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Marked differences in litter were observed, however, 
with invaded areas having c. 20-fold higher (above-
ground) litter input than uninvaded ones, as well as 
lower C:N ratio (17 vs. 29). This was associated with 
a significantly higher overall abundance and biomass 
of earthworms in invaded plots (375 individuals m–2, 
115 g biomass m–2), compared to the uninvaded 
control (130 individuals m–2, 45 g biomass m–2), 
with removal treatments having intermediate values. 
Earthworm communities comprised 10 species, typi-
cal for Irish grasslands, dominated by the common 
endogeic species Allolobophora chlorotica, Apor-
rectodea caliginosa and Aporrectodea rosea. Both 
earthworm species richness and Shannon diversity 
were significantly higher in invaded areas, but only in 
spring samples. Based on this new information, plant 
invaders may increase the abundance and diversity of 
earthworms, mainly due to much larger litter inputs, 
increased soil pH and possibly lower soil tempera-
tures in the summer.typical of Irish grasslands

Keywords  Grasslands · Invasive plants · Litter · 
Lumbricidae · N-fixation · Soil fauna

Introduction

Plant invasions have the potential to alter both 
the structure and function of a range of ecosys-
tems and the services they provide (Vitousek et  al. 
1997; Ehrenfeld 2010; Ricardi et al. 2017). To date, 

Abstract  Invasive plants often modify soil biotic 
communities through changes in soil physicochemi-
cal characteristics or the amount and/or quality of 
litter inputs. We assessed the impacts of Gunnera 
tinctoria invasions on soil and the earthworm com-
munity, on Achill Island, Co. Mayo, Ireland. We com-
pared replicated (n = 5) areas invaded by G. tincto-
ria with uninvaded semi-natural grasslands, as well 
as with areas subjected to mechanical removal or 
herbicide treatment. Modifications in physiochemi-
cal properties included lower soil temperatures and 
higher soil pH during the summer in invaded areas, 
yet little effect on C and N stocks, or soil moisture. 
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however, most studies that have examined the effect 
of plant invasions on terrestrial ecosystems have 
focused on above-ground changes and how these 
impact on vegetation productivity and plant bio-
diversity (Ehrenfeld. 2010; Vilà et  al. 2011). Plant 
invasions are also recognised to influence soil chemi-
cal properties (Ehrenfeld 2003), modifying biogeo-
chemical cycling, and impacting on C and N stocks. 
Nevertheless, there is a lack of detailed quantitative 
information on the time dependence of these effects 
of invasive plants (D’Antonio and Flory 2017), with 
some impacts disappearing with time.

Whilst plant invasions can also affect the soil 
biota, much less information is available. A range 
of largely case-specific effects have been described 
that vary both in the direction and magnitude of any 
impact (e.g., Belnap and Phillips 2001; Kourtev et al. 
2003; Callaway et al. 2004; Vilà et al. 2011; Simber-
loff et  al. 2013; Meisner et  al. 2014). Clearly, how-
ever, there are close interactions between any changes 
in soil properties and the soil biota. Not only will any 
changes in plant-invasion-related soil biogeochemical 
properties influence the soil biota, but their influence 
on soil structure and decomposition processes will, in 
turn, also influence biogeochemical cycling. Of rele-
vance, as far as the impacts of alien invasions are con-
cerned, is whether this chain of effects (i.e., invasion 
meltdown; Simberloff and Von Holle 1999) is always 
detrimental with consistent effects on individuals or 
processes.

The available evidence suggests that a range of soil 
biotic responses have been reported, including detri-
mental, beneficial, or neutral effects (Simberloff et al. 
2013; Guerin et al. 2017; Kuebbing and Nunez 2018). 
Despite evidence for biological invasions having an 
overall detrimental impact with significant economic 
costs (Diagne et  al. 2021), a more complete assess-
ment will require detailed information on a range of 
organisms and ecosystem processes that also con-
sider both detrimental and beneficial effects (Vimer-
cati et al. 2020). Any impact is also likely to be con-
text dependent, so an individual species or a trait 
purported to be associated with invasiveness might 
have contrasting effects depending on site, location, 
the extent of human activity or the prevailing envi-
ronmental conditions (Sapsford et  al. 2020). Only 
through an understanding of the impacts of plant 
invasions on multiple targets/processes and trophic 
levels will we be able to provide a comprehensive 

assessment of the totality of their effects and what the 
implications are for management and restoration pur-
poses (Vimercati et al. 2020). Importantly, the impact 
may vary with trophic level, with some trophic lev-
els more vulnerable than others (Bradley et al. 2016; 
Schirmel et al. 2016), as well as being ecosystem spe-
cific (McCary et al. 2016).

