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Abstract

Biological invasions have major impacts on a variety of ecosystems and threaten native biodiversity. Earthworms have been
absent from northern parts of North America since the last ice age, but non-native earthworms were recently introduced there
and are now being spread by human activities. While past work has shown that plant communities in earthworm-invaded areas
change towards a lower diversity mainly dominated by grasses, the underlying mechanisms related to changes in the biotic
interactions of the plants are not well understood. Here, we used a trait-based approach to study the effect of earthworms on
interspecific plant competition and aboveground herbivory. We conducted a microcosm experiment in a growth chamber with
a full-factorial design using three plant species native to northern North American deciduous forests, Poa palustris (grass),
Symphyotrichum laeve (herb), and Vicia americana (legume), either growing in monoculture or in a mixture of three. These
plant community treatments were crossed with earthworm (presence or absence) and herbivore (presence or absence) treatments.
Eight out of the eleven above- and belowground plant functional traits studied were significantly affected by earthworms, either
by a general effect or in interaction with plant species identity, plant diversity level, and/or herbivore. Earthworms increased
the aboveground productivity and the number of inflorescences of the grass P. palustris. Further, earthworms countervailed
the increasing effect of herbivores on root tissue density of all species, and earthworms and herbivores individually increased
the average root diameter of S. laeve in monoculture, but decreased it in mixture. In this study, earthworm presence gave a
competitive advantage to the grass species P. palustris by inducing changes in plant functional traits. Our results suggest that
invasive earthworms can alter competitive and multitrophic interactions of plants, shedding light on some of the mechanisms

behind invasive earthworm-induced plant community changes in northern North America forests.
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Abstract

Biological invasions have major impacts on a variety of ecosystems and threaten native
biodiversity. Earthworms have been absent from northern parts of North America since the last
ice age, but non-native earthworms were recently introduced there and are now being spread
by human activities. While past work has shown that plant communities in earthworm-invaded
areas change towards a lower diversity mainly dominated by grasses, the underlying
mechanisms related to changes in the biotic interactions of the plants are not well understood.
Here, we used a trait-based approach to study the effect of earthworms on interspecific plant
competition and aboveground herbivory. We conducted a microcosm experiment in a growth
chamber with a full-factorial design using three plant species native to northern North American
deciduous forests, Poa palustris (grass), Symphyotrichum laeve (herb), and Vicia americana
(legume), either growing in monoculture or in a mixture of three. These plant community
treatments were crossed with earthworm (presence or absence) and herbivore (presence or
absence) treatments. Eight out of the eleven above- and belowground plant functional traits
studied were significantly affected by earthworms, either by a general effect or in interaction
with plant species identity, plant diversity level, and/or herbivore. Earthworms increased the
aboveground productivity and the number of inflorescences of the grass P. palustris. Further,
earthworms countervailed the increasing effect of herbivores on root tissue density of all
species, and earthworms and herbivores individually increased the average root diameter of
S. laeve in monoculture, but decreased it in mixture. In this study, earthworm presence gave
a competitive advantage to the grass species P. palustris by inducing changes in plant
functional traits. Our results suggest that invasive earthworms can alter competitive and
multitrophic interactions of plants, shedding light on some of the mechanisms behind invasive

earthworm-induced plant community changes in northern North America forests.
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Introduction

Biological invasions occur globally and are among the most significant direct causes of native
biodiversity loss worldwide (Diaz et al., 2019; Ehrenfeld, 2010; Murphy & Romanuk, 2014).
Dramatic changes in biodiversity can be due to invasive species acting as ecosystem
engineers, such as European earthworms in northern North America (Blouin et al., 2013;
Bohlen et al., 2004a; Ehrenfeld, 2010; Ferlian et al., 2018). Much of the native flora and fauna
was eradicated in this region during the last ice age, including earthworms (Gates, 1982),
which have been reintroduced by European settlers within the last centuries (Hendrix & Bohlen,

2002).

In areas where invasive earthworms are abundant, they alter the physico-chemical properties
of the soil (Bohlen et al., 2004a; Ferlian et al., 2020; Hale et al., 2005). The litter coverage is
reduced, soil horizons partly homogenized, nutrients redistributed, and soil pH increased while
soil water content decreased (Blouin et al., 2013; Eisenhauer et al., 2007; Ferlian et al., 2020;
Hale et al., 2005). These modifications of abiotic conditions alter the habitat for soil-living
organisms (Eisenhauer et al., 2007; McLean & Parkinson, 2000). As a consequence, the
community composition of soil microbes and invertebrates is significantly altered, while soil
fauna diversity and density decrease with earthworm invasion (Eisenhauer et al., 2007; Ferlian

etal., 2018).

Further, earthworms can act as an ecological filter on seeds, seedlings, and plants (Eisenhauer
& Scheu, 2008b; Forey et al., 2011; Frelich et al., 2012) impacting plant species establishment.
The diversity of understory plants was reported to decrease, and the species and functional
community composition change significantly in response to the invasion of earthworms (Bohlen
et al., 2004b; Craven et al., 2017; Hale et al., 2006). However, it was also shown that there are
winners and losers: while some grass and non-native plant species benefit from earthworm
invasion (Craven et al., 2017), the richness and abundance of herbs (Hale et al., 2006) and
legumes (Eisenhauer et al., 2007) decrease in invaded forests, leading in some cases to

sparse vegetation with only few herbaceous plant species left (Bohlen et al.,, 2004b).
2
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Nevertheless, the total plant cover was overall shown to increase and be dominated by
graminoids (Craven et al., 2017), indicating that earthworms may change competitive
interactions by benefitting certain plant species (Eisenhauer & Scheu, 2008a; Nuzzo et al.,
2009; Wurst et al., 2005). In this context, our study aims to disentangle the mechanisms
underlying plant community changes due to earthworm invasion, by focusing on biotic
interactions and changes in plant functional traits (i.e. “morpho-physio-phenological traits
which impact fitness indirectly via their effects on growth, reproduction and survival” (Violle et
al., 2007)). Plant functional traits related to development and resource uptake can be affected
by earthworm presence (Thouvenot et al., 2021). Previous studies mostly focusing on native
plant and earthworm species have shown among others that earthworm activity enhanced
shoot biomass (Groenigen et al., 2014; Scheu, 2003), plant growth (Poveda et al., 2005; Wurst
et al., 2003; Xiao et al.,, 2018), seed quantity (Poveda et al., 2005), and fine-root growth

(Blume-Werry et al., 2020), with some variation across plant species and functional groups.

The provision of available nitrogen is considered as the main pathway of earthworms to affect
plants (van Groenigen et al.,, 2014). Earthworms enhance the nitrogen uptake of grasses,
herbs, and legumes from organic litter and soil (Eisenhauer & Scheu, 2008a; Wurst et al.,
2003). Furthermore, their effects on soil structure, microbiota, and water availability can also
influence plant growth (Blouin et al., 2013; Cameron et al., 2014; Eisenhauer et al., 2012,
Scheu, 2003), and thus earthworms might select for plant species that tolerate drought, can
germinate on bare soil, and spread vegetatively (Eisenhauer et al., 2012). By having dissimilar
effects on plant functional traits of different species, invasive earthworms can affect biotic
interactions of plants, e.g. competition and herbivory (Blouin et al., 2013; Eisenhauer et al.,
2009) and thus promote certain plant species. For example, species with a more flexible
rooting strategy were able to better adapt to the presence of invasive earthworms and forage
in their nutrient-rich burrows (Cameron et al., 2014). According to the plant economics
spectrum (Reich, 2014), grasses are considered as fast-growing plants that efficiently exploit
nutrient patches in contrast to slow growing herbs (Lavorel et al., 2007; Linder et al., 2018).

Therefore, grasses competitiveness could be increased by earthworm invasion (Craven et al.,
3
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2017), as grasses potentially build more root biomass and take up more nitrogen when
earthworms are present (Eisenhauer & Scheu, 2008a; Wurst et al., 2005). Indeed, it was
shown that legumes had less biomass when growing with grasses in the presence of
earthworms (Eisenhauer & Scheu, 2008a), which indicates an elevated competitive
disadvantage that might explain the lower legume cover and biomass in earthworm-invaded

aspen forests (Eisenhauer et al., 2007).

In addition to plant competition, invasive earthworms may alter multitrophic interactions of
plants. Earthworms can affect aboveground herbivory through plant-mediated effects (Wurst
et al., 2003; Wurst, 2010; Xiao et al., 2018), positively (Newington et al., 2004; Thakur et al.,
2020), or negatively (Zaller et al., 2013). Loranger et al. (2012) reported that the nutrient
content and toughness of leaves are the most important plant traits linked to herbivory in
grassland: high plant tissue nitrogen content increases while high leaves’ toughness
decreases leaves’ palatability to herbivores. Leaf nitrogen content was shown to be enhanced
by earthworm activity (Newington et al., 2004; Wurst et al., 2004, Xiao et al., 2015, Blume-
Werry et al.,2020), while inconsistent effects were shown on leaf dry matter content, a trait that
could be used as proxy for leaf toughness (Elger & Willby, 2003; Thakur et al., 2020; Thouvenot

etal., 2021).

