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Abstract The free-floating American duckweed,

Lemna minuta, is an invasive species now widespread

in Europe. Yet, its impact on freshwater ecosystems

has been poorly investigated. In this study, the effects

of the presence of this invasive duckweed on water

quality, and aquatic plant and invertebrate communi-

ties were evaluated in sites in Central Italy. Water

chemical and physical factors and community descrip-

tors were analyzed to identify these effects. Surveys

were carried out across 17 paired aquatic sites. Site

pairs were similar in microclimate, hydrogeology and

water quality, but differed in relation to the presence/

absence of L. minuta floating mats. In sites with mats,

light and dissolved oxygen in water were negatively

correlated with increasing mat coverage and thickness.

The limited light and hypoxic conditions under mats

inhibited plant growth and had a selective impact on

the invertebrate community. Sites with L. minuta had

aquatic communities with a lower plant taxa richness

and a contrasting composition, compared with those in

sites without. At sites with mats some plants were

unaffected, but the majority of plant taxa documented

at sites without Lemna were no present at sites with

Lemna or were very rare (macroalgae, submerged

rhizophytes). As for invertebrates, hypoxic-tolerant

taxa dominated under mats (Ostracoda, Copepoda,

Isopoda), whilst those more sensitive to oxygen

depletion, or obligate herbivores, or those with a

winged stage or swimming on water surface, were rare

or absent (Ephemeroptera, Amphipoda, Chironomus,

Notonecta). Lemna minuta mats presence was associ-

ated with alterations in the underlying aquatic ecosys-

tem, severely threatening the conservation of these

habitats. Active management strategies, including

spread-prevention techniques, or mechanical removal

combined with biological control, are required to

conserve these habitats.

Keywords Duckweed � Biological invasion � Water

quality alteration �Macrophyte �Aquatic invertebrate �
Aquatic ecosystem

Introduction

Globally, freshwaters habitats have become highly

threatened due to multiple anthropogenic pressures,

such as hydrological and hydro-morphological alter-

ations, water pollution, water over-exploitation, and

introduction of alien species (Ormerod et al. 2010;
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Carpenter et al. 2011). Therefore, the need for

management protocols to monitor and preserve these

habitats have been identified in several international

agreements and Directives (e.g. Ramsar Convention

on wetlands protection 1971; European Habitat Direc-

tive 92/43/CEE; Water Frame Directive 2000/60/

CEE).

A variety of invasive alien plant species continue to

spread and colonise aquatic habitats and some have

been shown to severely alter ecological functioning

and biodiversity of the invaded habitats (Howard and

Harley 1998; Sala et al. 2000; Dudgeon et al. 2006;

Stiers and Triest 2017). Free-floating aquatic alien

plants can have a severe impact on aquatic habitats,

especially when they form extensive, dense and

multilayer mats that can cover the entire surface of a

waterbody. In these cases, they physically prevent

most of water–air interactions causing adverse chem-

ical and physical modifications of the underlying

water (Pokorny and Rejmánková 1983; Abdel-Taw-

wab 2006; Sengupta et al. 2010). In particular, these

mats can sometimes cause severe reductions in light

and dissolved oxygen concentrations (Morris and

Barker 1977; Janes et al. 1996), which can especially

cause deleterious effects on submerged plant and

animal communities (Cronk and Fennessy 2001;

Meerhoff et al. 2003; Ricciardi and MacIsaac 2011).

The effects on aquatic plants and animals by

invasive free-floating plants, such as Eichhornia

crassipes (C. Martius) Solms-Laubach (Brendonck

et al. 2003; Midgley et al. 2006), Salvinia molestaD.S.

Mitchell (Giardini 2004), Azolla filiculoides Lam

(Gratwicke and Marshall 2001) and A. pinnata R.Br.

(Abdel-Tawwab 2006) have been described. Compar-

atively, the impact of the American duckweed Lemna

minuta Kunth on aquatic ecosystems has been poorly

studied, despite its known invasiveness and continued

spread across Europe (DAISIE 2009; Ceschin et al.