Earthworms are recognised as one of the most 
important components of the soil biota in many ter-
restrial ecosystems (Curry 1994), chiefly through 
their direct contributions to organic matter decom-
position, nitrogen mineralisation, and the mainte-
nance of soil structure, giving them key roles in the 
cycling of nutrients and water (Blouin et al. 2013). In 
addition, earthworms can affect many soil processes 
indirectly through their impact on microbial commu-
nities (Le Bayon et  al. 2017). Through their contri-
bution to litter decomposition, earthworms provide a 
route for the incorporation of organic matter into the 
soil, as well as its subsequent stabilisation by the for-
mation of organo-mineral aggregates (Blouin et  al. 
2013). Litter bag experiments have shown a strong 
correlation between litter decomposition and earth-
worm numbers, although this also depends on litter 
palatability, with earthworms often thought to pre-
fer litter with a low polyphenol content (Hendriksen 
1990; Curry and Schmidt 2007). However, this could 
depend on the concentration and composition of indi-
vidual polyphenols, as well as the possibility that lit-
ter palatability could be influenced by variations in 
litter quality, as measured by changes in the C:N ratio 
(Hendriksen 1990). In the context of plant invasions 
this means that litter palatability may also be impor-
tant despite the generally higher litter production 
associated with many plant invaders (Ehrenfeld 2003; 
Wolkovich et al. 2010; Tamura and Tharayil 2014).

Earthworms (Lumbricidae) can be divided into 
three functional groups (Bouché 1972), and their rela-
tive abundance will determine, to a large extent, how 
they influence different soil-based processes. Epigeic 
earthworms live on or near the soil surface and feed 
directly on accumulated litter; endogeic earthworms 
live in the upper mineral soil horizons producing tem-
porary horizontal burrows and feeding on mineral soil 
and partly decomposed material; the last group, ane-
cic earthworms, produces permanent vertical burrows 
and feeds on surface litter dragged into their burrows 
(Bouché 1972). Although plant invasions could affect 
all three groups in the long term, the generally higher 
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litter production could provide a shorter-term trophic 
benefit for epigeic or anecic earthworms. Earthworms 
may also feed on dead and decaying roots and root 
exudates, so the supply of this food source might be 
important too but is much less understood (Curry and 
Schmidt 2007; Gaudon et al. 2020). Modifications in 
a range of physicochemical soil factors (e.g., water 
and temperature dynamics, pH, Ca concentrations) 
associated with plant invasions (Ehrenfeld 2003; 
2010) could also influence the abundance and bio-
diversity of soil earthworm populations. Differences 
in the plant species composition between invaded 
and uninvaded areas may be important too, given the 
often close relationship between earthworm abun-
dance and vegetation type (Singh et al. 2016).

Invasions by the unusual, N-fixing, herbaceous 
species Gunnera tinctoria (Osborne et al. 1991) rep-
resents a major aspect of land-cover change with 
estimates suggesting a > 10-fold increase in the area 
occupied in Ireland over the last 50 years (Fennell 
et  al. 2014). As well as being a significant invader 
in Ireland, this species has become invasive in other 
parts of western Europe, the UK, Portugal, and New 
Zealand (Osborne et  al. 1991; Gioria and Osborne 
2013). Several aspects of these invasions in Ireland 
have already been documented, including impacts on 
the soil seed bank (Gioria and Osborne 2009; 2010; 
Gioria et al. 2011), the significance of differences in 
N-utilisation and phenology (Mantoani et  al. 2020) 
and effects on soil greenhouse gas emissions (Man-
toani and Osborne 2021). Importantly, experimental 
evidence, supported by biological records (Fennell 
et  al. 2014), have allowed us to date the age of the 
populations investigated at > 50 years, which enables 
us to document the time over which any changes have 
occurred. Although these invasions are associated 
with the production of a large amount of litter com-
pared to uninvaded areas (Gioria and Osborne 2013; 
Mantoani 2019) there was surprisingly little evidence 
of any significant changes in C or N stocks, despite 
the age (>50 years) of the invasion (neutral impact; 
Mantoani 2019), whilst soil CO2 emissions were sig-
nificantly reduced (beneficial impact; Mantoani and 
Osborne 2021). Conversely, detrimental effects on 
above-ground vegetation productivity and composi-
tion, together with reductions in seed bank abundance 
and diversity have been reported (Gioria and Osborne 
2009; 2010; 2013; Gioria et  al. 2011; Mantoani 
and Osborne, 2022), demonstrating the contrasting 

responses that can be observed, depending on the 
focus or target of the investigation.

To extend and complement these studies, we 
examined the effect of G. tinctoria invasions on 
native earthworm populations, considering the three 
functional earthworm groups, as well as earthworm 
species and community diversity. Given the potential 
legacy effects associated with plant invasions, we also 
assessed the impact of the experimental removal of G. 
tinctoria on earthworm populations using physical or 
chemical (herbicide) treatments. We also assessed the 
effects changes in litter accumulation and quality and 
the extent to which this may have influenced earth-
worm communities in both invaded and uninvaded 
areas. Our hypotheses were: (1) G. tinctoria invasions 
would, because of the production of an unpalatable 
litter with a high polyphenol content (Zamorano et al. 
2017), result in a litter-quality related reduction in 
soil earthworm populations (Hendriksen 1990); and 
(2) there would be a legacy effect of G. tinctoria inva-
sions with reduced earthworm populations in areas 
where G. tinctoria plants were removed physically or 
chemically.