To improve the mechanistic understanding of recorded effects of invasive earthworms on
native understory plant communities in northern North American forests (e.g. Craven et al.,
2017), we set up a microcosm experiment in a growth chamber with plants belonging to three
functional groups (grasses, herbs, and legumes), either in monoculture or mixture. Each plant
community was subjected to the presence and absence of earthworms and aboveground
herbivores, respectively, resulting in a full-factorial design. To shed light on potential treatment
effects, we assessed a set of plant functional traits that are likely to play critical roles in plant
resource use, competition, and responses to herbivores. As earthworms were expected to
increase nutrient availability for plants, we hypothesized that (1) invasive earthworms increase

overall productivity of native plant species. Given that grasses can exploit soil nutrients rapidly

4
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(Linder et al., 2018) and their response to invasive earthworms is more pronounced than that
of herbs (Thouvenot et al., 2021), we hypothesized that (2) grasses become stronger
competitors and show increased growth, while herbs and legumes show decreased growth
due to high competition from grasses in the presence of earthworms. Moreover, as herbivory
can affect plant traits (Heinze, 2020), we expected (3) potential short-term effects of
aboveground herbivory on plant traits (Poveda et al., 2003), while (4) invasive earthworms may
modulate herbivory effects due to changes in soil nutrient availability (Eisenhauer & Scheu,
2008a). Further, we (5) expected that the effects of invasive earthworms and aboveground
herbivory depend on plant community composition, e.g. with grasses benefiting most from the

presence of earthworms and herbivores in plant mixtures (Eisenhauer & Scheu, 2008a).

Methods

Experimental set-up

Earthworm effects on biotic interactions (e.g. competition and herbivory) were studied in a
microcosm experiment under controlled conditions using a full-factorial design with four types
of plant communities and four earthworms/herbivore treatments. Three species of the native
plant community from Canadian forest understories (Hallworth & Chinnappa, 1997; Royer &
Dickinson, 2007), namely Poa palustris (grass, purchased at Sheffield’s Seed Co. Inc, USA),
Vicia americana (legume, purchased at ALCLA Native Plants, Canada), and Symphyotrichum
laeve (herb, purchased at Wild About Flowers, Canada), were each grown in monoculture and
in mixture (i.e. all three together); resulting in four plant community treatments. We manipulated
the presence of earthworms (Lumbricus terrestris, anecic species from Europe, but invasive
across northern North America; Hendrix et al., 2006, 2008) and aboveground herbivores
(larvae of Spodoptera exigua, chewing generalists) in a full-factorial design: (1) control (no
earthworms, no herbivores), (2) with earthworms only, (3) with herbivores only, and (4) with
both earthworms and herbivores. Each of the 16 different treatment combinations (4x plant
communities, 2x earthworms, 2x herbivores) was replicated 6 times, resulting in 96

microcosms. The experiment was conducted for 82 days. Microcosms were randomly
5
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distributed on four tables in an air temperature-controlled climate chamber with 60% humidity,
at a day/night cycle of 16/8h and 23/15 + 0.9°C (meanz+ sd), with a light intensity of around
400-450 umol m= s+ of photosynthetically active radiation. Each microcosm was watered with
20-100 ml of water every 2-3 days during the experiment. Microcosms were randomly
redistributed between the tables every two weeks, but always at least one replicate of each

treatment was placed on each table.

Microcosms consisted of PVC tubes (inner diameter 10 cm, height 24 cm) with a 700 um mesh
glued to the bottom to allow drainage of water. At the top of the tube, a barrier of transparent
plastic film (height 15 cm) was attached to prevent earthworms from escaping (Eisenhauer et
al., 2012). Sail (sandy-clay soil, pH= 7.38; N= 0.06%; C= 1.20%; C:N= 20.98) was ordered
from a commercial supplier (Kies Direkt, Germany), and each microcosm was filled with 3 kg
of sterile (i.e. autoclaved at 120°; 90 min) soil. To leach nutrients and compounds released

during the sterilization procedure, 1 | of water was added to each microcosm.

Then, a soil microbial inoculation, using native soil that was sampled in September 2020 in an
uninvaded Aspen forest of the Kananaskis Valley (Alberta, Canada), was performed by directly
mixing soil and by using a microbial wash. Native soil was shipped frozen, stored at -20°C until
usage, and, after defrosting, sieved through a 4 mm mesh. For each microcosm, we
homogenized the 3 kg of sterilized soil with around 137 g of the Canadian soil in a sterilized
(70% ethanol) bucket, before filling it back to the microcosm. To perform the microbial wash,
we mixed 46 g of Canadian soil with 100 ml of water and poured it into each microcosm,
followed by another 100 ml of water to dissolve the remains of the Canadian soil from the
vessel. To ensure microbial community development, we stored the microcosms for ten days
at room temperature (20-25°C) and held their soil water content at 40-60% of their maximum

water holding capacity.

Plant material
Seeds were sown in soil from the Bad Lauchstadt Experimental Research Station of the

Helmholtz Centre for Environmental Research- UFZ (11°563'E 51°24'N). Prior to sowing, the
6
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soil was autoclaved (120°C; 90 min), washed with tap water, and inoculated using both
approaches described above. Seeds of V. americana were scarified using sandpaper (grit size
150) and sown at 3-6 mm soil depth, S. laeve at 2 mm soil depth, and P. palustris at the soil
surface. Seeds then germinated in a reach-in climate chamber (night temperature: 18°C, day
temperature: 22°C, duration day/night: 16 h/8 h; light intensity day: 450 pmol m- s+ (partial light
at 85%), humidity: 70%). After six weeks, the seedlings were transplanted into microcosms,
and their vegetative height was measured (mean + sd: P. palustris: 11.5 + 3.1 cm; S. laeve:
0.7 £ 0.3 cm; V. americana: 8.8 + 2.3 cm; the reader should note the initial height differences
among plant species due to the specificity of each plant functional group; the plant individuals
were randomly distributed for the treatments, but we observed a significant initial difference of
0.11 cm between S. laeve individuals that received no herbivores (0.70 £ 0.25 cm) and S.
laeve individuals that received herbivores (0.59 + 0.27 cm) (Supplementary material, Table
Al)). Further, V. americana individuals growing in mixture not receiving herbivores (9.58 + 2.47
cm) were initially 2.58 cm taller by chance than V. americana individuals in mixture that
received herbivores (7.00 £ 2.08 cm) (Supplementary material, Table Al). We accounted for
these initial height differences in the statistical analyses. In each microcosm, the respective

three plants were planted in a triangle of about 5 cm from each other.

Earthworm treatment

Earthworms were ordered at a commercial supplier (easyzoo.de) and handled according to
Frind et al. (2010). We sorted them into juveniles and adults, according to the presence or
absence of a clitellum and weighed them (after starving for 24 h at 12°C). The body mass of
adults ranged from 2.8 g to 4.6 g (fresh weight of alive earthworms; mean+ sd: 3.6 = 0.5 g),
while the weight of juveniles ranged from 1.8 g to 3.5 g (2.6 £ 0.4 g). Pairs of adults and
juveniles were formed to add a similar total body mass of earthworms per microcosm (meanzx
sd: 6.2 + 0.12 g). Earthworms were added to half of the microcosms (with earthworm

treatment). Four grams of autoclaved (120°C; 90 min) and cut (~1 cmg) litter of poplar species
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(Populus sp.; C:N= 22.6) sampled in a forest close to Leipzig, was added to each microcosm

to feed earthworms and simulate litter conditions in uninvaded Aspen forests.

Herbivore treatment

Herbivores were added in the last week of the experiment and left on the plants for five days
in clip cages to prevent them from escaping. Prior to their addition, herbivores were starved
for one day and weighed. One clip cage was added to the second (or third if needed) green
and healthy leaf per plant, fixing ~50% of it in the cage, and receiving one herbivore each. In
total, 141 herbivores were added (three plant individuals were dead at this point in time) to half
of the microcosms (with herbivore treatment), and plants without herbivore treatment also
received an empty clip cage to control for potential side effects. Clip cages consisted of two
foam rings of pipe insulation (inner diameter: ~3 cm, thickness: ~1.5 cm) with mesh of 250 um
closing it on both sides, held together by three hair clips, and fixed by a wire to a wooden stick
next to the plant. After herbivore removal, the area consumed by the larvae was visually
estimated according to predefined classes (0%, <1%, 1-5%, 6-15%, 16-25%, 26-50%, 51-75%,
>76%). The median values of these classes (0, 0.5, 3, 10, 20, 38, 63, 88) were used for further

analyses.

