three target species and
the hydro-geomorphological characteristics of the colonised
river systems;

iv) the contributions deemed of interest were, finally, analysed
by means of critical reading of the texts and extrapolation of
a range of information considered useful to explore the eco-
logical relationships between the presence/diffusion of 4. fru-
ticosa, A. donax and R. japonica with the hydraulic and/or
geomorphological peculiarities of invaded ecosystems. For
this last step, the matrix method approach proposed by Klop-
per et al. (2007) was followed, which involves the creation of
an evaluation matrix. According to this method, the header of
each column of the matrix should focus on the parameters/de-
scriptors that are potentially useful in categorising the selected
papers, to allow a better understanding of their relevance to
the objectives of the analysis.

Tab. 1 shows the parameters used to analyse the scientific pa-
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pers extracted from the Scopus database, the corresponding
acronyms and their explanation. Each article was categorised by
virtue of the geographic area (Geo data) of study (location of veg-
etation stands, areas and/or rivers analysed, reporting the infor-
mation of the reference continent). Habitat type indicates the type
of habitat under study to which the article data refer. Main topic
refers to the main topic of the study to which the article data refer.
Hydro-Links clarifies whether the article verified the existence of
possible interdependencies or mutual effects of the target species
in relation to the hydraulic/geomorphological aspects; the Results
parameter summarises the main results obtained from the work.
Finally, the /nd val parameter indicates whether the species can
be considered as an indicator of hydrological arrangement or dis-
ruption (YES).

RESULTS AND DISCUSSION

Overall, the Scopus database query allowed the identifica-
tion of 36, 118 and 21 articles of potential interest for A. fruti-
cosa, A. donax and R. japonica, respectively. Of these, after
preliminary screening, only 12, 20 and 26 articles respectively
were consistent with the objectives of the review. These 58 ar-
ticles were thoroughly analysed and categorised as shown in
Tab. 1. Specifically, for 4. fruticosa, only two contributions
found significant interrelationships between the presence of the
species and hydro-geomorphological aspects (Kiss et al., 2019;
Grabi€ et al., 2022; Tab. 2). Similarly, there are two relevant pa-
pers for A. donax on the topic, namely Spencer ef al. (2013) and
Stover et al. (2018; Tab. 2). For R. japonica three articles re-
ported a relation between the presence of the species and a sig-
nificant increase in bank and riverbed erosion, especially in

winter (Arnold and Toran, 2018; Colleran et al., 2020; Matte et
al.,2022; Tab. 2). Specifically, Colleran et al. (2020) even define
R. japonica as «autogenic geomorphologic engineer species»
and «erosion catalysty.

Amorpha fruticosa L.

Amorpha fruticosa (Fabaceae) is a shrub, 1-2(-6) m tall, bear-
ing numerous branches, with compound leaves formed by 13-17
elliptic leaflets and spike-like linear inflorescences (1 x 10-15 cm)
with many small purple flowers (Pignatti e al., 2017-2019). It is
native to North America, but it has spread across Asia and Europe
from the 18™ century as an ornamental plant. It is now generally
accepted to be among the most invasive alien species in Europe
(CABI, 2017). The present literature review confirmed that A. fru-
ticosa not only is a crucial invasive faxon, but rather a «transformer
species» capable of widespread invasion of disturbed areas
(Szigetvari, 2002; Protopopova et al., 2006; Pellegrini et al.,
2021). It forms impenetrable shrublands, facilitating consolidation
and stabilisation of soils and slopes, preventing erosion (Grabi¢ et
al.,2022). This is mainly due to its dense canopy capable of inter-
cepting rainfall and the large quantity of dead plant material pro-
duced every year, which covers the soil surface. Indeed, the species
is widely used for forestry and prevention of land degradation, as
well as for restoration of impacted habitats (Yin, 1993). Therefore,
although there is a lack of specific studies in this regard — partic-
ularly concerning the potential instability of the bank induced
mainly by the slope and the erosive action of the watercourse — it
is reasonable to assume that 4. fruticosa may play the same role
along riverbanks. In Europe, the species typically colonises ripar-
ian thickets and abandoned lands, as is widely observed along
rivers and canals and in associated riverine areas (e.g., in Hungary
— Delai et al., 2018; or in Romania — Kucsicsa et al., 2018).

Tab. 1. List of parameters/descriptors investigated, and their explanation.