2018a). Lemna minuta is the smallest of the species of

the genus, with fronds 1–2 mm wide that float on the

surface, and one rhizoid that extends into the water

(Landolt 1986). This duckweed grows in slow-moving

and stagnant freshwater habitats that range frommeso-

to eutrophic waters (Iamonico et al. 2010; Iberite et al.

2011). Due to its high competitiveness and rapid

growth (Ziegler et al. 2015), the accumulated biomass

of L. minuta can be extensive, fully cover some

waterbodies, and competitively exclude other Lemna

spp. (Ceschin et al. 2016a). The dispersal mechanisms

of L. minuta, that involve transport by birds and also

by water currents, as described by some authors

(DAISIE 2008; Hussner 2012; Coughlan et al. 2015),

can drastically reduce the effectiveness of any control

management practice of this species and allow to it to

widely spread. Indeed, at several sites in Central Italy,

the congeneric common native L. minor, very similar

morphologically to L. minuta (Ceschin et al. 2016c),

has been partially or totally replaced by this alien

duckweed within only a few years from its initial

arrival (Ceschin et al. 2016a). This phenomenon could

signify that it has a wider ecological range than the

native L. minor that allows it to colonize a wider

variety of sites (e.g. very shady ponds, waters more

neutro-alkaline and more nutrient rich) (Ceschin et al.

2018b). In addition, it could also reflect the higher

growth rate of L. minuta than the native duckweed

(Njambuya et al. 2011; Ceschin et al. 2016b) that leads

it to the faster formation of larger and thicker mats

(Dussart et al. 1993; Leng et al. 2004; Ceschin et al.

2016b). The production of thick mats by L. minuta is

evident as its growth does not seem to be limited by

contact inhibition, as in the case of L. minor (Driever

et al. 2005). This seemingly uninhibited growth leads

to a bidimensional mat development that can result in

a myriad of water quality problems (Ceschin et al.

2019b).

Janes et al. (1996), and more recently Ceschin et al.

(2019a), have investigated the adverse effects of L.

minuta on submerged macrophytes and different

animal groups, respectively. However, the evidence

from these studies is derived from laboratory exper-

iments and so suffer from some limitations, such as

short time frames, small volumes, and less complex

biotic and abiotic interactions than those occurring in

(semi-)natural conditions (Carpenter 1996; Schindler

1998). In this respect, it is essential to develop the

information gathered from these laboratory experi-

ments to design field investigations to have a better

insight on the effect of L. minuta invasions on aquatic

ecosystems. With this in mind, the primary aim of this

study was to evaluate the effects of L. minuta mats on

invaded aquatic habitats. To do so, we comparatively

assessed the diagnostics of water chemical and

physical factors, and aquatic plant and invertebrate

communities, in paired sites within the same hydro-

graphic setting, and of similar chemical and physical

characteristics but different in the fact that one is with

and one is without a L. minuta mat.
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Materials and methods

Sampling sites

Surveys were carried out in 17 paired aquatic sites

located in Central Italy (Fig. 1). For geographic

coordinates of the sampling sites see Table S1. The

sites ranged from ponds to small lakes of 20 to 100 cm

depth. The sites in each pair were spatially close (less

than 2 km apart), belonging to the same hydrographic

network, and were similar in terms of microclimate,

hydrogeology and water quality, as documented by

previous studies (Mazzini et al. 2014; Ceschin et al.

2016a, 2018b). However, sites differed in relation to

the presence ([ 80% coverage) and absence (no

coverage) of thick ([ 10 mm) free-floating L. minuta

mats. The occurrence of L. minuta mats was therefore

the main discriminating variable between the paired

sites, and each site without Lemna was considered as

an un-impacted reference site, with the differences

between the paired sites indicating the L. minuta

effects on the aquatic ecosystem. Samplings of water

chemical and physical factors, and aquatic communi-

ties, were carried out once at each of the paired sites in

either 2017 or 2018, from April to October, coinciding

with the main growing season of L. minuta.