Plant trait measurements

Aboveground plant traits were measured for each plant individual. After herbivory rate
estimation, ramets were counted, and the height was measured (for S. laeve and P. palustris,
we measured the vegetative height; for V. americana, we measured the stretched height due
to its growth form). Further analyses were conducted with the height growth values to exclude
initial height differences among plant individuals and treatments. To calculate height growth of
plants in monoculture, we subtracted the mean initial height per microcosm from the final height
of each plant individual. For mixtures, the respective initial height was subtracted from the final
height of each individual plant. In microcosms with plant mixtures, inflorescences (only P.

palustris developed inflorescences) were documented per plant individual, while in
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monocultures, they were counted per microcosm, divided by three, and this average value was
then used once per (grass) monoculture microcosm for further analysis. Three green and
healthy leaves including the petiole (preferably the 3«, 4+, and 5~ youngest) were cut off the
plant, weighed, and scanned fresh using a CanoScan LIDE220 Scanner (Canon Inc., Vietnam)
at 600 dpi in grayscale. The leaf that was secured in the clip cage (irrespective of herbivore
treatment) was previously taken for metabolomic measurements, which are not part of this

manuscript. The aboveground biomass was then cut off and stored in paper bags.

To measure belowground plant traits, the soil was removed from the microcosms. Earthworms
were collected, starved again, and reweighed after 24 h. Soil samples for pH and water content
(each 30 g) analyses were taken and stored at -20°C until further processing. Roots from each
plant individual were disentangled and thoroughly washed with water. Debris and black/dead
parts of roots were picked out using a tweezer. Roots were sorted into fine roots (<2 mm
diameter) and coarse roots (>2 mm diameter). Detached roots were grouped as community
roots (including small root pieces from the soil), and the water used for cleaning the roots was
sieved (250 um) to not lose any root material. Further analysis of belowground traits was done
on one random individual from plant monocultures and all individuals from plant mixtures.
Depending on the mass of the fine roots, either the whole sample or a representative fraction
(meanzx sd: 0.6 £ 0.6 g) of it was weighed and scanned using an Epson Perfection 11000XL
Scanner (Epson America, Inc., CA, USA) at 600 dpi in grayscale. All samples (aboveground
biomass, scanned leaves, and all root samples) were oven-dried at 60°C for 72 h and weighed
again to assess their dry mass. Above- and belowground community (microcosm) biomasses
were determined by adding the respective dry weights, and community shoot:root ratio was

calculated.

Leaf scans were analyzed using the software WinFOLIA (Version: 2014a Pro; Regent
Instruments Inc., Canada). Leaf area (cm:) was provided by the software, and we calculated
specific leaf area (SLA; leaf area divided by its dry mass (mm: mg-+)), and leaf dry matter
content (LDMC; dry mass divided by fresh mass (mg g+)) using standardized protocols (Pérez-

9
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Harguindeguy et al., 2016). For SLA and LDMC, an average per individual was determined.
Root scans were analyzed using the software WinRhizo (Version 2013e Pro, Regent
Instruments Inc., Canada), removing objects with an area smaller than 0.001 cmz2. Larger
debris pieces, air bubbles, and scratches were manually excluded. Root average diameter
(mm) was provided by the software, and we calculated specific root length (SRL; root length
divided by dry mass (m g+)), root tissue density (RTD; dry mass divided by volume (g cm-=)),
and root dry matter content (RDMC; dry mass divided by fresh mass (mg g-)) (Pérez-
Harguindeguy et al., 2016; Roumet et al., 2016). For carbon (C) and nitrogen (N) content
measurement, leaves of the same plant individual were pooled, and 30 g of soil of each
microcosm were analyzed. All samples were dried (60°C for 72 h), ground, and transferred
into tin capsules (30 mg, respectively). Analysis was performed using dry combustion with an
elemental analyzer (Vario EL cube IR, Elementar Analysensysteme GmbH, Langenselbold,
Germany). C and N content were provided as the relative mass proportion of the element (%)

per sample mass, and C:N ratio was calculated from these.

Measurements of soil abiotic properties

For the first four weeks of the experiment, one plastic strip with respectively one ion-exchange
membrane glued to each side (IEMs, 2.5 cm x 2.5 cm; AMI-7001S and CMI-7000S,
Membranes International Inc., Ringwood, NJ, USA) was added to each microcosm at 10 cm
depth to assess soil inorganic N availability (Duran et al., 2013). Prior to addition, the
membranes were immersed in 5% NacCl solution for 2 h at 37°C to allow for membrane
hydration and expansion. After 29 days, anion and cation membrane from IEMs were removed
from the soil, air dried, brushed to remove soil particles, and carefully removed from plastic
strips. The extraction was performed with 2 M KCL by orbital spinning (1 h at 200 rpm). The
extracts were analyzed for ammonium (NH.), nitrate (NO3-) by the indophenol blue method
(Sims et al., 1995) and phosphate (PO.) by the molybdenum blue method (Allen et al., 1986),
with a microplate reader (Duran et al., 2008). One sample was excluded from statistical
analysis, as we only found the plastic strip at the end of the experiment and not after 29 days

10
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(Grass-Control-2). For pH measurements, 10 g of air-dried soil was solved in 25 ml of 0.01 M
CacCl. solution, shaken, and left for 1 h. Measurements were conducted with a pH-meter (Orion
Star A211, Thermo scientific, MA) according to the manual. To determine soil water content,

fresh soil was weighed, dried in a drying oven (75°C for at least 24 h), and reweighed.

Statistical analyses

Statistical analyses and figures were conducted and created, respectively, using the R
software version 4.1.2 (R Core Team, 2021). Each trait was analyzed using a linear model,
followed by a Type Il ANOVA from the package ‘car’ (Fox & Weisberg, 2019) after removing
missing data (NAs). Plant species identity, plant diversity level, earthworm treatment, and
herbivore treatment were analyzed as factors in a four-way interaction, respectively.
Assumptions of the models were visually checked using the R packages ‘performance’
(Ludecke et al., 2021a) and ‘see’ (Ludecke et al., 2021b). When needed, variables were log
transformed, such as aboveground biomass, leaf area, LDMC, SLA, SRL, RTD, nitrogen
content of leaves, soil water content, herbivory rate, PO,37, and NH,* of soil. To analyze height
growth and aboveground biomass, the averaged initial height was added to the model as a
covariate, but not in interaction with the other factors. For count (ramets) and proportion
(survival data) data, generalized linear models (Poisson and binomial, respectively) were
performed using the package ‘stats’ (R Core Team, 2021). As only P. palustris developed
inflorescences, species identity was not considered for the analysis. When analyzing herbivore
survival/rate or earthworm survival the respective treatments (i.e. herbivore and/or earthworm
presence) were excluded as an explanatory variable. For community traits and soil abiotic
measurements the species column included the necessary information (S. laeve, P. palustris,
V. americana, or mixture) and the plant diversity level was therefore excluded as an
explanatory variable. Post-hoc tests of the significant interactions were conducted using the
function ‘emmeans’ from the correspondent R package (Lenth, 2021) with Holm correction.
Compact letter displays were created using the R package ‘multcomp’ (Hothorn et al., 2008).
Data were plotted per trait using ‘ggplot2’ (Wickham, 2016) and the letters correspond to the

11
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significant interaction with the highest number of factors. For calculating the change of traits in
percentage the estimated marginal means from the post-hoc tests were used. All results are
in Sl and the following abbreviations are used for the statistical effects in the results: earthworm
treatment= EW; herbivore treatment= Hrb; plant species identity= Spc; Plant diversity level=

Clt.

Results

Plant community productivity responses

Only five out of the 288 plant individuals died during the experiment (1.7%), four of which
were V. americana individuals growing in mixture and one S. laeve from a monoculture
(Supplementary material, Table A2). In the presence of earthworms, P. palustris and mixed
communities produced significantly more aboveground biomass than when earthworms were
absent (P. palustris: +26%, mixed community: +23%; EW:Spc interaction effect: p=0.0006;
Figure 1; Supplementary material, Table A3). Root community biomass and community
shoot:root ratio were not significantly affected by earthworm presence (Supplementary

material, Table A3, Figure Al and A2).
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Figure 1: Community aboveground biomass (per microcosm) (estimated marginal mean + Cl...) of different plant
communities (monocultures of Symphyotrichum laeve, Poa palustris, and Vicia americana, or mixture of all three
species) with (+) and without (-) earthworm as well as herbivore treatment (presence (yellow triangles) vs. absent
(green circles)). A linear model was applied to analyze these data after excluding NA’s. The letters were derived

from a post-hoc test (pairwise comparison of estimated marginal means using the “holm” correction) investigating
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the effect of earthworm treatment for each plant community. Different letters represent a significant difference (p-
value < 0.05) and can be interpreted only within each community. In total, 96 observations were analyzed (each
community type: 24; earthworm and herbivore absence/presence: 48 each). Significant factors are displayed in the

bottom left corner (“*** 0.001; *** 0.01; *’ 0.05).

