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Earthworms can have strong direct effects on plant communities through consumption and digestion of
seeds, however it is unclear how earthworms may influence the relative abundance and composition of
plant communities invaded by non-native species. In this study, earthworms, seed banks, and the
standing vegetation were sampled in a grassland of central California. Our objectives were i) to examine
whether the abundances of non-native, invasive earthworm species and non-native grassland plant
species are correlated, and ii) to test whether seed ingestion by these worms alters the soil seed bank by
evaluating the composition of seeds in casts relative to uningested soil. Sampling locations were selected
based on historical land-use practices, including presence or absence of tilling, and revegetation by seed
using Phalaris aquatica. Only non-native earthworm species were found, dominated by the invasive
European species Aporrectodea trapezoides. Earthworm abundance was significantly higher in the
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Feedback grassland blocks dominated by non-native plant species, and these sites had higher carbon and moisture
Interactions contents. Earthworm abundance was also positively related to increased emergence of non-native
Seed bank

seedlings, but had no effect on that of native seedlings. Plant species richness and total seedling emer-
gence were higher in casts than in uningested soils. This study suggests that there is a potential effect of
non-native earthworms in promoting non-native and likely invasive plant species within grasslands, due
to seed-plant-earthworm interactions via soil modification or to seed ingestion by earthworms and
subsequent cast effects on grassland dynamics. This study supports a growing body of literature for
earthworms as ecosystem engineers but highlights the relative importance of considering non-native-
native interactions with the associated plant community.

© 2015 Published by Elsevier Masson SAS.

1. Introduction

Recent studies have focused on direct impacts of earthworms on
plant communities via their ingestion and sometimes digestion of
seeds. Earthworms aggregate seeds in their casts, which contain
more viable seeds than in the surrounding soil (Decaéns et al.,
2003). This ingestion is often species-specific with earthworms
selecting seeds according to traits such as size or oil content (Clause
et al, 2011; Grant, 1983) or by plant functional groups (Milcu et al.,
2006; Zaller and Saxler, 2007). Seedlings that emerge from casts are
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likely to benefit from their higher nutrient content and physical
protection (Bityutskii et al., 2012; Decaéns et al., 2003; Zhang and
Schrader, 1993). The outcome in terms of seedling growth and
survival should depend on the combination of plant and earth-
worm species (Eisenhauer et al., 2009a; Milcu et al., 2006). Thus,
direct impacts of seed-earthworm interactions through seed
ingestion are important for the composition and structure of plant
communities (Forey et al., 2011).

Many grasslands are invaded by non-native plant species glob-
ally (Seastedt and Pysek, 2011). Invasion by non-native earthworms
can be an important factor of plant invasion because earthworms
can negatively affect both soil and plant biodiversity patterns (Hale
et al, 2008; Hendrix et al., 2008; Hendrix and Bohlen, 2002;
Holdsworth et al., 2007). Non-native (=exotic) species are non-
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native to a region and have been introduced into a region through
human activities. Through subsequent dispersal and population
expansion, they can cause significant economic or environmental
damages to incipient communities, thereby becoming invasive
species (IUCN, 2000). One of the most documented ecosystem al-
terations by non-native earthworms is the modification of the
northern American hardwood forests following the colonization by
European earthworms (Frelich et al., 2006; Hale et al., 2005). In-
direct impacts of earthworms on plant community via soil modi-
fications have also often been reported (Eisenhauer et al., 2009b,
2007; Holdsworth et al., 2007; Nuzzo et al., 2009), but only two
studies have focused on the direct impact of non-native, invasive
earthworms on plant communities through seed ingestion (Drouin
etal,, 2014; Eisenhauer et al., 2009b). In the first study, the effects of
invasive earthworms, Lumbricus terrestris and Octoaedra tyrtaeum
on seedling emergence in American northern hardwood forests
were examined (Eisenhauer et al., 2009b). The presence of the
endogeic O. tyrtaeum significantly increased the emergence of all
seedlings while the presence of the anecic L. terrestris increased the
emergence of herb seedlings only. The second study showed that
invasive earthworms reduce seed germination of seven species and
survival of three species of trees in southern Québec (Drouin et al.,
2014). Both studies showed an impact of non-native, invasive
earthworms on the seed bank and standing vegetation.

Several mechanisms have been identified to explain a positive
interaction between non-native earthworms and non-native
plants. In disturbed systems, mutualisms and synergisms be-
tween non-native plant and non-native animal species impact both
plant and animal communities (Catford et al., 2012; Mitchell et al.,
2006; Richardson et al., 2000). These facilitative interactions
include the predation of native species by generalist non-native
predators (Mitchell et al., 2006; Parker et al., 2006) or the modifi-
cation of the environment physico-chemical properties (Didham
et al,, 2007; see Mitchell et al., 2006). The interactions between
non-native species, and with their physico-chemical environment
can lead to positive feedback loops, leading to drastic and irre-
versible changes in ecosystem functioning and the composition of
communities that characterize an ‘invasional meltdown’
(Simberloff and Holle, 1999). Similarly, interactions of invasive
earthworms with invaded plant communities favors a decline in
native plant species and appears to facilitate plant invasions, at
least in American northern hardwood forests (Eisenhauer et al.,
2009b; Frelich et al., 2006; Hale et al., 2005). Nuzzo et al. (2009)
also suggested that earthworm invasion, rather than non-native
plant invasion, was the driving force behind changes in forest
plant communities in Northeastern North America.