Water chemical and physical analysis

At each sampling site, air and water temperature (�C),
conductivity (lS/cm), pH, and dissolved oxygen (mg/

l) were measured in the field using a multi-parameter

probe (Hach-Lange HQ40d). Transmitted light (%)

was calculated considering the difference between the

irradiance levels (lmol photon m2/s) measured above

and below the L. minutamat by a light meter (LI-250A

Fig. 1 Location of sampling sites. Each acronym is inclusive of

a site pair with and without L.minuta for a total of 17 paired sites

(i.e. 34 sampling sites). Alv, Alviano WWF Oasis (TR); Aum,

Nursury Aumenta (LT); Bot, Botanical garden of Rome (RM);

Bor, Borghese property (RM); Caf, Caffarella Valley (RM);

Fog, Foglino wood-Nettuno (RM); Paq, Aqueduct park (RM);

Tma, Tor Marancia Park (RM)
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light meter and LI-193SA quantum sensor, LI-COR

GmbH). Measurements were made by having the

probe just lightly in contact with the upper and lower

surface of the Lemna mat.

Aquatic plants and invertebrates analysis

The coverage (%) of aquatic plants, including

macroalgae and vascular plants, were estimated visu-

ally within a standard area of 10 m2 in each sampling

site. As it was impossible to observe the submerged

plants under the dense L. minuta mat, five sections of

it were removed (ca. 30 9 30 cm) using a wide

wooden spatula at intervals of approximately 1 m

across a representative transect of the waterbody. Plant

samples that were not immediately identified in field

were taken to the laboratory for identification using a

light microscope (Zeiss AxioScope) or stereoscope

(Olympus SZX2-ILLT) and following the dichoto-

mous keys of John et al. (2002) for algae and Pignatti

(1982) for vascular plants. Total taxa richness and

coverage of the plant community (excluding L.

minuta) were calculated for each site. Regarding L.

minuta, the average mat thickness (mm) was deter-

mined by measuring the thickness of three mat

samples taken randomly from each site, using a

precision digital calliper.

Aquatic benthic invertebrates were sampled with a

standard net (25 9 25 cm frame, 500 lmmesh) in the

same area where plants were collected. The net was

placed above the substrate and then it kicked the

substrate in front of the net to catch the individuals

present in the first centimeters of the substrate. Three

kicks along each transect were carried out. For

sampling planktonic invertebrates, the net was made

to pass through the water column along the same

transect. The identification of individuals was per-

formed directly in field, otherwise uncertain samples

were fixed in 95% ethanol and transported to labora-

tory for identification using a stereoscope (Olympus

SZX2-ILLT) and following the taxonomic guides of

Campaioli et al. (1999) and Tachet et al. (2000). For

each taxon, the number of individuals (abundance)

was reported per site. Total taxa richness and total

abundance of invertebrate community were calculated

for each site.

Statistical analysis

Principal Component Analysis (PCA) was used to

identify the water chemical and physical factors

influenced by the free-floating L. minuta mats. Anal-

yses were run on datasets of abiotic and Lemna mat

parameters (coverage, thickness). Spearman correla-

tions between L. minuta mat and abiotic parameters,

aquatic plant and invertebrate community descriptors

(taxa richness, coverage, abundance), were carried out

to evaluate the general influence of L. minuta mats on

these parameters. Subsequently, comparisons on abi-

otic and community data sets were made between the

paired sites with and without L. minuta, using the

Mantel Test with Bray–Curtis similarity measures.

The Mantel Test was used for verifying the degree of

similarity between two data sets. Two data sets are

significantly similar for p\ 0.05, otherwise dissimi-

lar. SIMPER analyses of aquatic plant and invertebrate

datasets were specifically used to determine which

taxa contributed mostly to the difference between the

paired sites. Exclusive taxa of one of the two subsets of

sites, but found only once, were not considered in the

analysis. The overall significance of the difference was

assessed by ANOSIM. All statistical analyses were

conducted with Past software version 3.07.