Plant functional trait responses

All studied plant functional traits differed significantly among plant species. Eight out of eleven
plant functional traits were significantly affected by earthworm presence; either by a general
effect across all treatments or the effect differed significantly among plant species, with plant

diversity level, and/or herbivore presence.

Aboveground trait responses

Among the aboveground traits measured, earthworm treatment overall affected aboveground
biomass, leaf area, specific leaf area, and leaf dry matter content, but not the height growth
(Supplementary material, Table A4). Earthworm presence increased aboveground biomass
across all plant species (+15%), irrespective of other treatments (EW effect: p=0.017). Overall,
V. americana and P. palustris individuals had the largest height difference between initial and
final height (V. americana: 22.10 £ 11.39 cm, P. palustris: 16.55 + 5.60 cm), while S. laeve
individuals grew the least (3.80 £ 2.73 cm; Supplementary material, Figure A3). Earthworm
and herbivore treatments did not significantly affect the height growth of any plant species.
Symphyotrichum laeve and P. palustris individuals had a higher leaf area when earthworms
were present (S. laeve: +22%, P. palustris: +9%), while it was the opposite for V. americana
individuals (-18%; EW:Spc interaction effect: p=0.043). Despite leaf area changes, the SLA of
S. laeve and P. palustris were not significantly affected by the experimental treatments.
However, in the presence of earthworms, the SLA of V. americana was higher in the absence
of herbivores in mixture in comparison to the treatment with herbivores in monoculture (-44%),
while the other treatment combinations had a similar SLA (EW:Hrb:Clt:Spc interaction effect:
p=0.013; Figure 2; Supplementary material, Table A4). The LDMC was generally higher (+9%)

when earthworms were present (EW effect: p=0.006; Supplementary material, Figure A4).
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Figure 2: Aboveground biomass (A), leaf area (B), and specific leaf area (C) (estimated marginal mean + Cl.,) of
the three plant species studied (Symphyotrichum laeve, Poa palustris, and Vicia americana) growing in different
plant diversity levels(monoculture vs. mixture) with (+) and without (-) earthworm as well as herbivore treatment

(presence (yellow triangles) vs. absent (green circles)). A linear model with a log transformation was applied to
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analyze these data after excluding NA’s. Data were back-transformed before plotting. The letters were all derived
from post-hoc tests (pairwise comparison of estimated marginal means using the “holm” correction). Different letters
represent a significant difference (p-value < 0.05) and can be interpreted only within each species. Significant
factors are displayed in the bottom left corners (**** 0.001; “* 0.01; ** 0.05). A) Post hoc tests investigated the
effect of plant diversity level for each species. In total, 286 observations were analyzed (S. laeve: 95; V. americana:
95; P. palustris: 96; monoculture: 215; mixture: 71; earthworm and herbivore absence/presence: each 143). B) Post
hoc tests investigated the interaction between herbivore treatment and plant diversity level for each species. In total,
277 observations were analyzed (S. laeve: 93; P. palustris: 96; V. americana: 88; monoculture: 214; mixture: 63;
earthworm absence: 137; earthworm presence: 140, herbivore absence: 139; herbivore presence: 138). C) Post
hoc tests investigated the interaction of plant diversity level, earthworm, and herbivore treatment for each species.
In total, 272 observations were analyzed (S. laeve: 93; V. americana: 87; P. palustris: 92; monoculture: 214; mixture:

58; earthworm absence: 138, earthworm presence: 134, herbivore absence: 137; herbivore presence: 135).

Earthworms affected the C, N, and C:N ratio of the leaves (Supplementary material, Table A4).
The C content of S. laeve leaves growing in mixture without earthworms was higher compared
to individuals growing in monoculture irrespective of earthworm presence (+6%; EW:CIt:Spc
interaction effect: p=0.006). The leaf N content of P. palustris was increased in the presence
of earthworms (+27%), while no significant difference was found for the other two species
(EW:Spc interaction effect: p=0.0004). Symphyotrichum laeve and P. palustris both had a
lower C:N ratio when earthworms were present (S. laeve: -9%; P. palustris: -19%; EW:Spc
interaction effect: p<0.0001; Figure 3). Across all species, plant individuals growing in mixture
without earthworms had the highest C:N ratio, and plant individuals growing in monoculture
with earthworms present the lowest (EW:ClIt interaction effect: p=0.040). The C:N ratio of plant
individuals growing in mixture with earthworms did not differ significantly from plant individuals
growing in monoculture without earthworms, and their C:N ratios were between the other two
plant diversity level/ earthworm treatment combinations (Figure 3). Overall, plant individuals
growing in monocultures with earthworms had a lower C:N ratio (-7%) than the ones without
earthworms. Plant individuals growing without earthworms had a higher C:N ratio in mixtures

(+18%) than in monocultures.
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Figure 3: C:N ratio of leaves (estimated marginal mean * Cl.) of the three plant species studied (Symphyotrichum
laeve, Poa palustris, and Vicia americana) growing in different plant diversity levels (monoculture vs. mixture) with
(+) and without (-) earthworm as well as herbivore treatment (presence (yellow triangles) vs. absent (green circles)).
A linear model was applied to analyze these data after excluding NA’s. The letters were derived from post-hoc tests
(pairwise comparison of estimated marginal means using the “holm” correction). The purple letters (upper) come
from a post-hoc investigating the effect of earthworm treatment for each species. The green letters (lower) were
derived from a post-hoc test investigating the effect of plant diversity level for each species. Different letters
represent a significant difference (p-value < 0.05) and can be interpreted only within each species. In total, 278
observations were analyzed (S. laeve: 94; V. americana: 88; P. palustris: 96; monoculture: 215; mixture: 63;
earthworm absence: 138; earthworm presence: 140; herbivore absence: 140; herbivore presence: 138). Significant

factors are displayed in the bottom left corner (**** 0.001; **’ 0.01; *’ 0.05).

Reproductive trait responses

While only P. palustris individuals developed inflorescences that were produced in higher
number in mixtures (+172%; Clt effect: p<0.0001) and when earthworms were present (+17%;
EW effect: p=0.011; Supplementary material, Figure A7, Table A5), vegetative reproductive
abilities (i.e. number of ramets) were overall increased for all species in the presence of
earthworms (+12%; EW effect: p<0.0001; Supplementary material, Figure A8, Table A5).
Moreover, Poa palustris produced more ramets in plant mixtures (+124%), while V. americana

had a lower number of ramets in mixtures (-36%; Spc:Clt interaction effect: p<0.0001).
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Belowground trait responses

We found coarse roots for V. americana (46 samples) and S. laeve (four samples), while P.
palustris only had fine roots. Only root average diameter and root tissue density measured on
the fine roots samples varied in response to the earthworm treatment, the herbivore treatment,
and the plant species (Figure 4; Supplementary material, Table A6). Root dry matter content
(RDMC) was higher in mixture compared to monoculture (+54%; Clt effect: p=0.018), but was
not affected by earthworm presence nor another treatment (Table 3; Supplementary material,
Figure A9). In the same way, plant diversity level, earthworm presence, and herbivore
presence did not significantly affect specific root length (Supplementary material, Table A6).
However, root average diameter of S. laeve individuals growing in mixture with either
earthworms present and herbivore absent, or earthworms absent and herbivore present was
lower (-30%) than that of the same species in monoculture with the same treatment
combinations (EW:Hrb:Clt:Spc interaction effect: p=0.033; Figure 4), while the other plant
species were not significantly affected by this interaction of the experimental treatments. The
roots of V. americana individuals had a lower root tissue density (RTD) when earthworms were
present compared to the treatment without earthworms (-21%; Spc:EW: p=0.015; purple letters
in Figure 4). In the absence of earthworms, all three studied plant species had higher RTD
when herbivores were present (+23%) compared to the treatment without herbivores (EW:Hrb

interaction effect: p=0.009).
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Figure 4: Root average diameter (A) and root tissue density (B) (estimated marginal mean + Cl...) of the three plant
species studied (Symphyotrichum laeve, Poa palustris, and Vicia americana) growing in different plant diversity
levels (monoculture vs. mixture) with (+) and without (-) earthworm as well as herbivore treatment (presence (yellow
triangles) vs. absent (green circles)). After excluding NA'’s, a linear model was applied to analyze data. The letters
were all derived from post-hoc tests (pairwise comparison of estimated marginal means using the “holm” correction).
Different letters represent a significant difference (p-value < 0.05) and can be interpreted only within each species.
Significant factors are displayed in the bottom left corner (“**' 0.001; *“** 0.01; *’ 0.05), respectively. A) Post hoc
tests investigated the interaction of plant diversity level and earthworm and herbivore treatment for each species.In
total, 143 observations were analyzed (S. laeve: 46; V. americana: 47; P. palustris: 50; monoculture: 76; mixture:
67; earthworm absence: 69; earthworm presence: 67; herbivore absencence: 71; herbivore presence: 72). B) Data
was log transformed before analysis and back- transformed before plotting The purple letters (upper) come from a
post-hoc investigating the effect of earthworm treatment for each species. The green letters (lower) were derived

from a post-hoc test investigating the effect of plant diversity level for each species. In total, 142 observations were
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analyzed (S. laeve: 46; V. americana: 49; P. palustris: 47; monoculture: 75; mixture: 67; earthworm absence: 74;

earthworm presence: 68; herbivore absence: 70; herbivore presence: 72).