The general hypothesis of this study is that the abundance of
non-native earthworm species is correlated with non-native
grassland plant species and that selective ingestion of non-native
seeds influences the species composition of seed in casts relative
to that in the soil. The following predictions were tested: i) the
abundance of non-native earthworms is positively correlated with
the abundance of non-native plants, ii) non-native earthworms
influence non-native seedling emergence from the seed bank via a
facilitative non-native-non-native interaction and, iii) non-native
earthworms favor the seedling emergence of herbs and grasses
compared to leguminous species due to their preferential selection
of seeds.

2. Materials and methods
2.1. Study system

This study was conducted at the Kenneth S. Norris Rancho
Marino Reserve (KNRMR) in San Luis Obispo County, California (N

35°32.36—N 35°31.36 and W 121° 05.70—W 121° 04.8). Annual
average temperatures range from 2 °C in January to 37 °C in July.
Average annual rainfall is 460 mm. Our sampling was done on
26.7 ha of coastal grassland located on Concepcion loam (NCRS Soil
Survey USDA, 2013). Concepcion loams are very deep loamy sands
with moderate drainage and moderate available water capacity.
Soil pH is slightly acidic and increases with depth.

This coastal grassland site was formerly used for agricultural
purposes and was tilled until the 1950s (D. Canestro, reserve
manager, personal communication). Soil disturbance and tillage are
known to promote plant invasion worldwide (MacDougall and
Turkington, 2005; Seastedt and Pysek, 2011). Non-native species
such as Bromus spp., Plantago lanceolata, Festuca perennis, and
Erodyum botrys are categorized as invasive in California grasslands
(Calflora, 2012), and are abundant throughout much of the grass-
lands at KNRMR. However, the area of grassland located along the
coastal cliff had never been tilled and harbors native plant species
including Agoseris apargioides, Armeria maritima, Calystegia mac-
rostegia, Distichlis spicata and Isocoma menziesii. In addition to
tillage, half of the study area, including a portion of the tilled and
untilled areas, was sown with the grass Phalaris aquatica before the
land was taken out of agricultural production (D. Canestro, personal
communication). P. aquatica is recognized as an invasive species in
San Luis Obispo County, although the California Invasive Plant
Council classifies its potential impact on native ecosystems as
moderate (see Calflora, 2012). We believed that its presence might
have affected soil properties and belowground communities,
although the relative frequency of the species remained low.
Therefore, sown and unsown areas were both sampled.

The KNRMR had never been sampled for earthworms (S. James,
personal communication). In Santa Barbara County, Wood and
James (1993) identified eight introduced earthworm species
(seven European and one South American species) and two native
species that were never recorded before (Ocnerodrilus sp. and
Argilophilus sp.). Preliminary sampling at KNRMR (J. Clause mea-
surements) showed 0 to 120 individuals m~2 with variation across
grasslands and forests. In the study area, only non-native endogeic
earthworm species were found and identified: Aporrectodea tra-
pezoides (25%), Aporrectodea caliginosa (12%), Allolobophora
chlorotica (0.9%) and A. rosea (0.1%). A. trapezoides is recognized as
an invasive species in Californian grasslands (Hendrix and Bohlen,
2002; Winsome et al., 2006).

2.2. Experimental design

All sampling was done in December 2011 along 20 transects
parallel to the coastline running North to South. Five 12 m transects
were sampled in each of the following four factor combinations
(FC) — invaded/unsown, invaded/sown, uninvaded/unsown, unin-
vaded/sown. These factor combinations were the result of previous
land management and were not the result of manipulation from
our part. The presence/absence of the native plant species listed
above was the basis of our invaded vs. uninvaded factor (see Section
2.1). The sowing of P. aquatica 40 years ago in some areas, but not
others, was the basis of our sown vs. unsown factor. Each transect
was subdivided into three 4-m plots equaling a total of 60 plots.
Standing vegetation, earthworms, casts, and soil were sampled in
each plot (Fig. 1).

2.3. Earthworm sampling

The December early rain (not measured) facilitated earthworm
sampling. In each plot, a single 50 x 50 x 25 cm’ hole was dug
(Fig. 1). The soil was excavated and earthworms were manually
sampled and hand-sorted. This method of sampling has been
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Fig. 1. Schema of the sampling protocol in each of the four sowing/invasion combi-
nations. Standing vegetation, earthworms, casts and soil cores were sampled in three
plots within each transect. Four soil cores and four cast samples were pooled within
each plot. Each soil core was divided into three depths (0—2 c¢m, 2—5 c¢m, 5—-10 ¢cm)
before soil analyses.

proven to be the most efficient since a higher diversity of earth-
worm species can be collected (Lawrence and Bowers, 2002).
Earthworms were then killed and fixed in denatured alcohol.
Earthworms were counted and identified with the Fender and
McKey-Fender identification key (Fender and McKey-Fender, 1990).

2.4. Soil analyses

In each plot, a soil core was sampled for soil analyses (¢ 2 cm;
Fig. 1). Soil samples were sieved (2 mm-mesh sieve). Soil moisture
content was measured after oven-drying 10 g of soil (100 °C, 24 h).
NHZ and NO3 contents were measured after extraction from fresh
soil with a 2 M KCl solution (QuikChem 8500, Lachat Instruments,
Colorado, USA). All samples were then air-dried and total carbon
and total nitrogen contents were measured with a CN Elemental
Analyzer (Carlo Erba Instrumentazione, Milan, Italy). pH and con-
ductivity were measured with a glass electrode (soil:water at 1:5,
ISO 10390).