Material and Methods

Area of study and experimental design

The study area is the same as that reported in Man-
toani et al. (2020) and Mantoani and Osborne (2021; 
2022), and located on Dooega Beach, Achill Island 
(53º51” and 54º01’ N; and 9º55’ and 10º15’ W), 
Co. Mayo, on the west coast of Ireland. We evalu-
ated the earthworm populations in four treatments: 
GRASS, uninvaded semi-natural grasslands, GUN, 
areas invaded by G. tinctoria, and two G. tinctoria 
removal treatments, MER, where plants were sub-
jected mechanical removal, and HER, herbicide 
treatment (RoundUp Flex, Monsanto ® - concentra-
tion 4 L ha-1). For the experiments, we selected five 
fields (minimum size of 1 hectare each) and randomly 
assigned four replicate plots (5 × 5 m), one for each 
treatment, into the different fields, totaling 20 plots 
for the whole experiment and five replicate plots per 
treatment (n = 5). Supplementary Figures  1 and 2 
show treatments and sampling times. Removal treat-
ments were implemented in September 2016 and then 
again in April 2017 due to some resprouting of the 
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plant invader. The distance between each plot was c. 
10 m and replicate fields were at least 100 m apart 
from each other. The annual local rainfall is above 
1100 mm and the temperature ranges from 3 to 6 ºC 
in winter and from 12 to 15 ºC in summer (see Gio-
ria and Osborne 2013). On Achill Island, G. tincto-
ria invades alluvial or colluvial soils, derived from 
volcanic material, or thin gley soils of marine origin 
with a pH that ranges from 4.6 to 6.2 (Gioria and 
Osborne 2013).

Maximum litter accumulation and litter quality

To estimate maximum litter accumulation, all sur-
face plant material, such as dead leaves and other 
herbaceous necromass in uninvaded grasslands, 
and G. tinctoria debris (e.g., leaves and petioles) in 
invaded areas, was collected in four 0.25 m2 quadrats, 
randomly positioned within each plot every month 
throughout 2017. The study area is dominated by her-
baceous species (i.e., grass species in the uninvaded 
grasslands and invaded sites, which were dominated 
by G. tinctoria; see Mantoani et  al. 2020; Mantoani 
and Osborne 2022), thus woody necromass was not 
present. We avoided sampling in the same microplots 
by re-assigning new sampling microplots for each 
monthly measurement. The material was dried until 
constant weight at 70 °C and then summed for esti-
mating monthly maximum litter accumulation per 
m2 per plot and extrapolated to Mg ha-1. To estimate 
C:N ratio for plant tissues, for use as a proxy for litter 
quality, samples from three uninvaded sites and from 
three G. tinctoria plants were harvested throughout 
2017 (n = 3), following the harvesting of plants as 
described in Mantoani et  al. (2020). Samples were 
dried at 70 °C, ground into a fine powder using a mini 
steel ball grinder, and C and N concentrations were 
measured by dry combustion in an elemental analyser 
(Europa Scientific; Iso-Analytical Limited, Crewe, 
UK).

Earthworm sampling, identification and community 
diversity

A quantitative hand-sorting method was used for 
this study. Any decomposing material (i.e., litter) 
was removed to allow access to the topsoil. For each 
plot, one soil block (25 × 25 × 30 cm deep) was dug 
using a metal frame and spade, placed onto a large, 

light-coloured plastic sheet (2 m2) in situ, broken up 
by hand and sorted carefully. Any earthworms col-
lected were placed into a plastic jar and stored on 
ice packs, in the dark, in a cooler box. In the labo-
ratory, the animals were rinsed, blotted dry on tissue 
paper, weighed (biomass data are live biomass with 
gut content) and preserved in formalin (4%). Then, 
after preservation for at least 7 days, the samples were 
transferred into a 70% alcohol solution. A stereo-
scopic microscope was used for species-level identifi-
cation of adults, following the taxonomy of Sims and 
Gerard (1999). Juvenile earthworms were assigned, 
according to mouth lobe and pigmentation, to one of 
three groups, namely tanylobic (Lumbricus spp.); epi-
lobic dark pigmented (Aporrectodea longa); epilobic 
other (mainly endogeic species).

Earthworm samples were collected four times 
in total, from 2017 until 2019, during spring and 
autumn. In north-western Europe, spring and autumn 
are the peak activity seasons for earthworms and, 
therefore, the most suitable times for obtaining rep-
resentative community data (Curry 1994; Sims and 
Gerard 1999). Given the remoteness of the area of 
study and the available funding, we were able to col-
lect samples in the spring of 2017, autumn of 2018, 
spring of 2019, and autumn of 2019.