Earthworm / herbivore survival and herbivory rate

Out of the 96 earthworms added to experimental microcosms, 68 were found alive at the end
of the experiment (70%), and no experimental treatment influenced their survival significantly
(Supplementary material, Table A2). We also found that 118 herbivores died or escaped (84%)
after five days, while 23 were still alive and present (16%), and 97 out of 141 leaves (64%) had
marks of herbivory on them. Most herbivores survived on S. laeve growing in monoculture
(44%) followed by V. americana monoculture (17%), while no herbivores survived on these
plant species growing in mixture. One herbivore survived on P. palustris growing in mixture,
none when growing in monoculture (Supplementary material, Table A2). Overall, the S. exigua
larvae fed most on S. laeve, secondly on V. americana, and the least on P. palustris (Spc
effect: p=0.017; Supplementary material, Table A7, Figure All). Earthworm presence had no

significant effect on the herbivory rate.

Soil abiotic properties

Soil pH (7.41 £ 0.05) and soil C:N ratio (17.65 £ 3.67) were not significantly affected by the
experimental treatments (Supplementary material, Table A8, Figure A12 and A13). Soil water
content was significantly lower (-9%) in the presence of earthworms (EW effect: p=0.027;
Supplementary material, Table A8, Figure Al14). Soil C content did not differ among plant
species, but soil of P. palustris communities contained less C when earthworms were present
(-19%; EW:Spc interaction effect: p=0.013; Supplementary material, Table A8, Figure A15),
and soil of Vicia americana communities had an increased soil C content in the presence of
herbivores (+17%; Hrb:Spc interaction effect: p=0.012). Soil of P. palustris communities
contained significantly more N without earthworms and herbivores present (+48%) compared
to other treatment combinations (EW:Spc:Hrb interaction effect: p=0.041). Within the first four

weeks of the experiment, no other factor apart from plant species identity had a significant
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effect on POs (Spc effect: p=0.0003; Supplementary material, Table A8, Figure Al7). In
presence of earthworms, soil NO. increased significantly (+54%; EW effect: p=0.0003;
Supplementary material, Table A8, Figure A18). NH,* did not change significantly in response
to any treatment, including plant species identity and earthworm treatments (Supplementary

material, Table A8, Figure A19).

Discussion

Earthworms change plant trait expression

Given that earthworm invasion is changing plant communities in North American forests
towards lower diversity and grass dominance (Craven et al., 2017), we investigated the
underlying mechanisms by examining how earthworms affect the functional traits of plant
species belonging to three different plant functional groups (i.e. grasses, herbs, and legumes)
in different plant communities (i.e. different levels of competition) and in the presence and
absence of aboveground herbivores. Our study confirms that invasive earthworms can affect
plant functional traits of native plants in a significant way, which is in line with the recent findings
of Thouvenot et al. (2021) and Blume-Werry et al. (2020). We observed that eight out of eleven
measured plant functional traits were affected either by the main effect of earthworms, or
earthworm effects in combination with those of plant species identity, plant diversity level,
and/or herbivore presence. Only height growth, root dry matter content, and specific root length
did not respond significantly to earthworm presence. Across all plant species, earthworm
treatment (alone) increased the number of ramets, the LDMC, and induced a maodification in
the leaf area. For example, we found that V. americana developed a smaller leaf area, while
S. leave and P. palustris developed a larger leaf area when growing in earthworm presence.
These changes might be based on higher nutrient availability due to the activities of
earthworms (van Groenigen et al., 2014). Indeed, it was shown that LDMC is a predictor for
soil fertility (Hodgson et al., 2011), and Zaller & Arnone (1999) explained increased ramet

production close to earthworm casts mainly by enhanced nutrient availability. This is in line
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with increased concentrations of nitratein soil and higher leaf nutritional value in S. laeve
(lower C:N) and P. palustris (lower C:N; higher N) in the presence of earthworms. The
observed increase of soil nitrate in the presence of earthworms supports the assumption that
earthworms enhance soil nitrogen availability and uptake by plants (van Groenigen et al.,

2014).

Grass aboveground productivity and reproduction benefits from interspecific

competition and earthworms

Aboveground productivity of P. palustris monocultures and the mixed community were
significantly increased in the presence of earthworms, while productivity of S. laeve and V.
americana communities did not show any general short-term responses to the earthworm
treatment. These results support the findings that slow-growing species cannot exploit
additional nutrients as rapidly as fast-growing species (Reich, 2014), and provide only partial
support for our hypothesis (1), expecting that plant productivity is generally increased by
earthworm presence. Grass community productivity may be more responsive to earthworm
activity due to their high resource competitiveness and rapid growth (Eisenhauer & Scheu,
2008a; Linder et al., 2018; Thouvenot et al., 2021).

When growing in interspecific competition, several traits of P. palustris (lower C:N, more
aboveground biomass, ramets, and inflorescences) indicate an elevated nutrient uptake,
growth, and reproduction. Reduced SLA points to decreased photosynthetic rate (Violle et al.,
2007), probably due to less competition for light. Moreover, P. palustris developed more
inflorescences when growing in earthworm presence. Inflorescences are an indicator for
individual plant performance (Roscher et al., 2011), and an increased sexual reproduction may
represent a competitive advantage (E-Vojtko et al., 2020) rarely reported in previous studies
on the consequences of earthworm invasion (Blume-Werry et al., 2020). As earthworms can
change nutrient and water availability (Ferlian et al., 2020), they might act as a filter on plant
reproduction (Eisenhauer et al., 2012; E-Vojtké et al., 2020). Even though we found that P.

palustris individuals benefit from earthworm presence and from interspecific competition (or

21



513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

missing intraspecific competition), we did not find an interaction effect of these two factors.
Besides several functional traits of the legume species V. americana and the herb species S.
laeve changing in interspecific competition (e.g. lower aboveground biomass, lower height
growth, less ramets), four out of 24 V. americana individuals died that grew in mixed
communities. The legume individuals developed a higher SLA in interspecific competition,
which is a strategy to cope with lower light availability by raising their photosynthetic rate
(Roscher et al., 2011; Violle et al., 2007). Nevertheless, we did not find an interaction effect of
plant diversity level and earthworm presence for any of the studied traits for these two species,
providing little support for our hypothesis (2).
The finding that neither earthworm presence, nor a change of plant diversity level had a
significant effect on the C:N ratio of V. americana leaves, supports results of former studies
that state that legumes are rather independent of soil nutrient changes, e.g. caused by plant
competition or the presence of earthworms (van Groenigen et al., 2014; Wurst et al., 2003).
Since S. laeve and V. americana did not develop inflorescences in any of the treatments, it
seems that the experiment was too short for this to happen. As seed production is often
referred to as “the fithess currency” of plants (Schwachtje et al., 2006) and flowering is a critical
prerequisite, the effects of earthworms on flowering and seed production deserve more
attention, and experiments carried out over a longer period of time are needed. Moreover, such
studies would help finding out whether the grasses only developed inflorescences earlier or

more overall when earthworms were present.

Earthworm presence does not affect herbivory rate or herbivore survival

Neither herbivory rate, nor herbivore survival, of any of the plant species was affected by
earthworm presence (Hypothesis (4)). As the initial C:N ratio of the soil used (20.98) was higher
and the N% (0.06%) lower than in comparable studies (Eisenhauer et al., 2007; Thouvenot et
al., 2021; Wurst et al., 2005), we do not expect the lack of earthworm effects on herbivory and
herbivore survival to be due to a too high initial soil nutrient status (van Groenigen et al., 2014).