Results

Effect of L. minuta mats on water chemical

and physical factors

PCA analysis shows a clear distinction between sites

with and without L. minuta mats in relation to water

quality, with the first axis explaining around 70% of

the total variance (Fig. 2). A summary of these

differences in relation to the water chemical and

physical factors is shown in Fig. 3. Light and

dissolved oxygen were the factors that most differen-

tiated sites and were both negatively correlated with

coverage (p\ 0.05, r = - 0.70 and - 0.69, respec-

tively) and thickness of the Lemna mats (p\ 0.05,

r = - 0.82 and - 0.71) (Table 1). In the sites with

Lemna, dissolved oxygen was significantly lower

(over 60%) than in those without (p\ 0.05). Light

was blocked almost entirely by the Lemna mat with a

mean of only 1.8% of the incident light (i.e. amount of

light that arrives at surface) passing through the mat,
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Fig. 2 PCA biplot of chemical and physical factors, and L. minuta mat parameters. Data from all 34 sites (?, for sites with L. minuta,

and -, for sites without)

Fig. 3 Ranges in water chemical and physical factors in sites with Lemna (black) and without (white). Light (a), dissolved oxygen (b),
temperature (c), pH (d), conductivity (e). Data from all 34 sites
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compared to a mean about 46% at the sites without

Lemna (p\ 0.05) (Fig. 4a).

The water temperatures in sites with Lemna were

generally lower than those measured in the sites

without (mean 1.5 �C ± SD 0.26), but this difference

was not significantly correlated with Lemna mat

coverage and thickness (Table 1). Water temperatures

in sites with Lemna were lower than those of the air

(mean 2 �C ± SD 0.26), whilst in sites without Lemna

the difference was less pronounced (mean 0.7 �C ±

SD 0.31; Fig. 4b). Differences in pH and conductivity

of the sites with and without Lemna were relatively

small (mean 0.3 pH units ± SD 0.15 and 20 lS/
cm ± 9.28, respectively).

Effect of L. minuta mats on aquatic plant

community

The coverage of all plant taxa collected at sites with

and without L. minuta mats are shown in Table S1. In

sites with L. minuta, the plant communities generally

have lower taxa richness and total coverage than the

sites without (Table 2). Lemna minuta mat thickness

was significantly and negatively correlated with the

number of plant taxa (p\ 0.05, r = - 0.57), and the

mat coverage with plant total coverage (p\ 0.05,

r = - 0.46).

The Mantel Tests performed on the plant dataset

showed that 15 out of 17 site pairs with and without

Lemna were dissimilar (p[ 0.05). In detail, SIMPER

tests showed that differences in composition of the

plant community between sites with and without

Lemna was mainly due to some taxa (Table 3). All

algal taxa recorded were exclusive to sites without

Lemna (e.g. Phormidium sp., Spirogyra sp., Oedogo-

nium sp., Chara spp., Draparnaldia sp., Bacillario-

phyta) and contributed about 25% to the observed

differences. Cladophora glomerata (L.) Kützing was

the only alga present in some sites with Lemna, but

always with low frequency respect to these sites

(around 12%) and very low coverage. Other plant

species that commonly occurred in sites without

Lemna, such as Veronica anagallis-aquatica L.,

Apium nodiflorum (L.) Lag., Nelumbo nucifera Gaertn

and Equisetum telmateja Ehrh, contributed around

25% to the total difference between waterbodies with

and without Lemna. Also other species were exclusive

to the sites lacking of L. minuta, even if present with

less frequency (e.g. Vallisneria spiralis L., Alisma

plantago-aquatica L.). Conversely, Typha latifolia L.

and native duckweeds, such as L. minor and secon-

darily L. gibba L., were more frequently found in sites

with L. minuta mats than in those without, accounting

for 24% of the total difference. However, these other

Lemna species were present at sites with L. minuta

with low coverage (mean coverage\ 12%). Juncus

bufonius L. and Zannichellia palustris L. were exclu-

sively found in presence of L. minuta, but at very low

frequency and coverage.