Statistical analysis

To compare differences in litter accumulation and 
earthworm abundance and biomass amongst the 
four treatments, we used general linear mixed-model 
effects with restricted maximum likelihood, with 
treatments (i.e., GRASS, GUN, MER, and HER) con-
sidered as fixed factors and field considered as ran-
dom factors. Bonferroni’s post-hoc correction was 
applied, and visual analysis of the residuals was also 
carried out to ensure normality. These analyses were 
performed with a significance level of α = 0.05, using 
SPSS Statistics v. 24 (IBM 2016).

To calculate species diversity (based on adult 
earthworms only because juveniles cannot be iden-
tified morphologically to species level), each site 
was treated as a replicate and two measures were 
used: Species richness (number of species), and 
the Shannon diversity index, calculated at each site 
(five replicate sites), for each treatment (four levels: 
control, Gunnera, herbicidal, and mechanical) and 
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season (2 levels: spring and autumn). The Shannon 
diversity index was calculated using the formula:

where pi is the proportion of individuals found in the 
ith species (Magurran 2004).

We tested the effect of treatment, season, and 
their interaction on the diversity of earthworm com-
munities, separately for the two diversity measures, 
using a two-way ANOVA, with treatment and sea-
son as orthogonal factors. Earthworm abundance 
was expressed as the number of earthworms per m2. 
All analyses were conducted using a significance 
level α = 0.05. Prior to testing hypotheses concern-
ing mean differences, data were tested for normality 
and homogeneity of variances using the Cochran’s 
C-test. When interactions were significant, posteri-
ori multiple comparison tests were conducted using 
the Tukey test.

Multivariate analyses were used to estimate the 
effect of treatment and season on earthworm com-
munities, separately for adults and juveniles. PER-
MANOVA (Anderson 2001; McArdle and Anderson 
2001) was used to test for the effects of treatment 
on earthworm communities and its interaction with 
season (two-way tests). PERMANOVA tests were 
based on 9999 restricted permutations of the data (α 
= 0.05). Dissimilarities in species composition were 
calculated using the Bray-Curtis measure (Bray and 
Curtis 1957). When significant effects were found, 
we performed distance-based redundancy analyses 
(dbRDA) (McArdle and Anderson 2001) to graphi-
cally represent the data and predict multivariate 
variation of earthworm communities in the differ-
ent treatments in a multivariate space. dbRDA was 
also based on Bray-Curtis dissimilarities. Differ-
ences in the compositional diversity of earthworm 
communities were visualized using dominance-
diversity curves (Whittaker 1965; Clarke and War-
wick 2001). For this purpose, species were ranked 
in decreasing order of importance, based on seed 
bank abundance. These community analyses were 
conducted in the R software environment (v. 4.1.0, 
R Development Core Team 2021). PERMANOVA 
analyses were performed using the ‘PERMANOVA’ 
package (v. 0.1.0; Vicente-Gonzalez and Vicente-
Villardon 2021), while the ‘vegan’ package (v. 
2.5–7; Oksanen et  al. 2020) was used to perform 

H�
= −

∑

pilnpi

distance-based redundancy analysis (capscale 
function).

Results

Litter accumulation and quality

The maximum accumulation of litter varied with sam-
pling time and between treatments (F(11,88) = 57.19; P 
< 0.001; Fig.  1). At the end of the growing season, 
differences between invaded and uninvaded areas 
were up to 9.94 Mg ha-1 (95% CI = 9.10, 10.78). The 
maximum litter accumulation was also considerably 
higher (10.47 ± 0.37 Mg ha-1) in invaded areas com-
pared to uninvaded grasslands (0.54 ± 0.02 Mg ha-1). 
Based on the lower C:N ratio, G. tinctoria produced 
litter with a higher quality (16.80 ± 0.70) in compari-
son to uninvaded grasslands (28.65 ± 3.41).

Earthworm abundance and biomass

The abundance of earthworms differed between 
treatments (F(3,60) = 9.80; P < 0.001; Fig. 2). Areas 
invaded by G. tinctoria had higher numbers of earth-
worms per m2 in comparison to uninvaded grasslands 
(95% CI = 124.62, 364.98), mechanically removed 
plots (95% CI = 5.42, 245.8) and herbicide-treated 
areas (95% CI = 27.02, 267.38). On average, invasive 
stands had an almost 3-fold larger earthworm popu-
lations (i.e., 375 individuals per m2) than uninvaded 
areas (i.e., 130 individuals per m2), and 50–64% more 
earthworms in comparison to areas where plants 
where mechanically removed (i.e., 250 individuals 
per m2) or treated with herbicide (i.e., 228 individu-
als per m2). The highest number of earthworms were 
found in the spring of 2017, with an average of 300 
earthworms per m2 across all treatments and c. 500 
earthworms per m2 in areas invaded by G. tinctoria.