Contrary to the expectations that slow-growing species have a better defense than fast-
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growing species (Reich, 2014), the grass species studied was not only the least palatable, but
also the least suitable for the survival of herbivores. A possible explanation is that grass leaves
contain silica, which enhances the tissues abrasiveness and reduces its digestibility (Luyckx
et al., 2017; Vicari & Bazely, 1993) by changing leaf surface morphology (Hall et al., 2020).
The increase of LDMC (higher defense; all plant species) and the decrease of C:N ratio (higher
nutritious value; P. palustris and S. laeve) caused by earthworms could also have balanced
each other out and, thus, prevented a change of herbivory rate. Furthermore, multiple aspects
that have an impact on the outcome of earthworm effects on herbivory have been identified,
which may also differ with the environmental context. For example, it was shown that the
density and diversity (species and ecological groups) of earthworms, the herbivore feeding
guilds (chewing, phloem-feeding, cell-feeding), and plant functional group identity may play a

role (Xiao et al., 2018).

Earthworm presence and competitive environment modulate herbivore effects on

specific traits

We found effects of short-term aboveground herbivory on plant traits (i.e. LDMC, leaf area,
RTD; hypothesis (3)). However, the effects were modulated by interspecific competition and
earthworm presence, supporting our hypothesis (5) (i.e. effects of invasive earthworms and
aboveground herbivory depend on plant community composition). Leaf traits (LDMC and leaf
area) of plants growing in interspecific competition changed in the presence of herbivores,
which indicates that interspecific competition led to the leaf development being more sensitive
to herbivory, and plants invested more into mechanical defense (tougher leaves) (Loranger et

al., 2012).

In the absence of earthworms, herbivore presence led to a higher RTD across plant species,
which is associated with higher resistance to pathogens and drought (Pérez-Harguindeguy et
al., 2016). This might offer an advantage in tolerating herbivore attack by reducing the risk of
other influences that may harm the herbivory-weakened plant (e.g. drought and pathogens).

Further, a higher RTD might indicate translocation of resources after herbivore attack (Babst
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et al., 2008; Gémez et al., 2010; Schwachtje et al., 2006) or a more conservative use of, for
example, carbon through lower root exudation (Wen et al., 2021). Vice versa, our data shows
that the RTD of plants that grew with earthworms did not change in response to herbivory,
indicating that earthworms suppressed an herbivory-induced increase of RTD. Herbivory rate
was not lower when earthworms were present. Possibly, firmer leaf tissue (measured as higher
LDMC) might have reduced the effect of herbivory on the plants’ condition and thus did not

cause any significant change of RTD.

The effects of earthworm presence on the root average diameter of S. laeve and to a lesser
extent on the SLA of V. americana were also dependent on the biotic context. The similar effect
of earthworms and herbivores, respectively, in the absence of the other leading to the highest
and lowest values of root average diameter within the plant diversity level is surprising, since
they have fundamentally different effects on plants. Presumably, herbivory led to a
redistribution of resources towards roots (e.g. Schwachtje et al., 2006), while earthworms are
known to improve nutrient availability for plants (Scheu, 2003; van Groenigen et al., 2014).
Changed resource availability due to competition (Aschehoug et al., 2016) modulated these
effects, but when earthworms and herbivores were both present, root average diameter
changes were not observed, regardless of plant diversity levels. These complex interactions
for the first time indicate that earthworms interact with interspecific competition and herbivory.
We recommend for future studies to investigate the mechanisms behind these interactions on
belowground traits for different plant species to be able to predict the consequences for plant
community structure. Further, we suggest studying additional root resource-acquisition
strategies, such as mycorrhizal symbiosis and root exudation, since these may also play critical
roles in plant resource use and competition (Wen et al., 2021). To relate all our results more
broadly to the functional groups of plants, we recommend testing more and different plant

species per plant functional group in future studies.
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Conclusions

Our study provides experimental evidence that invasive earthworms affect plant resource
acquisition and competitive abilities by inducing changes in above- and belowground plant
functional traits. These effects were partly modulated by competition and herbivory, and may
reveal some of the mechanisms behind plant community changes in northern North American
forests after earthworm invasion. Earthworms did not only enhance the aboveground biomass
of the grass P. palustris but also improved its competitive advantage, such as reflected by a
higher number of inflorescences, enhanced leaf area, and elevated tissue N content. Our
findings thus confirm that the grass species P. palustris is a strong competitor and benefits
from earthworm presence at least in the short term. The herb and legume species did not
benefit to a similar extent by earthworm presence, which is why we assume that earthworms
increased the competitive strength of the grass species at the expense of the other plant
functional groups. Earthworms did not affect herbivory rate and herbivore survival, but
suppressed an effect of herbivores on the root tissue density. Our study shows that changed
plant trait expression by earthworms is partly depending on the biotic context of the plants; i.e.
competition and herbivory. Taken together, the results of the present study thus shed light on
trait-based mechanisms potentially underlying observed shifts in plant community composition

in northern North American forests to the benefit of grasses and the expense of legumes.

25



618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

References

Allen, S. E., Grimshaw, H. M., & Rowland, A. P. (1986). Chemical analysis. Methods in Plant

Ecology, 285-344.

Aschehoug, E. T., Brooker, R., Atwater, D. Z., Maron, J. L., & Callaway, R. M. (2016). The
Mechanisms and Consequences of Interspecific Competition among Plants. Annual
Review of Ecology, Evolution, and Systematics, 47, 263—-281.

https://doi.org/10.1146/annurev-ecolsys-121415-032123

Babst, B. A., Ferrieri, R. A., Thorpe, M. R., & Orians, C. M. (2008). Lymantria dispar
herbivory induces rapid changes in carbon transport and partitioning in Populus nigra.
Entomologia Experimentalis et Applicata, 128(1), 117-125.

https://doi.org/10.1111/j.1570-7458.2008.00698.x

Blouin, M., Hodson, M. E., Delgado, E. A., Baker, G., Brussaard, L., Butt, K. R., Dai, J.,
Dendooven, L., Peres, G., Tondoh, J. E., Cluzeau, D., & Brun, J. J. (2013). A review of
earthworm impact on soil function and ecosystem services. In European Journal of Sall

Science (Vol. 64, Issue 2, pp. 161-182). https://doi.org/10.1111/ejss.12025

Blume-Werry, G., Krab, E. J., Olofsson, J., Sundgvist, M. K., Vaisanen, M., & Klaminder, J.
(2020). Invasive earthworms unlock arctic plant nitrogen limitation. Nature

Communications, 11(1). https://doi.org/10.1038/s41467-020-15568-3

Bohlen, P. J., Pelletier, D. M., Groffman, P. M., Fahey, T. J., & Fisk, M. C. (2004a). Influence
of earthworm invasion on redistribution and retention of soil carbon and nitrogen in
northern temperate forests. Ecosystems, 7(1), 13—-27. https://doi.org/10.1007/s10021-

003-0127-y

Bohlen, P. J., Scheu, S., Hale, C. M., McLean, M. A., Migge, S., Groffman, P. M., &

Parkinson, D. (2004b). Non-native invasive earthworms as agents of change in northern

26



642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

temperate forests. Frontiers in Ecology and the Environment, 2(8), 427-435.

https://doi.org/10.1890/1540-9295(2004)002[0427:NIEAAO]2.0.CO;2

Cameron, E. K., Cahill, J. F., & Bayne, E. M. (2014). Root foraging influences plant growth
responses to earthworm foraging. PLoS ONE, 9(9), 1-6.

https://doi.org/10.1371/journal.pone.0108873

Craven, D., Thakur, M. P., Cameron, E. K., Frelich, L. E., Beauséjour, R., Blair, R. B.,
Blossey, B., Burtis, J., Choi, A., Davalos, A., Fahey, T. J., Fisichelli, N. A., Gibson, K.,
Handa, I. T., Hopfensperger, K., Loss, S. R., Nuzzo, V., Maerz, J. C., Sackett, T., ...
Eisenhauer, N. (2017). The unseen invaders: introduced earthworms as drivers of
change in plant communities in North American forests (a meta-analysis). Global

Change Biology, 23(3), 1065—-1074. https://doi.org/10.1111/gcb.13446

Diaz, S., Settele, J., Brondizio, E. S., Ngo, H. T., Agard, J., Arneth, A., Balvanera, P.,
Brauman, K. A., Butchart, S. H. M., Chan, K. M. A., Garibaldi, L. A., Ichii, K., Liu, J.,
Subramanian, S. M., Midgley, G. F., Miloslavich, P., Molnar, Z., Obura, D., Pfaff, A., ...
Zayas, C. N. (2019). Pervasive human-driven decline of life on Earth points to the need

for transformative change. Science, 366(6471). https://doi.org/10.1126/science.aax3100

Durén, J., Delgado-Baquerizo, M., Rodriguez, A., Covelo, F., & Gallardo, A. (2013). lonic
exchange membranes (IEMs): A good indicator of soil inorganic N production. Soil