Effect of L. minuta mats on aquatic invertebrate

community

The abundance of all aquatic invertebrates recorded at

sampling sites with and without L. minuta are listed in

Table 1 Spearman correlation (r) between environmental parameters and coverage and thickness of L. minuta mat (*p\ 0.05; **

p\ 0.01)

Oxygen (mg/l) Light water (l mol phot m2/s) Temp water (�C) pH Cond (lS/cm)

L. minuta mat coverage - 0.69* - 0.70* - 0.19 - 0.31 - 0.09

L. minuta mat thickness - 0.71* - 0.82** - 0.16 - 0.17 - 0.01

Fig. 4 Percent of surface light transmission into the water

column (a) and difference between water and air temperature (%

decrease) (b) in sites with Lemna (black) and without (white).

Data from all 34 sites
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Table S1. Invertebrate community ranged from 2 to 7

taxa in the sites with Lemna (mean 5.2 taxa ± SD

0.53) and from 3 to 13 taxa in sites where L. minuta

was absent (mean 7.2 taxa ± SD 0.62). In the sites

without Lemna, there was on average a greater taxa

richness and a higher abundance of individuals

(Table 2). There was about a 40% decrease in taxa

richness in the sites with Lemna compared to those

without. The number of taxa, and not the number of

individuals per taxa, was significantly and negatively

correlated with Lemna mat coverage (p\ 0.05,

r = - 0.32) and thickness (p\ 0.05, r = - 0.33).

The Mantel tests showed a high significant dissim-

ilarity (12 out 17 pairs) between sites with and without

L. minuta mats based on invertebrate community

descriptors. SIMPER tests showed that some inverte-

brate taxa contribute mostly than others to differen-

tiate these two site groups (Table 3). In particular,

Diptera with Chironomus sp. and Culex sp., Ephe-

meroptera with Baetis rhodani Pictet and Cloeon sp.,

Amphipoda with Gammarus sp., Anellida with Nai-

didae (formerly known as Tubificidae), ciliates with

Amoeba sp., Coleoptera with Dytiscidae, and Hemi-

ptera with Notonecta sp., make up 20% of this

difference, occurring preferentially or exclusively in

waterbodies without Lemna. Conversely, Ostracoda

mainly with Cypria ophtalmica (Jurine) Brady &

Norman, Isopoda with Asellus aquaticus L., Cladocera

with Daphnia sp., and Copepoda, that contribute over

60%, were more frequent and in greater abundance in

sites with Lemna.

Discussions

Here we show that the occurrence of thick and

extended floating mats of L. minuta was associated

with alterations of the underlying aquatic habitat. In

particular, there was a direct negative association of

this alien duckweed with water quality (mainly in

relation to light and dissolved oxygen). Lemna minuta

presence was also associated with lower richness and

coverage/abundance of aquatic plants and inverte-

brates, as well as diverse community compositions.

As much of the information on the effects of Lemna

mats on water quality and community was based on

low-complex in vitro (and ex situ) experiments (Janes

et al. 1996; Ceschin et al. 2019a), the data of this in situ

study can be important to aid further understanding the

ecological impacts of this species in natural complex

environments. Here, the chemical and physical data

aided the elaboration of the biological data, however it

would be interesting to expand upon this by including

detailed analyses on nutrients in water to give a more

comprehensive view of the driving processes involved

in Lemna population dynamics and environmental

impacts.

Influence of L. minuta mats on water abiotic

factors

High reductions of irradiance to near-darkness and

oxygen to hypoxic levels were found in the water of

sites with Lemna. The severity of these alterations

increases with mat thickness and higher proportional

surface coverage, since dense L. minuta mats would

tend to form a barrier between air and water,

confirming also previous observations of indoor

experiments (Janes et al. 1996; Ceschin et al.