Parameter  Explanation Abbreviation Explanation
Geo data Indication of the continent where the study was carried out - to which the paper data refers Eur Europe
Asi Asia
AmS South America
AmN North America
Oce Oceania
Afr Africa
Glo Global
Habitat type Lak Lake
Pon Pond
WetL Wetland
Lot Lotic
AnyH Any
Main topic Indication of the main topic of the study - to which the paper data refer EmvG Environmental gradients
ComS Community structure
AntPr Anthropic pressure
Biol Biotic interactions
Inv Invasiveness
SpCh Specific characteristics
OthTop Other
Hydro-Links Answer YES or NO = whether or not the paper deals with possible interdependencies
or mutual effects of the target species on hydraulic/geomorphological aspects
Results In case the answer above is YES = the main results obtained from the paper are to be summarised

Ind val In case the answer above is YES = the main results obtained from the paper are to be summarised
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In addition, since the species has a hydrochorous dispersal, coloni-
sation along river courses is very rapid and extensive. Only
damming can block the transport of propagules downstream
(Shevchyk et al., 2021), reducing the colonisation efficiency of
the species. Shrublands dominated by 4. fruticosa appear to slow
down water flow speed significantly (0.5 to 0.0 m/s in Hungary,
along the River Tisza; Sandor and Kiss, 2007), given that each in-
dividual produces up to 5-10 suckers that sprout directly from the
roots (Mihali and Botta-Dukat, 2004), with obvious consequences
in case of flood. The high density of suckers and basal branches
induces a significant slowdown in flow due to the reduction in
cross-sectional area of colonized lotic environments. Control of
A. fruticosa infestation seems to be more effective and less ex-
pensive if implemented through moderate to intense grazing (of
leaves, young shoots, young plants and fruits consumption), re-
sulting in reduced potential for spreading (Grabi¢ et al., 2022).

Arundo donax L.

Arundo donax (Poaceae) is a giant perennial bamboo-like
grass with culms generally 2-5 m high and 3-5 cm in diameter,
leaves numerous, lanceolate (1-6 x 10-50 cm), and fusiform in-
florescences 30-50 cm long (Pignatti et al., 2017-2019). In the
Mediterranean basin, it is considered an archaeophyte, formerly
regarded as a native species because of its presence and traditional
use since ancient times (Atzei, 2003; Pignatti ef al., 2017-2019).
Indeed, the species is native to tropical and temperate regions of
the Old World and in the Mediterranean area it shows genetic uni-
formity with a robust morphotype distinguishable from Asian
plants confirming a remote domestication and suggesting an East
Asian origin (Hardion ef al., 2014; CABI, 2024). Currently, it is
listed among the 100 worst invasive alien species on a world scale
(Lowe et al., 2000). Stover et al. (2018) showed that 4. donax
does play a role in decreasing river/canal banks stability because
this species has very superficial root systems, which generally do
not go deeper than 30 cm. Only roots with a diameter of less than
10 mm and especially finer roots (1-3 mm) reach greater depths,
however not exceeding 90 cm. In addition, the maximum area oc-
cupied by roots occurs in the first 10 cm of soil. Consequently,
when 4. donax grows near the water-land ecotone, the first 10-20
cm of soil are a hard, resistant layer of soil attached to the roots
superimposed to more erodible layers (where A. donax roots are
not present), underlying just below the species’ rhizosphere. In
these situations, embankments can easily be damaged during high
stage and flood events, with soil blocks mixed with A. donax roots
sliding into the active channel, facilitating lateral erosion and, in
the long term, hydraulic and structural slope instability processes.

Furthermore, the stability of the banks decreases if riparian
forests are progressively replaced by stands of 4. donax. Accord-
ing to Stover et al. (2018), through direct observations on a 30°
sloping coarse sand and gravel embankment, under unsaturated
conditions, it emerged that in the presence of the species, the
safety factor (understood as the ratio between resisting and driving
forces acting on the riverbank) decreases as the height of the em-
bankments increases (approximately 0.75 for 3 m high embank-
ments, approximately 1.60 for embankments 1 m high).
Conversely, riparian willows (measured in particular on Salix lae-
vigata Bebb) always offer a notably higher safety factor (about
1.15 for 3 m high riverbanks, about 2.70 for 1 m high riverbanks),
having deeper and better distributed root systems over the entire
riverbank height (Cushman and Gaffney, 2010). It has also been

estimated that, in the presence of A. donax communities, the flow-
ing speed of the current drops by 46-57%. The danger is lesser if
A. donax grows in anastomosed sections or along slow-flowing
channels, without significant variations in the hydraulic section
of the watercourse (Spencer et al., 2013). For all of these reasons,
itis correct to classify A. donax as a transformative species (sensu
Pysek et al., 2004) and include it among the 100 worst invasive
species globally (GISD, 2024).

Reynoutria japonica Houtt.