Biology and Biochemistry, 57, 964-968. https://doi.org/10.1016/j.s0ilbio.2012.07.016

Duran, J., Rodriguez, A., Fernandez-Palacios, J. M., & Gallardo, A. (2008). Changes in soil
N and P availability in a Pinus canariensis fire chronosequence. Forest Ecology and

Management, 256(3), 384—387. https://doi.org/10.1016/j.foreco.2008.04.033

Ehrenfeld, J. G. (2010). Ecosystem Consequences of Biological Invasions. Annual Review of
Ecology, Evolution, and Systematics, 41, 59-80. https://doi.org/10.1146/annurev-

ecolsys-102209-144650

27



667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

Eisenhauer, N., Fisichelli, N. A., Frelich, L. E., & Reich, P. B. (2012). Interactive effects of
global warming and “global worming” on the initial establishment of native and exotic
herbaceous plant species. Oikos, 121(7), 1121-1133. https://doi.org/10.1111/j.1600-

0706.2011.19807.x

Eisenhauer, N., Milcu, A., Nitschke, N., Sabais, A. C. W., Scherber, C., & Scheu, S. (2009).
Earthworm and belowground competition effects on plant productivity in a plant diversity

gradient. Oecologia, 161(2), 291-301. https://doi.org/10.1007/s00442-009-1374-1

Eisenhauer, N., Partsch, S., Parkinson, D., & Scheu, S. (2007). Invasion of a deciduous
forest by earthworms: Changes in soil chemistry, microflora, microarthropods and
vegetation. Soil Biology and Biochemistry, 39(5), 1099-1110.

https://doi.org/10.1016/j.s0ilbio.2006.12.019

Eisenhauer, N., & Scheu, S. (2008a). Earthworms as drivers of the competition between
grasses and legumes. Soil Biology and Biochemistry, 40(10), 2650-2659.

https://doi.org/10.1016/j.s0ilbio.2008.07.010

Eisenhauer, N., & Scheu, S. (2008b). Invasibility of experimental grassland communities:
The role of earthworms, plant functional group identity and seed size. Oikos, 117(7),

1026-1036. https://doi.org/10.1111/;.0030-1299.2008.16812.x

Elger, A. & Willby, N. (2003). Leaf dry matter content as an integrative expression of plant

palatability: the case of freshwater macrophytes. Functional Ecology, 17, 58-65.

E-Vojtkd, A., de Bello, F., Durka, W., Kiihn, |., & Gotzenberger, L. (2020). The neglected
importance of floral traits in trait-based plant community assembly. Journal of

Vegetation Science, 31(4), 529-539. https://doi.org/10.1111/jvs.12877

Ferlian, O., Eisenhauer, N., Aguirrebengoa, M., Camara, M., Ramirez-Rojas, I., Santos, F.,

Tanalgo, K., & Thakur, M. P. (2018). Invasive earthworms erode soil biodiversity: A

28


https://doi.org/10.1111/j.0030-1299.2008.16812.x

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

meta-analysis. Journal of Animal Ecology, 87(1), 162—-172. https://doi.org/10.1111/1365-

2656.12746

Ferlian, O., Thakur, M. P., Castafieda Gonzalez, A., San Emeterio, L. M., Marr, S., da Silva
Rocha, B., & Eisenhauer, N. (2020). Soil chemistry turned upside down: a meta-analysis
of invasive earthworm effects on soil chemical properties. Ecology, 101(3), 1-12.

https://doi.org/10.1002/ecy.2936

Forey, E., Barot, S., Decaéns, T., Langlois, E., Laossi, K. R., Margerie, P., Scheu, S., &
Eisenhauer, N. (2011). Importance of earthworm-seed interactions for the composition
and structure of plant communities: A review. Acta Oecologica, 37(6), 594—603.

https://doi.org/10.1016/j.acta0.2011.03.001

Fox, J., & Weisberg, S. (2019). An {R} Companion to Applied Regression.

https://socialsciences.mcmaster.ca/jfox/Books/Companion/

Frind, H. C., Butt, K., Capowiez, Y., Eisenhauer, N., Emmerling, C., Ernst, G., Potthoff, M.,
Schadler, M., & Schrader, S. (2010). Using earthworms as model organisms in the
laboratory: Recommendations for experimental implementations. Pedobiologia, 53(2),

119-125. https://doi.org/10.1016/j.pedobi.2009.07.002

Gates, G. E. (1982). Farewell to North American megadriles. Megadrilogica, 4, 12-77.

Gbémez, S., Ferrieri, R. A., Schueller, M., & Orians, C. M. (2010). Methyl jasmonate elicits
rapid changes in carbon and nitrogen dynamics in tomato. New Phytologist, 188(3),

835-844. https://doi.org/10.1111/j.1469-8137.2010.03414.x

Hale, C. M., Frelich, L. E., & Reich, P. B. (2006). Changes in hardwood forest understory
plant communities in response to European earthworm invasions. Ecology, 87(7), 1637—

1649. https://doi.org/10.1890/0012-9658(2006)87[1637:CIHFUP]2.0.CO;2

29



714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

Hale, C. M., Frelich, L. E., Reich, P. B., & Pastor, J. (2005). Effects of European earthworm
invasion on soil characteristics in Northern Hardwood Forests of Minnesota, USA.

Ecosystems, 8(8), 911-927. https://doi.org/10.1007/s10021-005-0066-x

Hall, C. R., Dagg, V., Waterman, J. M., & Johnson, S. N. (2020). Silicon alters leaf surface
morphology and suppresses insect herbivory in a model grass species. Plants, 9(5).

https://doi.org/10.3390/plants9050643

Hallworth, B., & Chinnappa, C. C. (1997). Plants of Kananaskis Country in the Rocky

Mountains of Alberta. University of Alberta.

Heinze, J. (2020). Herbivory by aboveground insects impacts plant root morphological traits.

Plant Ecology, 221(8), 725—732. https://doi.org/10.1007/s11258-020-01045-w

Hendrix, P. F., Baker, G. H., Callaham, M. A., Damoff, G. A., Fragoso, C., Gonzélez, G.,
James, S. W., Lachnicht, S. L., Winsome, T., & Zou, X. (2006). Invasion of exotic
earthworms into ecosystems inhabited by native earthworms. Biological Invasions, 8(6),

1287-1300. https://doi.org/10.1007/s10530-006-9022-8

Hendrix, P. F., & Bohlen, P. J. (2002). Exotic earthworm invasions in North America:
Ecological and policy implications. BioScience, 52(9), 801-811.

https://doi.org/10.1641/0006-3568(2002)052[0801:EEIINA]2.0.CO;2

Hendrix, P. F., Callaham, M. A., Drake, J. M., Huang, C. Y., James, S. W., Snyder, B. A., &
Zhang, W. (2008). Pandora’s box contained bait: The global problem of introduced
earthworms. In Annual Review of Ecology, Evolution, and Systematics (Vol. 39, pp.

593-613). https://doi.org/10.1146/annurev.ecolsys.39.110707.173426

Hodgson, J. G., Montserrat-Marti, G., Charles, M., Jones, G., Wilson, P., Shipley, B., Sharafi,
M., Cerabolini, B. E. L., Cornelissen, J. H. C., Band, S. R., Bogard, A., Castro-Diez, P.,
Guerrero-Campo, J., Palmer, C., Pérez-Rontomé, M. C., Carter, G., Hynd, A., Romo-

Diez, A., de Torres Espuny, L., & Royo Pla, F. (2011). Is leaf dry matter content a better
30



739 predictor of soil fertility than specific leaf area? Annals of Botany, 108(7), 1337-1345.