2.5. Sampling of standing vegetation

In each plot, absolute cover abundance for each species was
estimated within a 1 x 1 m? quadrat (Fig. 1). Species or genera were
identified with the nomenclature of Carter et al. (2003). The inva-
siveness of species (native, non-native and non-native, invasive)
was determined with the Calflora database (Calflora, 2012)
(Table 1). In addition to invasiveness, species were also categorized
according to their plant functional group: herbs (non-leguminous),
grasses and leguminous species (Table 1). The aim was to deter-
mine what plant communities were more or less associated with
the presence of earthworms.

2.6. Seedling emergence from soil and cast seed banks

In each plot, earthworm surface casts were manually collected
in four 50 x 50 cm? equally spaced quadrats (one person, 5 min/
quadrat). Casts from these four quadrats were then pooled to obtain
a single sample per plot (Fig. 1).

In each plot, four soil seed banks were collected with a soil core
(2 2 cm, every 50 cm, circa 31 cm?). Each soil core was divided into
three depths (a = 0—2 cm, b = 2—5 cm, ¢ = 5—10 cm) to allow for a
comparison of patterns of seedling emergence between soil and

cast samples. Samples from the four soil cores were pooled to
obtain one sample per plot and per depth.

All soil/cast samples were dried (36 °C, 36 h), weighed and
spread onto trays to allow seeds to germinate. Trays were previ-
ously filled with vermiculite, covered with wet cheesecloth and
placed into a greenhouse under daylight. Samples were watered
daily and control trays were set up to check for external aerial seed
contamination. No contamination of the trays occurred. Seed
germination was tracked weekly for six months and seedlings were
identified and counted. Identified seedlings were eliminated and
seedlings that could not be identified were grown further until
identification was possible. Some seedlings could not be identified
to species or to the genus. Thus, Bromus sp. and Briza sp. were
pooled into a general category “annual exotic species” (Table 1). As
with the standing vegetation, the invasiveness of species was
determined with the Calflora database (Calflora, 2012), and seed-
lings were grouped into grass, herb, or legume functional groups
(Table 1). Seedlings that died during the experimentation before
identification were only taken into account in the calculation of the
total seedling density (0.2% of the total density).

2.7. Statistical analyses

A Principal Component Analysis (PCA) was conducted to reveal
relationships between soil properties and the earthworm com-
munity. PCA is a multivariate analysis that reduces the original
number of dimensions, i.e. variables considered, of a dataset into
fewer dimensions (principal components) that represent linear
combinations of the original variables. PCA is represented by i) a
two-dimensional graph (plane) where each axis corresponds to a
principal component, and ii) by a circle of correlations that shows
how much each variable explains the data variability as well as
correlations between variables and the first two axes. After
checking for colinearity, the PCA was performed with a matrix of 60
individuals (= ©plots) and seven variables (six soil
parameters + earthworm total abundance). Abundances of each
earthworm species and proportions of native, non-native and non-
native, invasive species in the standing vegetation were used as
illustrative variables, i.e. they did not contribute to the total
dispersion of the data, but improved the interpretation of
variability.

Non-parametric permutation tests were used to compare spe-
cies frequencies of native, non-native and non-native, invasive
species or each functional group between all sample types (n.
permutations = 10,000). Appropriate p-values for non-parametric
tests for multiple comparisons were performed with selected us-
ing a Bonferroni correction.

A generalized linear mixed modeling (GLMM) analysis was used
to examine the effect of the factor combinations (FC; invaded/un-
sown, invaded/sown, uninvaded/unsown, uninvaded/sown), of
sample type (S; cast and soil layers a, b and c) and earthworm total
abundance (EW) on the species richness and abundance of
germinating seedlings (n = 240). We considered the following
response variables of germinating seedlings: total species richness
and abundance, grouped into “total”, “natives”, “non-natives”,
“invasives”, “herbs”, “grasses” and “legumes”. Species that could
not clearly be considered as native, non-native or non-native,
invasive species were called “undetermined” and were not
considered in the grouped analyses (see Tables 1 and 2). GLMMs are
used to account for dependence of replicates. In our case, all
response variables were best modeled by a Poisson distribution
and, because plots were nested into transects, the transect identity
was used as random factor (Bolker et al., 2009). Models of best fit
were selected using Akaike Information Criterion (AIC) from the full
model (with Full model = response
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Table 1

13

List of plant species grouped by native vs. non-native species for Californian grasslands and into plant functional groups. The presence within sample types for each factor
combination (sown/uninvaded, sown/invaded, unsown/uninvaded, insown/invaded) is also listed. The following are the abbreviations listed. Veg: standing vegetation, Cast:

casts, a,b,c: soil layers a,b,c (0—2 c¢cm, 2—5 c¢cm, 5—10 cm). Non-native species identified as invasive are marked with (i). Plant abbreviations are indicated.