Reynoutria japonica — native to Japan, China and Korea — is
a perennial rhizomatous herb 0.7-2(-2.5) m tall, with erect, rami-
fied branches, alternate ovate leaves 12x7-17(-18) cm, with cus-
pidate-acuminate apex. The inflorescence is an axillary, terminal
panicle, with flowers functionally unisexual: the same individual
bears flowers of both sexes or only female ones (Pignatti et al.,
2017-2019). According to Colleran et al. (2020), R. japonica can
be considered an engineering and an «erosion catalyst» species.
During the autumn, the death of plant aerial parts exposes river-
banks to winter flooding, resulting in enhanced soil erosion. At
the same time, potential instability of the riverbank body is caused
by the inhibition of growth and regeneration of native species
(being them massively shaded by R. japonica, see Dommanget et
al., 2019), which provide structural support to the banks. Erosion
induced by the presence of R. japonica is 92-290% higher than
under uninvaded conditions (Matte et al., 2022), with peaks dur-
ing winter and particularly evident in incised banks (Arnold and
Toran, 2018). Rhizomes of R. japonica have a rhytidome, so they
do not have root hairs and are unable to bind soil and plants. In
addition, the species’ rhizomes displace the roots of native species
and disrupt the structure they provide to the soil, thus amplifying
bank erosion, especially during floods. In fact, after rainfalls the
sediment load of streams is much higher downstream of a dense
R. japonica stand than upstream (Colleran ez al., 2020). The
species, which forms large monospecific and extremely dense
stands, also influences erosion because of its peculiar shape and
habitus: higher stem density corresponds to greater soil loss
(Matte et al., 2022).

Water’s erosive forces create propagules through stem and
rhizome fragmentation (Pignatti e al., 2017-2019). Indeed, very
small fragments (a few centimetres) are sufficient to give rise to
anew individual (Brock and Wade, 1992; Barni ez al., 2010). Sig-
nificant floods can create large amounts of propagules, facilitating
downstream spreading over long distances along riverbanks. It
has been shown that R. japonica invasion is primarily due to ero-
sion induced by the species itself (Colleran et al., 2020).

The impacts of R. japonica-mediated invasion are exacerbated
by the allelopathic effects of the species on nearby native plants,
inhibiting their germination and growth (Vastano et al., 2000;
Siemens and Blossey, 2007; Serniak, 2016). Litter decomposition
also has phytotoxic effects on other species (Moravcova et al.,
2011). All of this significantly increases the potential of R. japon-
ica as an invasive species and erosion catalyst, justifying — simi-
larly to A. donax — its inclusion in the list of the 100 worst invasive
species globally (GISD, 2024).

Balancing benefits and harms in controlling IAPs

The challenges posed by the progressive accumulation of
IAPs require substantial reprogramming of biodiversity conser-



F. Buldrini et al.

vation and natural capital management strategies (Guareschi et
al., 2024). Among other things, there is a need to develop method-
ologies that can provide robust risk assessments associated with
«intensive management» programmes of IAPs, with a view to
«sustainable invasive species management» as proposed by Lar-
son and colleagues (2011). In this regard, there is a growing
awareness concerning the potential damages attributable to the
control/eradication activities rather than to the IAPs presence and
impacts, both in the academic (Schmiedel ez al., 2016; Hussner
et al., 2017; Vimercati et al., 2020) and practical, technical
(Barthod and Boyer, 2019; Dommanget et al., 2019) contexts.

It is necessary, therefore, not to overlook the cultural, nutri-
tional, and pharmacological value of [APs in planning control and
management interventions. Indeed, in several cases, the manage-
ment of IAPs must strike a balance between containing negative
effects on the environment and ecosystems and exploiting species
characteristics that could be beneficial to human needs. For ex-
ample, of the three species discussed here, 4. donax has been tra-
ditionally used since at least the Neolithic period in many parts
of the Mediterranean countries (Cianfaglione et al., 2022),
whereas R. japonica has high potential as forage, a source of food
for human use, and in the pharmaceutical industry (Chatel et al.,
2019). All these aspects cannot be underestimated when defining
the most appropriate strategy for managing the risks associated
with the spread and establishment of an IAP.

CONCLUSIONS

The spread and establishment of [APs in riparian contexts are
increasingly worrying issues, posing significant concerns about
the embankments’ integrity in time and space thus the increase of
flood risk. Moreover, riparian IAPs have huge repercussions on
the conservation of biodiversity and functionality of lotic ecosys-
tems. Despite this general awareness, the level of knowledge
available on riparian IAPs ecology appears to be very poor, as
demonstrated for 4. fiuticosa, A. donax and R. japonica. The pres-
ent review offers some insights, suggesting a key role played by
the structure and organisation of root systems of herbaceous or
shrub riparian IAPs in influencing the stability/instability of
river/canal banks. More attention will have to be paid to the pres-
ence of IAPs in riparian settings in the coming years, to fully un-
derstand the implications of their spreading on the instability of
river/canal banks, thus ensuring sufficient knowledge to devise
effective control/management strategies. At the same time, it will
be necessary to deepen in terms of sustainability the management
strategies of the three target IAPs, so as to pursue actions that are
truly beneficial to the conservation of riparian biodiversity, as well
as reducing the risk of disasters by increasing hydraulic safety.
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