2019a). The overall impacts on the aquatic ecosystem

by Lemna mats would seem to be a combination of

direct effects (blocking light and oxygen exchange at

the air–water interface) that likely are further inten-

sified indirectly by the synchronous elimination of

photosynthetic oxygen production and increase in

Table 2 Ranges (and means) of aquatic plant and invertebrate community descriptors recorded in sites with (?) and without (-) L.

minuta

Plant taxa (n per

site)

Plant coverage (% per

site)

Invertebrate taxa (n per

site)

Invertebrate individuals (n per

site)

L. minuta mat

(?)

0–6 (3.1) 0–60 (27.3) 2–7 (5.2) 6–490 (158.18)

L. minuta mat

(-)

1–11 (5.6) 0.5–116.6 (44.9) 3–13 (7.2) 14–1218 (183.4)
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Table 3 List of the plant and invertebrate taxa that mostly contribute (%) to differentiate sites with (?) and without (-) L. minuta

Sampling site Lemna (?) Lemna (-) Contribution (%)

Mean abundance Mean abundance

PLANTS (excluding algae)

Veronica anagallis-aquatica 0.59 5.88 8.87

Nelumbo nucifera 0.79 4.94 7.22

Apium nodiflorum 0.29 4.88 5.63

Equisetum telmateja 0.38 2.44 3.80

Vallisneria spiralis 0.00 0.69 1.59

Alisma plantago-aquatica 0.00 0.29 0.61

Riccia fluitans 0.00 0.18 0.30

Sagittaria sagittifolia 0.00 0.29 0.21

Nymphaea alba 0.00 0.29 0.21

Callitriche palustris 0.00 0.06 0.12

Callitriche stagnalis 0.00 0.06 0.12

Sparganium erectum 0.00 1.18 1.10

Cyperus papyrus 0.00 0.29 0.27

Lemna minor 6.82 1.03 10.20

Lemna gibba 4.71 0.12 6.53

Typha latifolia 4.15 1.06 7.13

Zannichellia palustris 1.47 0.00 1.24

J uncus bufonius 0.80 0.00 0.06

Algae and cianobacteria

Cladophora glomerata 0.91 3.82 8.39

Phormidium sp. 0.00 1.68 3.57

Bacillariophyta 0.00 1.24 1.80

Spirogyra sp. 0.00 0.91 1.82

Chara sp. 0.00 0.88 1.75

Oedogonium sp. 0.00 0.59 0.75

Draparnaldia sp. 0.00 0.29 0.57

Melosira sp. 0.00 0.12 0.31

Oscillatoria sp. 0.00 0.08 0.43

Fragilaria sp. 0.00 0.06 0.23

Batrachospermum sp. 0.00 0.03 1.64

Invertebrates

Ostracoda (Cypria ophtalmica, Cypridopsis vidua) 64.80 24.10 18.43

Copepoda (Cyclops sp.) 98.00 41.60 16.49

Isopoda (Asellus aquaticus) 43.60 8.41 14.65

Cladocera (Daphnia sp.) 42.50 15.80 13.19

Amphipoda (Gammarus sp.) 0.82 16.20 4.95

Anellidae (Naididae) 3.29 6.65 3.51

Diptera (Chironomus sp., Culex sp.) 1.35 8.12 2.64

Amoebidae (Amoeba sp.) 0.00 8.82 2.61

Coleoptera (Dytiscidae) 0.41 3.35 1.90

Ephemeroptera (Baetis rhodani, Cloeon sp.) 0.00 3.65 1.80

Heteroptera (Notonecta sp.) 1.06 7.18 1.63

123

1332 S. Ceschin et al.



heterotrophic respiration (Hamilton et al. 1995;

Takamura et al. 2003).

The barrier effect of L. minuta mats seemed to be

also thermal as the differences between ambient and

aquatic temperatures were significantly different with

lower temperatures found in the sites with the mats

compared to those measured in the sites without. It is

already known that temperature can vary widely

between air and water in the presence of floating mats

(Dale and Gillespie, 1976) and differences of more

than 2 �C have often been found highlighting the

insulating capacity of the Lemna mats (Ceschin et al.

2019b).