The biomass of earthworms paralleled their abun-
dance and differences between all four treatments 
were found (F(3,60) = 11.24; P < 0.001; Fig. 3). The 
biomass of earthworm populations in invaded areas 
was also higher than in uninvaded areas (95% CI = 
36.75, 101.78), or areas subjected to mechanical 
removal (95% CI = 11.39, 76.42) or treated with her-
bicides (95% CI = 16.64, 81.67). In invaded areas, the 
biomass of earthworms was approximately 2.5-fold 
larger (i.e., 114 g per m2) in comparison to uninvaded 
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grasslands (i.e., 45 g per m2), and also substantially 
larger than in the mechanical removal (i.e., 70 g per 
m2) and herbicide (i.e., 65 g per m2) plots, respec-
tively. Considering seasons, the highest earthworm 
biomass was found during the autumn, with an aver-
age of 83 g per m2.

Earthworm community diversity

In total, we recorded 10 earthworm species (adults) 
from the 20 plots across five sites within four treat-
ments (Table  1). The common endogeic species 
Allolobophora chlorotica, Aporrectodea caliginosa 

Fig. 1   Seasonal variation 
in litter accumulation (Mg 
ha-1) throughout 2017, on 
Achill Island, Co. Mayo, 
Ireland (n = 5; mean ± 
1SE). Legend: GRASS = 
uninvaded semi-natural 
grasslands; GUN = areas 
invaded by G. tinctoria. 
Superscripts show the 
results of ANOVAs and 
Tukey tests. The same let-
ters indicate that differences 
between treatments are not 
significant.

a
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a

a a
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a
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Fig. 2   Abundance of 
earthworms (individuals per 
m2) sampled from 2017 to 
2019, on Achill Island, Co. 
Mayo, Ireland (n = 5; mean 
± 1SE). Legend: GRASS 
= uninvaded semi-natural 
grasslands; GUN = areas 
invaded by G. tincto-
ria; MER = mechanical 
removal; HER = herbicide-
treated plots. Superscripts 
show the results of ANO-
VAs and Tukey tests. The 
same letters indicate that 
differences between treat-
ments are not significant.
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and Aporrectodea rosea were the most abundant and 
most frequent species, while two endogeic Octola-
sion species were also recorded. Among the three epi-
geic species, only Lumbricus rubellus was recorded 
from all four treatments, but at a relatively low fre-
quency. Two anecic species were recorded, Aporrec-
todea longa and Lumbricus terrestris, with low abun-
dances and frequencies for adults. However, juvenile 
A. longa, as well as juvenile Lumbricus species, were 
found in about half of all samples.

The effect of treatment on species richness and 
Shannon diversity of adult earthworm communi-
ties was significant (P = 0.002; P = 0.02) but that of 
season was not (Fig.  4). In spring, earthworm com-
munities beneath G. tinctoria stands were signifi-
cantly richer in earthworm species than in uninvaded 
grasslands (PGUN-GRASS = 0.001), or the mechanical 
removal (PGUN-MER = 0.01) and herbicide-treated plots 
(PGUN-HER = 0.011). Similarly, the Shannon diversity 
index beneath G. tinctoria stands was also higher 
than in any other treatment (PGUN-GRASS = 0.001; 
PGUN-MER = 0.007; PGUN-HER = 0.006). Differences in 
species richness or Shannon diversity between treat-
ments were not significant in autumn. PERMANOVA 
analyses showed a significant effect of treatment on 
earthworm communities (adults only; P = 0.017), 
while the effect of season on species composition of 

adults was not significant. Pairwise tests showed that 
earthworm communities beneath G. tinctoria stands 
were significantly different from those found in the 
mechanical removal plots in spring (Pseudo-PGUN-MER 
= 0.016) but not in autumn, as well as from control 
plots in spring (Pseudo-PGUN-GRASS = 0.007). Earth-
worm communities (adults only) in autumn did not 
differ significantly between treatments.

The dbRDA vectors indicate that earthworm com-
munities in uninvaded grasslands and invaded plots 
differed somewhat in species composition (Fig.  5). 
These differences were driven by the higher abun-
dance of A. chlorotica, A. caliginosa, and A. rosea 
beneath G. tinctoria stands in spring. Further, domi-
nance-diversity curves showed that, in spring, domi-
nance by the three most abundant species (adults) was 
less pronounced in earthworm communities beneath 
invasive stands than in any other treatment and that 
richness was higher beneath G. tinctoria (Fig. 6).