Plant species Abb Invasiveness Plant functional Sown, Sown, Unsown, Unsown,
group uninvaded invaded uninvaded invaded

Agoseris apargioides (Less.) Greene Aap Native Herb Veg Veg

Armeria maritima (Mill.) Willd. Ama Native Herb Veg Veg

Anagallis arvensis L. Aar Non-native Herb Veg,Cast,a,b,c  Veg,Castab,c VegCastab,c  VegCastab,c

Brachypodium distachyon Beauv Bdi Non-native (i) Grass b,c Cast,

Calandrinia sp. Casp Native Herb Cast,b a,b,c a,b,c

Calystegia macrostegia (Greene) Brummitt Cma Native Herb Veg Veg

Cerastium glomeratum Thuill. Cgl Non-native Herb Veg Veg

Clarkia davyi (Jeps.) F.H.Lewis & M.R.Lewis Cda Native Herb Cast,c

Crassula sp. Crsp Native or non-native Herb b

Cirsium vulgare (Savi) Ten. Cvu Non-native (i) Herb Veg

Danthonia californica Bol. Dca Native Grass Veg

Distichlis spicata (L.) Greene Dsp Native Grass Veg Veg

Erigeron glaucus Egl Native Herb Veg

Erodium botrys (Cav.) Bertol. Ebo Non-native (i) Herb Veg Veg Veg Veg

Festuca perennis Lam. Fpe Non-native (i) Grass Veg,b Veg Veg Veg,a

Festuca sp. Fsp Native to invasive Grass Veg Veg Veg Veg

Geranium dissectum L. Gdi Non-native (i) Herb a

Geranium sp. Gsp Native to invasive Herb Veg Veg

Gnaphalium palustre Nutt. Gpa Native Herb c Cast,a,c

Grindelia stricta DC Gst Native Herb Veg

Hemizonia congesta DC. Hco Native Herb a,b,c a,b,c Cast,a,b,c

Hirschfeldia incana (L.) Lagréze-Fossat Bge Non-native (i) Herb Veg

Hypochaeris radicata L. Hra Non-native (i) Herb Veg Veg Veg

Isocoma menziesii (Hook. & Arn.) G. Nesom  Ime Native Herb Veg Veg

Juncus sp. Jsp Native Grass Cast,a,b,c Cast,a,b,c Cast,a,b,c Cast,a,b,c

Lotus humistratus Greene Lhu Native Legume C

Lythrum hyssopifolia L. Lhy Non-native (i) Herb Cast,a,b,c

Medicago polymorpha L. Mpo Non-native (i) Legume c Cast

Nassella pulchra (Hitchc.) Barkworth Npu Native Grass c

Oxalis pes-caprae L. Ope Non-native (i) Herb Veg

Phalaris aquatica L. Paq Non-native (i) Grass Veg Veg

Plantago lanceolata L. Pla Non-native (i) Herb Veg Veg Veg Veg

Plantago sp. Psp Native to invasive Herb Cast,a,b,c Cast,c Cast,b,c

Rumex acetosella L. Rac Non-native (i) Herb Veg Veg

Silene gallica L. Sga Non-native Herb Cast,a,b,c Cast,a,b,c Cast,a,b,c Cast

Sonchus sp. Ssp Non-native to invasive Herb Cast Cast

Spergularia macrotheca (Hornem.) Heynh. Sma Native Herb c a,c a

Stellaria media (L.) Vill. Sme Non-native Herb a,b [« Cast,a,b,c Cast,a,b,c

Trifolium sp. Tsp Native or non-native Legume Veg Veg,c Veg

Trifolium subterraneum L. Tsu Non-native Legume Veg a,b Veg,b

Vulpia microstachys (Nutt.) Munro Vmi Native Grass Cast,a,b,c a ab a

Vulpia myuros (L.) C.C.Gmel. Vmy Non-native Grass Cast,a,b,c Cast,a,b,c Cast,a,b,c Cast,a,b,c

Annual exotic grasses AEG Non-native (i) Grass Cast,a,b,c Cast,a,b,c Cast,a

variable ~ FC + S + FC*S + EW + 1|transect identity). Three-way
interactions were not significant. Tests for multiple comparisons
were performed with a Bonferroni correction to determine which
samples were significantly different from each other within each
factor interaction (FC*S; See Online Resources 1 and 2). Man-
n—Whitney U tests were performed to compare the germination
patterns of seedlings of non-native vs. native species in casts.

To test the contribution of qualitative (factor combination and
sample type) and quantitative (earthworm abundance) variables
on plant composition, we performed a distance-based redundancy
analysis (db-RDA) according to Legendre and Anderson (1999). db-
RDA is similar to PCA, but is adapted to non-Euclidean distances
such as data of species frequency. We used the Bray—Curtis distance
measure on a matrix of species frequencies with 300 samples
(rows) and 40 plant species (columns). For each seed bank sample,
species frequencies were calculated as the number of seedlings of
each species divided by the total number of seedlings in that
sample. Singletons (i.e. species that were represented by only one
individual in a single sample) were excluded from our analysis. The
effects of each variable were tested with a Monte-Carlo permuta-
tion test (n. permutations = 9999).

All analyses were performed with the ‘R’ statistical and pro-
gramming environment (R Core Team, 2013) including the
following packages: ‘ade4’ (Dray and Dufour, 2007) and ‘Facto-
MineR’ (Husson et al., 2013) for the PCA, ‘lme4’ (Bates et al., 2013)
and ‘multcomp’ (Hothorn et al., 2013) for the GLMM, and ‘vegan’
(Oksanen et al., 2013) for the db-RDA.