The other environmental parameters (pH, conduc-

tivity) were not significantly affected by the presence

of duckweed mats. There was, however, a general

decrease in pH with increasing mat coverage and

thickness, a relationship that has been shown to be

significant in previous indoor experiments (Ceschin

et al. 2019a), as a result of increasing dissolved carbon

dioxide concentrations, due to the prevalence of

respiratory over photosynthetic activity in the water

column (Morris and Barker 1977; Janes et al. 1996).

Influence of L. minuta mat on aquatic plant

communities

The changes in water quality conditions likely caused

by the presence of a L. minuta mat exerts a strong

control on the growth of underlying aquatic plants,

resulting in assemblages with low coverage, low taxa

richness and altered taxonomic composition. Lemna

mat coverage, over prolonged periods, would seem to

lead to an absence of other aquatic plants, with only

the most plastic and eurytopic species surviving. Some

species, such as the fast-growing, phenotypically

plastic Elodea sp., can respond by elongation and

colonising the immediate subsurface layer where there

is a greater potential to obtain light (Janes et al. 1996),

whilst some algae and plants can produce spores,

resting stages or propagules to survive through these

stressful conditions (Maberley 1993; McMinn and

Martin 2013).

Lemna minuta mat cover would seem severely

impact algal communities since they were completely

absent or, at most, sporadic. As L. minuta mats

blocked nearly all light penetration into the water

column, the total inhibition of algal growth would be

expected. This phenomenon has also been noted to

occur under other free-floating plants (De Tezanos

Pinto et al. 2007; O’Farrell et al. 2009). When Lemna

coverage is less 30%, algae are still able to compete for

resources (space and nutrients) (Szabó et al. 1999;

Roijackers et al. 2004), a situation, in fact, that in this

study has sometimes occurred in the sites without

Lemna or with more restricted L. minuta coverage

where there was a greater algal taxa richness and

abundance (see Table S1).

On the whole, also submerged rhizophytes, present

in sites lacking L. minuta, were not found in those

with, where the occurrence of floating L. minuta mats

on the water surface likely limits the growth of these

plants that would not receive enough light. The lim-

iting effect of L. minuta mats on a submerged

rhizophyte, such as Potamogeton crispus L., had

already been previously observed within laboratory

experiments (Janes et al. 1996).

Emergent rhizophytes would likely have problems

overwintering if mats of L. minuta are established, this

is because the regular germination of their submerged

seeds, winter buds or turions is likely to be impeded by

the lack of light, oxygen and lower temperatures

present under a persistent mat. Indeed, in this study,

emergent rooted species, such as V. anagallis-aquat-

ica, A. nodiflorum and E. telmateja were found only

very sporadically in the sites with L. minuta mats (see

Table S1). Other rhizophyte species, such as T.

latifolia, can overcome the deleterious effects of

the Lemna mats as it has floral and perennial vegeta-

tive structures that are emergent and a well-developed

Table 3 continued

Sampling site Lemna (?) Lemna (-) Contribution (%)

Mean abundance Mean abundance

Odonata (Lestes sp.) 0.47 1.82 0.77

In bold, the mean abundance (plant coverage, invertebrate individual number) of each taxa characterizing one of the two groups of

sites (?, -)
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aerenchyma which allows it to tolerate also very low

dissolved oxygen concentrations (Brix 1993).

At sites with L. minuta, other duckweed species,

such as the native L. minor and L. gibba, were co-

occurring, even if only with small populations (see

Table S1). Indeed, here it seems the presence of L.

minuta limits the growth of these other duckweeds and

actually there is empirical evidence showing that L.

minuta does have higher growth rates than L. minor

(Ziegler et al. 2015; Ceschin et al. 2016b), especially

under medium–high nutrient concentrations (Njam-

buya et al. 2011; Paolacci et al. 2016; Ceschin et al.

2018b) and medium–high light intensities (Paolacci

et al. 2018a). However, it should be noted that some

recent transplant experiments have demonstrated that

the two Lemna species are able to grow in ponds with

various physical and chemical characteristics during

the summer period (Paolacci et al. 2018b).