For juveniles only, PERMANOVA analyses also 
showed a significant effect of treatment, which 
was driven by significant differences in juvenile 
earthworm communities in uninvaded grasslands 
and mechanical removal plots in spring (Pseudo-
PGRASS-MER = 0.029). No significant differences were 
identified between the other treatments, and no statis-
tically significant differences in juvenile earthworm 

Fig. 3   Biomass of earth-
worms (2017–2019), on 
Achill Island, Co. Mayo, 
Ireland (n = 5; mean ± 
1SE). Legend: GRASS = 
uninvaded semi-natural 
grasslands; GUN = areas 
invaded by G. tincto-
ria; MER = mechanical 
removal; HER = herbicide-
treated plots. Superscripts 
show the results of ANO-
VAs and Tukey tests. The 
same letters indicate that 
differences between treat-
ments are not significant.
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Table 1   Abundance, 
frequency and ecological 
group abundance of 
earthworms collected on 
Achill Island, Co. Mayo, 
Ireland, during 2017–2019.

GRASS uninvaded semi-
natural grasslands; GUN 
areas invaded by G. 
tinctoria; MER mechanical 
removal; HER herbicide-
treated plots.

Species Ecological Group GRASS GUN MER HER

Abundance (individuals per sample)
Adults
 Allolobophora chlorotica Endogeic 1.6 4.3 3.2 2.9
 Aporrectodea caliginosa Endogeic 1.8 4.0 3.8 2.6
 Aporrectodea longa Anecic 0.3 0.2 0.1 0.5
 Aporrectodea rosea Endogeic 1.0 2.9 1.7 1.8
 Eiseniella tetraedra Epigeic 0.1 0.6 0.5 0.0
 Octolasion cyaneum Endogeic 0.3 0.2 0.1 0.3
 Octolasion tyrtaeum Endogeic 0.1 0.2 0.1 0.0
 Lumbricus castaneus Epigeic 0.0 0.2 0.1 0.0
 Lumbricus rubellus Epigeic 0.2 1.2 0.2 0.5
 Lumbricus terrestris Anecic 0.0 0.2 0.2 0.0

Juveniles
 Juv. epilobous, unpigmented 2.7 5.3 4.2 4.0
 Juv. A. longa 0.2 1.4 1.0 1.4
 Juv. Lumbricus spp. 0.6 2.2 1.1 1.6

Frequency (fraction of all samples with that species)
Adults
 Allolobophora chlorotica 55 95 75 75
 Aporrectodea caliginosa 60 85 85 65
 Aporrectodea longa 15 15 5 35
 Aporrectodea rosea 45 65 60 55
 Eiseniella tetraedra 5 20 5 0
 Octolasion cyaneum 25 20 5 20
 Octolasion tyrtaeum 5 15 5 0
 Lumbricus castaneus 0 15 5 0
 Lumbricus rubellus 5 35 15 30
 Lumbricus terrestris 0 10 15 0

Juveniles
 Juv. epilobous, unpigmented 70 85 95 75
 Juv. A. longa 10 40 40 60
 Juv. Lumbricus spp. 45 60 55 45

Ecological Group Abundance (individuals per sample)
Endogeic 4.7 11.5 8.7 7.5
Epigeic 0.3 2.0 0.7 0.5
Anecic 0.3 0.3 0.2 0.5
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Fig. 4   Mean (±SD) species richness (a) and Shannon Diver-
sity Index (b) (n = 5 sites) of earthworm communities (adults 
only) for each of the four treatments (GRASS = uninvaded 
semi-natural grasslands; GUN = areas invaded by G. tinctoria; 
MER = mechanical removal; HER = herbicide-treated plots.), 

in spring, over two years. Since differences in autumn were not 
significant, they are not represented here. Superscripts show 
the results of ANOVAs and Tukey tests. The same letters indi-
cate that differences between treatments are not significant.

Fig. 5   Distance based 
redundancy analysis 
(dbRDA) describing pat-
terns in earthworm commu-
nities (adults only) in spring 
at five sites (replicates) 
for each of four treatments 
(GRASS = uninvaded 
semi-natural grasslands; 
GUN = areas invaded 
by G. tinctoria; MER = 
mechanical removal; HER 
= herbicide-treated plots). 
Each point corresponds to 
the earthworm communi-
ties at each site, for each 
treatment.
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communities were observed in autumn (data not 
shown).

Discussion

Litter accumulation and litter quality

Increased litter (Ehrenfeld 2003; Wolkovich et  al. 
2010; Tamura and Tharayil 2014) and a higher bio-
mass production (Sakai et  al. 2001; Bossdorf et  al. 
2005) are features associated with many invasive 
plant species. Consistent with this and earlier studies 
(Gioria et al. 2011; Gioria and Osborne 2013; Man-
toani et al. 2020), G. tinctoria invasions in the present 
study were also associated with significantly larger 
litter inputs, with c. 20-fold more litter accumulation 
than comparable uninvaded grasslands. In addition 
to the increased availability of litter associated with 
invasive stands, the much lower C:N ratios (17 vs. 29) 
indicated that the quality of G. tinctoria litter was also 
likely higher than that from the uninvaded grasslands. 
However, the palatability of litter to earthworms may 
also depend on the phenolic content of plant tissues 
(Hendriksen 1990), which is notably higher in G. 
tinctoria (Zamorano et al. 2017). Hendriksen (1990) 

indicated, for instance, that the palatability of litter 
(from deciduous tree species) to earthworms may 
depend more on the phenolic content rather than the 
C:N ratio alone. Microbial colonisation of decom-
posing litter is also known to influence earthworm 
feeding (Curry and Schmidt 2007). For example, in 
experiments with the anecic L. terrestris, Schönholzer 
et al. (1998) observed a decrease in bacterial biomass 
and palatability of Hypericum perforatum (St. John’s 
wort) leaf litter and ascribed that to the presence of 
polyphenolic secondary compounds.