3. Results
3.1. Earthworm abundance and soil properties

Earthworm abundance and composition, and plant composition
were correlated with factor combinations. The first PCA axis
explained 40% of the total variance and showed a gradient of in-
vasion where the invaded/sown combination was isolated from
other combinations (Fig. 2a). This invaded/sown combination was
characterized by high levels of C/N, C, moisture and NO3, as well as
a high abundance of earthwormes, as indicated by the length of the
arrows in the positive values of Axis 1 of the correlation circle
(r=0.8,r=0.8,r=04,r=0.8 and r = 0.6 respectively; p < 0.001;
Fig. 2b; Online Resource 1). The uninvaded areas were



14 J. Clause et al. / Acta Oecologica 64 (2015) 10—20

Table 2

Mean species richness and seedling emergence (%) in each sample types in all factor combinations tested in greenhouse trials. The responses are grouped into native, non-
native and non-native, invasive species and into grass, herb and legume species. Total proportions of grass, herb and legume species within each degree of invasiveness are
included. A mean comparison was tested with a non-parametric permutation test (perm.anova, n.perm = 10000) to compare differences in richness and germination. Standard

errors are indicated within parentheses and different letters denote significant differences between sample types at p < 0.05.

Vegetation Cast Soil layer a Soil layer b Soil layer ¢ Statistical significance
Species richness 5.4 (03) 2.5(0.2)° 2.8(0.1)° 3.2(0.2)° 3.2(0.1)° F(a,300) = 2.56*"**
Species frequencies (%)
Natives 8.5 (2.0)° 16.3 (3.5)® 11.8 (2.4)® 15.7 (2.8)° 19.8 (2.7) Fa300) = 2.56"***
Grasses 37.3 78.1 71.8 75.6 91.0
Herbs 62.7 21.9 28.2 24.4 7.8
Legumes 0.0 0.0 0.0 0.0 1.2
Non-natives 45.0 (4.4)° 56.1 (4.8)% 73.2 (3.9) 73.9 (3.2) 73.5 (2.8) Fa300) = 11.68***
Grasses 64.9 335 245 13.6 14.7
Herbs 33.8 66.0 75.2 85.2 849
Legumes 1.2 0.5 0.2 1.2 0.4
Undetermined? 46.5 (4.2) 20.9 (4.1)° 12.8 (3.1)° 104 (2.3)° 6.6 (1.7)° Fra300) = 24.75****
Grasses 85.5 80.0 93.7 86.8 75.6
Herbs 15 20.0 6.3 13.2 22.0
Legumes 13.0 0.0 0.0 0.0 24
Invasives® 31.7 (417 0.8 (0.6)° 0.2 (0.2)° 0.5 (0.4)° 1.1 (0.2)° F(4,300) = 55.60****
Grasses 62.4 333 100.0 50.0 55.6
Herbs 37.6 333 0.0 50.0 222
Legumes 0.0 33.3 0.0 0.0 222
Grasses 713 (2.5) 46.2 (4.4)° 395 (3.3)° 30.0 (3.2)° 329 (3.2)° Fa300) = 24.10%**
Herbs 21.8 (2.5)° 46.6 (4.4)° 58.7 (3.3) 69.4 (3.1)° 66.2 (3.1 Fa:300) = 33.10°**
Legumes 6.9 (1.6) 0.6 (0.6)° 0.1(0.1)° 0.6 (0.5)° 0.9 (0.6)° Fi4300) = 11.87**

*p < 0.05, **p < 0.001, ****p < 0.0001.

2 Species that could not be categorized as native or non-native (see Materials and methods).

b percentage of the total seedling emergence that were non-native, invasive only.

characterized by a high pH, as indicated by the length of the pH
arrow pointing towards negative values of Axis 1 (Fig. 2b). The
second axis explained 19% of the total variance and discriminated
the uninvaded/sown combination. It was characterized by high
levels of C/N and NH4 and by a low abundance of earthworms
(r=0.5,r =04, r = -0.6 respectively; p < 0.001, Fig. 2b; Online
Resource 1). Adding supplementary variables confirmed that the
invaded/sown combination was dominated by non-native and non-
native, invasive plants, and showed that this standing vegetation
was associated with a high abundance of earthworms (r = 0.58;
p < 0.001). This earthworm population was mostly composed of
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juveniles, A. caliginosa and A. trapezoides (r = 0.91, r = 0.65 and
r = 0.59 respectively; p < 0.001). Uninvaded areas contained a
larger population of native plant species and were characterized by
a low abundance of earthworms (r = —0.4; p < 0.01; Online Re-
sources 1 and 2).