Influence of L. minuta mat on invertebrate

community

It was shown that the water column beneath L. minuta

mats is a sub-optimal environment for aquatic inver-

tebrates, and resulted in a decreased taxa richness and

an altered taxa composition. Similar consequences

have been shown for other invasive free-floating

plants, such as S. molesta (Giardini 2004), A. filicu-

loides (Gratwicke and Marshall 2001) and A. pinnata

(Abdel-Tawwab 2006). The reduction of dissolved

oxygen levels under L. minutamats caused a reduction

of taxa sensitive to a depletion in oxygen, such as

Ephemeroptera, namely Baetis rhodani and Cloeon

sp., and Amphipoda as Gammarus sp.. The phe-

nomenon of selective pressure by hypoxia on zoo-

plankton communities (Dejen et al. 2004;

Fontanarrosa et al. 2010) has also been shown under

the free-floating mats of E. crassipes (Midgley et al.

2006) that have similar impacts to the Lemna mats. A

significant reduction of herbivorous taxa (e.g. Ephe-

meroptera as Baetis rhodani and Cloeon sp.) was most

likely due to food scarcity (Bramm et al. 2009). Also

surface-swimming taxa, such as Notonecta sp. (Hemi-

ptera), were absent at sites with the Lemnamats, likely

because their typical movement on the surface is

physically impeded by the mat presence. Similarly, it

was observed a small number of taxa with a life cycle

including an aquatic larval and a winged adult stage

(e.g. Diptera as Chironomus sp. and Culex sp., and

Ephemeroptera as Baetis rhodani and Cloeon sp.),

likely because L. minuta mats can act as physical

barriers preventing the completion of the life cycle of

these taxa (Furlow and Hays 1972).

There are, however, other taxa that tolerate the

aquatic conditions created under L. minuta mats.

Among these taxa, Isopoda, Cladocera, Ostracoda and

Copepoda even proliferate and dominate the inverte-

brate communities found in sites with Lemna, most

probably because of the reduction of interspecific

competition. High abundances of Ostracoda have also

been previously observed in field under dense mats of

duckweed communities (Mazzini et al. 2014) and the

tolerance of Asellus aquaticus (Isopoda) to the hostile

environmental conditions under L. minuta mats has

also been noted in laboratory (Ceschin et al. 2019a).

Although, how much the success of these species is

due to reduced competition or physiological processes

has not yet been illucidated.

Management strategies for L. minuta population

control and spread-prevention

The high dispersal capacity of L. minuta combined

with its capacity to alter the chemical and physical

characteristics and ecological function of waterbodies

highlights the need to find active management strate-

gies to conserve these valuable habitats. There are

limited methods available to control the spread of this

invasive duckweed, among which, mechanical

removal of the mats using nets with fine-mesh that

could rapidly reverse any impacts. But, full removal is

difficult, and considerable biomass can be reproduced

in a very short time (Landolt 1986; Ceschin et al.

2016b). Even if full removal of Lemna is achieved, the

likelihood of re-invasion from nearby populations in

surrounding waterbodies could frustrate these man-

agement efforts. However, the spread of L. minuta can

be monitored using remote sensing techniques (e.g.

Villa et al. 2015), and mat formation could be

prevented by timely removal of pioneering fronds.

For greater success in controlling the spread of L.

minuta populations, a combination of physical

removal and biological control using natural local

competitors or grazers could be suggested. At present,

there is no field-evidence on a biological control of the

species, but some preliminary laboratory observations

would suggest that some native herbivorous insects

might be suitable in controlling this aquatic alien plant
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(Mariani et al. 2020). More recently, a new biosecurity

practice of steam treatment has been developed for the

control of invasive macrophytes (Crane et al. 2019),

and this could potentially be useful for spread-

prevention of Lemna, especially as the possibility of

successful in situ treatment may be likely linked to the

floating lifestyle of this invasive duckweed.
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