740 https://doi.org/10.1093/aob/mcr225

741 Hothorn, T., Bretz, F., & Westfall, P. (2008). Simultaneous Inference in General Parametric

742 Models. Biometrical Journal, 50(3), 346—363.

743 Lavorel, S., Diaz, S., Cornelissen, J. H. C., Garnier, E., Harrison, S. P., Mcintyre, S., Pausas,

744 J. G., Pérez-Harguindeguy, N., Roumet, C., & Urcelay, C. (2007). Plant Functional
745 Types: Are We Getting Any Closer to the Holy Grail? In Terrestrial Ecosystems in a
746 Changing World (pp. 149-164). Springer. https://doi.org/10.1007/978-3-540-32730-1_13

747  Lenth, R. v. (2021). emmeans: Estimated Marginal Means, aka Least-Squares Means.

748 Journal of Open Source Software. https://CRAN.R-project.org/package=emmeans

749  Linder, H. P., Lehmann, C. E. R., Archibald, S., Osborne, C. P., & Richardson, D. M. (2018).

750 Global grass (Poaceae) success underpinned by traits facilitating colonization,
751 persistence and habitat transformation. Biological Reviews, 93(2), 1125-1144.
752 https://doi.org/10.1111/brv.12388

753 Loranger, J., Meyer, S. T., Shipley, B., Kattge, J., Loranger, H., Roscher, C., & Weisser, W.

754 W. (2012). Predicting invertebrate herbivory from plant traits: Evidence from 51
755 grassland species in experimental monocultures. Ecology, 93(12), 2674—2682.
756 https://doi.org/10.1890/12-0328.1

757 Lidecke, D., Ben-Shachar, M., Patil, I., Waggoner, P., & Makowski, D. (2021a).

758 performance: An R Package for Assessment, Comparison and Testing of Statistical
759 Models. Journal of Open Source Software, 6(60), 3139.
760 https://doi.org/10.21105/joss.03139

761 Lidecke, D., Patil, I., Ben-Shachar, M., Wiernik, B., Waggoner, P., & Makowski, D. (2021b).
762 see: An R Package for Visualizing Statistical Models. Journal of Open Source Software,

763 6(64), 3393. https://doi.org/10.21105/joss.03393
31



764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

Luyckx, M., Hausman, J. F., Lutts, S., & Guerriero, G. (2017). Silicon and plants: Current
knowledge and technological perspectives. Frontiers in Plant Science, 8(March), 1-8.

https://doi.org/10.3389/fpls.2017.00411

McLean, M. A., & Parkinson, D. (2000). Introduction of the epigeic earthworm Dendrobaena
octaedra changes the oribatid community and microarthropod abundances in a pine

forest. Soil Biology& Biochemistry, 32. www.elsevier.com/locate/soilbio

Murphy, G. E. P., & Romanuk, T. N. (2014). A meta-analysis of declines in local species
richness from human disturbances. Ecology and Evolution, 4(1), 91-103.

https://doi.org/10.1002/ece3.909

Newington, J. E., Setéla, H., Bezemer, T. M., & Jones, T. H. (2004). Potential effects of
earthworms on leaf-chewer performance. Functional Ecology, 18(5), 746—751.

https://doi.org/10.1111/j.0269-8463.2004.00888.x

Nuzzo, V. A., Maerz, J. C., & Blossey, B. (2009). Earthworm invasion as the driving force
behind plant invasion and community change in northeastern north american forests.
Conservation Biology, 23(4), 966—974. https://doi.org/10.1111/j.1523-

1739.2009.01168.x

Pérez-Harguindeguy, N., Diaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry, P.,
Bret-Harte, M. S., Cornwell, W. K., Craine, J. M., Gurvich, D. E., Urcelay, C., Veneklaas,
E. J., Reich, P. B., Poorter, L., Wright, I. J., Ray, P., Enrico, L., Pausas, J. G., de Vos, A.
C., ... Cornelissen, J. H. C. (2016). New handbook for standardised measurement of
plant functional traits worldwide. Australian Journal of Botany, 61(3), 167—234.

https://doi.org/10.1071/BT12225

Poveda, K., Steffan-Dewenter, I., Scheu, S., & Tscharntke, T. (2003). Effects of below- and
above-ground herbivores on plant growth, flower visitation and seed set. Oecologia,

135(4), 601-605. https://doi.org/10.1007/s00442-003-1228-1

32



789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

Poveda, K., Steffan-Dewenter, I., Scheu, S., & Tscharntke, T. (2005). Effects of
decomposers and herbivores on plant performance and aboveground plant-insect

interactions.

R Core Team. (2021). R: A language and environment for statistical computing. R

Foundation for Statistical Computing.

Reich, P. B. (2014). The world-wide “fast-slow” plant economics spectrum: A traits manifesto.

Journal of Ecology, 102(2), 275-301. https://doi.org/10.1111/1365-2745.12211

Roscher, C., Schmid, B., Buchmann, N., Weigelt, A., & Schulze, E. D. (2011). Legume
species differ in the responses of their functional traits to plant diversity. Oecologia,

165(2), 437-452. https://doi.org/10.1007/s00442-010-1735-9

Roumet, C., Birouste, M., Picon-Cochard, C., Ghestem, M., Osman, N., Vrignon-Brenas, S.,
Cao, K. fang, & Stokes, A. (2016). Root structure-function relationships in 74 species:
Evidence of a root economics spectrum related to carbon economy. New Phytologist,

210(3), 815-826. https://doi.org/10.1111/nph.13828

Royer, F., & Dickinson, R. (2007). Plants of Alberta: trees, shrubs, wildflowers, ferns, aquatic

plants & grasses. Lone Pine.

Scheu, S. (2003). Effects of earthworms on plant growth: Patterns and perspectives.

Pedobiologia, 47(5-6), 846—856. https://doi.org/10.1078/0031-4056-00270

Schwachtje, J., Minchin, P. E. H., Jahnke, S., van Dongen, J. T., Schittko, U., & Baldwin, I. T.
(2006). SNF1-related kinases allow plants to tolerate herbivory by allocating carbon to

roots. In PLANT BIOLOGY (Vol. 22). www.pnas.orgcgidoil0.1073pnas.0602316103

Sims, G. K., Ellsworth, T. R., & Mulvaney, R. L. (1995). Microscale determination of inorganic
nitrogen in water and soil extracts. Communications in Soil Science and Plant Analysis,

26(1-2), 303-316. https://doi.org/10.1080/00103629509369298

33



813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

Thakur, M. P., Kiinne, T., Unsicker, S. B., Biere, A., Ferlian, O., Pruschitzki, U., Thouvenot,
L., Turke, M., & Eisenhauer, N. (2020). Invasive earthworms reduce chemical defense
and increase herbivory and pathogen infection in native trees. Journal of Ecology,

109(2), 763-775. https://doi.org/10.1111/1365-2745.13504

Thouvenot, L., Ferlian, O., Beugnon, R., Kiinne, T., Lochner, A., Thakur, M. P., Turke, M., &
Eisenhauer, N. (2021). Do Invasive Earthworms Affect the Functional Traits of Native
Plants? Frontiers in Plant Science, 12(March), 1-17.

https://doi.org/10.3389/fpls.2021.627573

van Groenigen, J. W, Lubbers, I. M., Vos, H. M. J., Brown, G. G., de Deyn, G. B., & van
Groenigen, K. J. (2014). Earthworms increase plant production: a meta-analysis.

Scientific Reports, 4(2), 1-7. https://doi.org/10.1038/srep06365

Vicari, M., & Bazely, D. R. (1993). Do grasses fight back? The case for antiherbivore
defences. In Trends in Ecology and Evolution (Vol. 8, Issue 4, pp. 137-141).

https://doi.org/10.1016/0169-5347(93)90026-L

Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I., & Garnier, E. (2007).
Let the concept of trait be functional! Oikos, 116(5), 882—892.

https://doi.org/10.1111/j.2007.0030-1299.15559.x

Wen, Z., White, P. J., Shen, J., & Lambers, H. (2021). Linking root exudation to belowground
economic traits for resource acquisition. New Phytologist.

https://doi.org/10.1111/nph.17854

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York.

https://ggplot2.tidyverse.org

Wurst, S. (2010). Effects of earthworms on above- and belowground herbivores. Applied Soil

Ecology, 45(3), 123-130. https://doi.org/10.1016/j.apsoil.2010.04.005

34



837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

Wurst, S., Dugassa-Gobena, D., & Scheu, S. (2004). Earthworms and litter distribution affect
plant-defensive chemistry. Journal of Chemical Ecology, 30(4), 691—-701.

https://doi.org/10.1023/B:JOEC.0000028425.43869.b8

Wurst, S., Langel, R., Reineking, A., Bonkowski, M., & Scheu, S. (2003). Effects of
earthworms and organic litter distribution on plant performance and aphid reproduction.

Oecologia, 137(1), 90-96. https://doi.org/10.1007/s00442-003-1329-x

Wourst, S., Langel, R., & Scheu, S. (2005). Do endogeic earthworms change plant
competition? A microcosm study. Plant and Soil, 271(1), 123-130.

https://doi.org/10.1007/s11104-004-2201-4

Xiao, Z., Wang, X., Koricheva, J., Kergunteuil, A., le Bayon, R. C., Liu, M., Hu, F., &
Rasmann, S. (2018). Earthworms affect plant growth and resistance against herbivores:
A meta-analysis. Functional Ecology, 32(1), 150-160. https://doi.org/10.1111/1365-

2435.12969

Zaller, J. G., & Arnone, J. A. (1999). Interactions between plant species and earthworm casts

in a calcareous grassland under elevated CO2. Ecology, 80(3), 873-881.

Zaller, J. G., Parth, M., Szunyogh, I., Semmelrock, I., Sochurek, S., Pinheiro, M., Frank, T., &
Drapela, T. (2013). Herbivory of an invasive slug is affected by earthworms and the

composition of plant communities. BMC Ecology, 13(1).

35