3.2. Seed bank composition across samples
Within the whole study, a total of 2361 seedlings germinated

from casts and soil seed bank samples (casts:388, a:549, b:700,
c:724). A total of 23 and 24 species or genera were identified from
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Fig. 2. Principal Component Analysis (PCA) with eight variables (seven soil characteristics and earthworm abundance) within the four factor combinations. Plot of individual
samples grouped by treatment (a) and correlation circle of variables (b). Earthworm species and invasiveness of plant species (framed) were used as illustrative variables in the
correlation circle: Atrap: Ap. trapezoides, Acal: Ap. caliginosa, Aros: Ap. rosea, Achlo: All. chlorotica, Juv: juveniles. Dim 1 and Dim 2 indicate the percentage of variance explained by
axes 1 and 2. Ellipses indicate the center of gravity of samples with 67% of samples within the ellipse.
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the standing vegetation and from the seed banks, respectively.
Overall, significantly more species were sampled in the standing
vegetation than in the other sample types (permanova;
F(4;300) = 2.56; p < 0.0001; Table 2). The proportion of native species
was higher in all soil and cast samples than in the standing vege-
tation, although a significant difference was only found between
the standing vegetation and soil layer c (p = 0.01). All samples were
dominated by non-native species (not tested) and only the standing
vegetation showed a high proportion of non-native, invasive spe-
cies (F(4,300) = 55.60; p < 0.0001; Table 2). Grasses dominated the
standing vegetation, while herbs dominated soil samples (not
tested). The proportion of grasses and legumes was significantly
higher in the standing vegetation than in the other sample types,
but that of herbs was significantly lower (p < 0.0001; Table 2).
Native species were most represented by grasses in the soil and cast
samples, but by herbs in the standing vegetation (Table 2). On the
other hand, non-native species were most represented by grasses in
the standing vegetation and by herbs in the cast and soil samples.
Invasive species were mostly grasses in the standing vegetation and
soil layers a and c (Table 2). A very low percentage of invasive
species and legumes emerged from all samples.

3.3. Effects of earthworms and factor combinations on seedling
emergence

Earthworm abundance significantly affected only the seedling
emergence, and increased that of non-native and non-native,
invasive species (GLMM; p = 0.05 and P = 0.04 within model;
Table 3).

The interaction between factor combination and sample type
influenced species richness (p = 0.02; Table 3). Species richness was
higher in casts than in the soil samples except in the sown/invaded
combination (p = 0.002; Fig. 3a; Online Resource 1). This sown/
invaded combination had a significantly lower species richness and
seedling emergence in casts than in the surface soil layer (Online
Resource 2). Both the factor combination and the sample type — but
not their interaction — affected the total seedling emergence
(p = 0.02 and p < 0.0001 respectively; Table 3). For all samples
types, it was the highest in the unsown/invaded combination
(Fig. 3b; Online Resource 2). Total seedling emergence was also
higher in casts than in soil samples in all combinations, except in
the sown/invaded combination (p = 0.03; Fig. 3b; Online Resource
2).

The interaction between factor combination and sample type

Table 3

influenced the emergence of native and non-native seedlings
(p = 0.001 and p = 0.02; Table 3). More native seedlings emerged
from the unsown/invaded combination than from the other factor
combinations (p < 0.0001; Fig. 3c; Online Resource 2). Only in that
unsown/invaded combination did more native seedlings emerge
from casts than from soil samples (p = 0.003, Fig. 3c; Online
Resource 2). Non-native seedling emergence was significantly
higher in the unsown/invaded combination than in all the other
ones (p < 0.001; Fig. 3d; Online Resource 2). Contrary to native
species, more non-native seeds emerged from casts than from the
soil samples in the unsown/uninvaded combination only (p = 0.04;
Fig. 3d; Online Resource 2). Both the factor combination and
earthworm abundance influenced the seedling emergence of
invasive species (p = 0.005 and p = 0.04; Table 3). More invasive
seeds emerged from casts than from soil samples in the unsown/
invaded combination (statistics not shown) but no difference of
emergence was found between combinations. Significantly more
non-native seeds than native seeds germinated in casts in all
combinations (Mann—Whitney U test; V = 1297; p < 0.0001),
except in the invaded/unsown combination (Mann—Whitney U
test; V=70; p = 0.3).

The factor combination and the sample type individually
affected the emergence of herbs (GLMM, p = 0.0001 and p < 0.0001
respectively; Table 3). The emergence of grasses was influenced by
their interaction (p = 0.01; Table 3) and the emergence of legumes
was significantly affected by the factor combination only (p = 0.04;
Table 3). More grasses emerged in the invaded sampled areas than
in the uninvaded sampled areas (p < 0.0001; Fig. 3e; Online
Resource 2), with more grass seedlings emerging from casts than
from other samples (p = 0.02; Fig. 3e; Online Resource 2). More
herbs emerged in the unsown/invaded combination than in the
other combinations (p = 0.0002; Fig. 3f; Online Resource 2), with a
similar pattern for seedling emergence in casts. The seedling
emergence of herbs was the lowest in casts in the sown/invaded
combination. Results showed no significant difference of legume
emergence between factor combinations or between sample types
(statistics not shown). The species richness and densities of
emerging seedlings decreased with sample depth.

3.4. Earthworm and treatment effect on plant community structure
The distance-based redundancy analysis (db-RDA) showed that

the factor combination, sample type (standing vegetation, cast or
soil layers), their interaction and the earthworm abundance

The impacts of the sowing/invasion factor combination (FC), sample type (S), their interactions and earthworm abundance on seedling emergence. A Generalized Linear Mixed
Models (GLMM) with the Akaike Information Criterion (AIC) is presented for all seeds (Total), seeds from native (Natives), non-native species (Non-natives) and non-native,
invasive (Invasives) and belonging to the three functional groups (Grasses, Herbs and Legumes).