Earthworm abundance, biomass and diversity

Contrary to our original hypothesis, areas invaded 
by G. tinctoria had a 2 to 3-fold larger earthworm 
abundance and biomass compared to uninvaded 
grasslands. Even where G. tinctoria plants had been 
removed, 50-–64% more earthworms were present 
than under grass for over two-years after the imple-
mentation of the treatments, demonstrating a sig-
nificant soil legacy effect of the invasions on earth-
worm abundance. Remarkably, the overall earthworm 
abundances and biomasses observed here in semi-
natural grassland (130 individuals m–2, 45 g biomass 
m–2) and under G. tinctoria (375 individuals m–2, 
114 g biomass m–2) were very similar to those esti-
mated (also with the hand-sorting method) in an Irish 
national survey that included 8 ‘rough grazing’ sites 
and 21 ‘improved pasture’ sites, respectively (Keith 
et  al. 2012). In other words, G. tinctoria invasions 
had the same beneficial effect on earthworm popula-
tions as the fertilization, liming and associated plant 
productivity increase associated with ‘improved pas-
ture’ systems. This finding contradicts the result of a 
recent meta-analysis (Abgrall et al. 2019) suggesting 
that soil detritivores are reduced by invasive plants 
in ‘open habitats’ such as grasslands but increased 
in ‘closed habitats’ such as forests (6 and 14 studies, 
respectively).

Clearly, there was a link between the increased 
amount of litter associated with invasive stands and 
earthworm abundance/biomass, with an approxi-
mately 20-fold increase in (above-ground) lit-
ter associated with a two-to-three-fold increase in 
earthworm population sizes. However, aggregated 
data on earthworm ecological groups (Table 1) sug-
gest that there was no direct trophic benefit from 
the increased G. tinctoria litter for the large-bodied, 
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Fig. 6   Dominance-diversity curves based on earthworm data 
(adults only) collected at five sites (replicates) for each of four 
treatments (GRASS = uninvaded semi-natural grasslands; 
GUN = areas invaded by G. tinctoria; MER = mechanical 
removal; HER = herbicide-treated plots). Each point repre-
sents the average abundance of individual species at five sites, 
ranked based on their relative abundance, within each treat-
ment.
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anecic group that feeds on surface litter. On the other 
hand, the epigeic species increased substantially, 
even though that increase was less marked than in an 
unploughed system with a permanent white clover 
cover, which is presumed to provide a highly nutri-
tious litter (e.g., Schmidt et al. 2003). These findings 
suggest that the palatability of G. tinctoria litter for 
litter-feeding earthworms is controlled by an interplay 
of the (favourable) C:N ratio measured here and the 
(potentially unfavourable) high concentration of phe-
nolics known from studies of G. tinctoria as a medici-
nal plant (Zamorano et al. 2017; Hebel-Gerber et al. 
2021).

Regarding the total phenolic content of G. tincto-
ria, Zamorano et  al. (2017) have demonstrated that 
leaves had at least 10 times more phenolic compounds 
than in common vegetables, and Hebel-Gerber et al. 
(2021) have shown that petioles contain many antimi-
crobial molecules, which, in turn, may reduce micro-
bial colonisation of G. tinctoria litter. Overall, the 
C:N ratio seems to be a more important factor deter-
mining the palatability of litter to earthworms, in con-
trast to the findings of Hendriksen (1990). However, it 
is possible that the impact of high phenolics on earth-
worm feeding may have been over-emphasized in the 
past given the demonstration that they contain unique 
metabolites in their guts that counter the inhibitory 
effects of polyphenols (Liebeke et al. 2015). Moreo-
ver, whilst it is known that seeds and seedlings can be 
a significant source of nutrition for soil earthworms 
(Eisenhauer et al. 2010), it is unclear to what extent 
the larger seed bank associated with G. tinctoria inva-
sions (Gioria and Osborne 2009; 2010; Gioria et  al. 
2011) support a larger earthworm population.