Full model® Factor combination (FC) Sample (S) Earthworm abundance (EW) FC* S Selected model

Formula d.f. LL AIC
Species richness 854 1074 861*** 1075 853* FC*S 17 —409.7 853
Seedling abundance
Total 1454 1543*** 1467 1558 1454 FC+S 9 -717.0 1452
Natives 795 802*** 831 830 793** FC*S 18 —3783 793
Non-natives 1360 1455 1375** 1465. 1361* FC*S + EW 18 —660.8 1360°
Invasives® 114 114** 123 119* 126 FC + EW 6 -50.1 112
Grasses 922 940™* 937* 940. 921* FC*S 18 —4423 921
Herbs 1250 1304 1262** 1319 1250 FC+S 9 -614.7 1247
Legumes 116 103* 109 105 115 FC 5 —46.7 103

d.f. degree of freedom; LL: log-likelihood.

e 1 Levels of significance with o < 0.05, 0.01, 0.001, 0.1 of models compared to a null model with no factor.

2 Full model = FC + S + FC*S + EW + 1|transect identity.

b The full model was selected due to its lower AIC and significant effect of earthworm abundance with P = 0.05.
¢ Percentage of the total seedling emergence that were non-native, invasive only.
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Fig. 3. Species richness (a) and seed densities of total germinated seeds (b), germinated seeds of native species (c), non-native species (d), herb species (e) and grass species (f).
Capital letters indicate a significant different effect of the sample compartment between treatments. Small letter indicates significant different effects of the sample compartment
within each sowing/invasion factor combinations (p < 0.05). Symbols (1,) indicate a significant different effect of treatment within casts. ns: not significant.

explained approximately 20% of the total variance of the species
composition for all analyses except that of legumes (43%; Table 4).
Sample type was the most important explanatory factor for varia-
tions in total species composition (43%) and was superior to the
interaction (33%) and the factor combination alone (22%). The
variation in the composition of native species was most explained
by the interaction between sample type and factor combination
(47%) than by each factor alone (app. 25% each) (Table 4). Finally,

the variation in the composition of non-native, grass, herb and
legume species was explained more by the sample type than by the
other factors. The abundance of earthworms had no effect on the
species composition for any plant categories.

The graphic representation of the db-RDA showed that the in-
fluence of sample type on species composition was associated with
an effect of the standing vegetation (Fig. 4). Axis 1 explained 8.5% of
the total variance and discriminated the standing vegetation from
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Total
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ses indicate gravity center of factors with a 0.95% confidence interval.

the other sample types. This was due to the abundance of Festuca
sp. and of some invasive, grass and legume species that were only
present in the standing vegetation. Axis 2 explained 3.4% of the
total variance and strongly opposed the unsown/invaded to the
sown/invaded combination. This was due to the abundance of
Stellaria media and of other herb species in the unsown treatments,
and to the abundance of annual exotic grasses and the absence of
native species in the sown/invaded combination. Patterns for the
plant composition of non-native species showed that species
composition was more similar between standing vegetation and
seedlings from casts than between standing vegetation and seed-
lings from soil layers. Species composition of native plant seedlings
was more similar between the soil surface layer and standing
vegetation than between the cast seed bank and standing
vegetation.

4. Discussion

The impact of non-native species in many ecosystems is a major
global threat and better understanding the dynamics is an impor-
tant ecological contribution to these issues. In this study, the rela-
tive co-occurrence of non-native worms and plants was
investigated, as well as the potential impacts of earthworms on the
invasion of semi-natural grasslands by non-native plant species.
The abundances of non-native (to invasive) earthworms and non-
native plants were positively correlated suggesting that both
benefit from the same set of environmental conditions, e.g. a
disturbance that promotes the success of all invasive species.
Alternatively, there may be a positive feedback between non-native
plants and non-native earthworms. Overall, earthworms favored
the emergence of non-native over native species through the
ingestion of seeds.

4.1. The co-occurrence of non-native worms and plants: a positive-
feedback loop

The historical land use practices of plowing and sowing of
P. aquatica 40 years ago favored the establishment of non-native
plant communities that provided a suitable habitat for the devel-
opment of non-native earthworm species such as A. trapezoides
(see Catford et al., 2012; D'Antonio and Vitousek, 1992; MacDougall
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and Turkington, 2005; Stohlgren et al., 2003). In disturbed systems,
the empty niche hypothesis proposes that non-native plant species
often colonize canopy gaps (Levine and D'Antonio, 1999). These
species are often better competitors and can sometimes capitalize
on nutrient more than native species (Huenneke et al., 1990). Non-
native seedlings can also establish better than native species in
these systems as well (Hernandez and Sandquist, 2011; Moles et al.,
2008). The colonization of ecosystems by non-native, invasive plant
species can lead to significant changes in soil chemical properties
such as pH, nitrogen or water content (Asner and Vitousek, 2005;
Ehrenfeld et al., 2001). Litter of non-native, invasive plants is
often of higher quality (low C:N ratio) than that of native plants and
can show a higher decomposition rate (Allison and Vitousek, 2004;
Ehrenfeld et al., 2001). This favors the uptake of nitrate by the non-
native plants and its invasion. Non-native plants thus often modify
nutrient cycling and create a positive feedback loop that favors
their establishment. Hence, introduction of non-native plants can
lead to dramatically altered conditions in grasslands independent
of other engineering of other species such as earthworms. However,
these is every indication that many animals can continue to pro-
mote these non-native cycles (Lake and Leishman, 2004; Maron
and Vila, 2001; Parker et al., 2006).