Environmental differences between invaded and 
uninvaded areas may also be important. For instance, 
the higher soil pH in invaded areas (7.3 in invaded 
areas in comparison to 6.2 in uninvaded grasslands; 
Mantoani 2019) could have contributed to an increase 
in earthworm populations, in line with several grass-
land studies (reviewed by Syers and Springett, 1983). 
However, Cray et  al. (2021) did not observe an 
increase in earthworm abundance in Canadian tall-
grass prairies when the soil pH was increased from 
5.3 to 7.8. Interestingly, the higher soil temperatures 
in the uninvaded grasslands during May-August 
(reported for 2016 and 2017 in Mantoani et al. 2020) 
may be a contributing factor restricting earthworm 
activity as well. Even though bulk soil moisture 

contents were not significantly different between 
invaded and uninvaded areas (Mantoani 2019), 
the higher abundance of the semi-aquatic species 
Eiseniella tetraedra in G. tinctoria stands (Table  1) 
suggests that there may have been more suitable 
micro-habitats in invasive stands where this species’ 
requirement for high moisture was better met than in 
the uninvaded fields. Overall, all the earthworm com-
munities observed in this study were typical of Irish 
grasslands (Keith et al. 2012; Bacher et al. 2018) and 
G. tinctoria invasions did not result in any unusual 
changes in community features.

Although it might be expected that enhanced lit-
ter production would favour epigeic earthworms that 
live on or close to the soil surface, the abundance of 
the soil-feeding, endogeic species roughly doubled 
as well, and they continued to be dominant in the 
earthworm community under G. tinctoria. We know 
from radiocarbon studies that the epigeic L. rubellus 
assimilates recently fixed C (0–3 years old), while 
the endogeic A. caliginosa assimilates older C (5–8 
years old) (Briones et  al. 2005). The present results 
suggest that the products (and microbes) associated 
with the decomposition of G. tinctoria litter in these 
old stands may pass the digested products on to the 
endogeic functional group that, in turn, benefits from 
this processed food supply. There is now also a grow-
ing consensus (at least for forest systems) that below-
ground C inputs are an important trophic route for 
soil decomposer animals including endogeic earth-
worms (Pollierer et  al. 2007). However, this is less 
certain for herbaceous plant species. Interestingly, 
root biomass is significantly reduced in areas invaded 
by G. tinctoria (Mantoani and Osborne 2021), mak-
ing it less likely that the below-ground route could 
explain the larger earthworm populations.

The plots where G. tinctoria plants were either 
physically removed or chemically controlled had 
earthworm population sizes that were intermediate 
between invaded and uninvaded areas (Figs.  2 and 
3). The finding that higher earthworm abundance 
and biomass was maintained for approximately two 
years after the implementation of the removal treat-
ments suggests that some earthworms persisted and 
continue to benefit for some time on partially decom-
posed G. tinctoria litter. However, contrary to our 
second hypothesis, this legacy effect was beneficial 
rather than detrimental. It also needs to be remem-
bered that the observed population changes in the 
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treatment plots (5 ×5 m), located inside G. tinctoria 
stands, may reflect earthworm mobility and micro-
habitat choice, rather than true resident population 
changes, because earthworms have a mobility that 
is relevant to that scale (Mather and Christensen 
1988). For instance, in grassland experiments in Ire-
land, Bacher et  al. (2018) showed that most species 
are mobile (in this case, they moved towards dung 
pats), and they estimated that the maximum size of 
the recruitment area from which earthworms moved 
to dung pats was 3.8 m2. In the present study, it is 
therefore possible that some earthworms moved out 
of the removal plots, into G. tinctoria stands, which 
would imply that any beneficial legacy effect could 
last longer in larger areas where earthworms persist.

Implications

It is predicted that invasive species may have dif-
ferent effects depending on the trophic level, with a 
greater impact linked to the lower trophic level from 
the invader (Bradley et al. 2016; McCary et al. 2016), 
although direct evidence for this is still limited. 
However, this is almost always considered in a nega-
tive context (i.e., detrimental impact; Schirmel et al. 
2016), whereas the results of the present work show 
a major beneficial effect of G. tinctoria invasions on 
native earthworm populations, not a detrimental one. 
As a higher litter production is often a feature of plant 
invaders, a general increase in earthworm popula-
tions, might, consequently, be a common response to 
alien plant introductions. Nevertheless, this may be 
critically dependent on the C:N ratio of the litter. As 
G. tinctoria is an N-fixing invasive species (Osborne 
et  al. 1991; Mantoani et  al. 2020) it will typically 
have a low tissue C:N ratio, whilst most plant invad-
ers are not N-fixing and likely to have a higher tissue 
C:N ratio and a less palatable litter. However, there 
is little information on the effect of plant invasions 
on soil animals, including earthworm populations 
(Abgrall et al. 2019) and further work is required to 
assess the generality of the findings of the current 
study. Another important point that warrants research 
is the potentially contrasting impacts of plant invad-
ers on different communities with beneficial impacts 
on some communities (i.e., earthworms) as in the cur-
rent study, while having detrimental effects on others 
(i.e., plants and other animals). This indicates that a 
more holistic approach that examines the impacts of 

invasive plants on different trophic-levels and ecosys-
tem processes is required to assess the justification, as 
well as the feasibility of management/eradication and 
restoration measures.
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