The positive earthworm-non-native plant relationship detected
here supports previous research on earthworms and invasion but
these studies were from forest not grasslands (Kourtev et al., 1999;
Nuzzo et al., 2009). Earthworms prefer moist soils (Lee, 1985) with
a high quality of organic matter determined by a vegetation litter of
high quality, i.e. C/N close to or less than 20:1 like that of grass and
herbaceous plants in non-acidic soils (Curry, 2004). The high
abundance of non-native earthworms in the invaded/sown areas
dominated by non-native grass suggests that non-native plant
presence provides a suitable habitat for the development of non-
native earthworm species both via appropriate soil conditions
from the plants and from the habitat disturbance resulting from
tillage. Winsome et al. (2006) also found that the non-native
A. trapezoides dominated in grazed and fertilized grasslands,
whereas native Argilophilus marmoratus maintained its dominance
in undisturbed grasslands in Northern California.

Earthworms in turn also significantly impact soil physical,
chemical, and microbiological properties (Bityutskii et al., 2012;
Huang et al., 2010; Lavelle et al., 1998; Lee, 1985). We found that
the increased abundance of earthworms was not only correlated
with higher NO3 and soil moisture but also with a higher germi-
nation of non-native seeds in the casts tested. This suggests that
earthworms could play a critical role in furthering a positive
feedback loop established by non-native plants by accelerating the
decomposition of the high-quality plant litter under non-native
plant communities, and by promoting the germination of their
seeds post ingestion. However, field or laboratory independent
manipulations of earthworms and plants would be needed to test
whether the invasion is driven by plants or by earthworms in a
causative capacity, but this evidence indicates that these feedbacks
could exist in Californian grasslands — particularly those subject to
agricultural uses.

4.2. Earthworm effects on non-native seedling emergence

The promotion of non-native plant species by earthworm
ingestion supports previous research in forest by Eisenhauer et al.
(2007). Both plant community structure and composition density
emerging from casts was greater than from soil samples in that
study similar to our findings using density and plant species rich-
ness. Increased seedling emergence in casts could be caused by the
passage of seeds through the earthworm gut, leading to a seed coat
damage and the breaking of the seed dormancy (Ayanlaja et al.,

2001; Traveset et al., 2008). Seedling survival and growth can
also be promoted by higher nutrient contents and by molecules
analogous to phytohormones already detected in casts (Chaoui
et al., 2003; Clause et al., 2014; Tomati et al., 1988). Therefore,
earthworm casts can represent an important part of the regener-
ation niche of some non-native plant species by both aggregating
seeds and influencing important soil characteristics for seeds and
plants.

The sensitivity of native versus non-native plant species to these
potential drivers of community change is an important issue in
invasion biology in general (Berg and Ellers, 2010; Funk et al.,
2008). The implication of this survey is that earthworms can be
agents of change that influence important soil characteristics in
favor of non-native species. We found that the emergence of non-
native seedlings from casts was higher than that of native seed-
lings and that these increases were particularly important within
the uninvaded/unsown blocks where plant invasion may be
actively occurring due to ingestion and cast dynamics. Interestingly,
this suggests that the ingestion and egestion of seeds by non-native
earthworms had a larger positive ecological effect on non-native
seedling emergence in undisturbed habitats than in other habitats.

4.3. Earthworm effect and species composition

The composition of seeds within casts correlated more strongly
with the general soil seed bank than with the standing vegetation.
Such a difference between the standing vegetation and the seed
banks can be explained by the dominance of Festuca sp. and P.
aquatica that were present in the standing vegetation but not
within casts. These dominant grasses can reproduce vegetatively
and this likely reduced their presence within the seed bank in
general and in the casts. The growth of grasses could also have
particularly benefited from earthworm activities because of a
competitive advantage against slower other species (Eisenhauer
et al., 2009a; Eisenhauer and Scheu, 2008). The very low emer-
gence of legume seedlings from our cast and soil samples prevented
us from making assumption on the impact of non-native earth-
worms on legumes although Eisenhauer et al. (2007) found a
decreased emergence of legume species in casts in forests. Plant
species richness is thus also sensitive to earthworm effects.

4.4. On the lack of true replication

As mentioned before, we did not implement our ‘sowing’ and
‘invasion’ treatments. These were historical land practices within
the reserve. The study site was unique in that it presented native,
non-native and non-native, invasive plant species, as well as non-
native and non-native, invasive earthworms. Other sites in central
California appeared to be devoid of earthworms (personal obser-
vation). Though the use of GLMMs takes into account some of the
pseudoreplication issues inherent to our sampling design (see
Schank and Koehnle, 2009), we acknowledge that our study is
exploratory because we could sample only one reserve with
different blocks subject to land-use practices. This was also a
correlative study in that we did not actively introduce earthworms.
More in situ work involving sampling of earthworms, soil, cast and
standing vegetation should be conducted in ecosystems where
both native and non-native, invasive plant and earthworm species
are present to conclude on the possibility of facilitation of non-
native plants by non-native earthworms, via seed ingestion and/
or soil modification. Alternatively, manipulative experiments
implementing treatments with and without non-native earthworm
species, e.g. in mesocosms, would be necessary to obtain a clear-cut
conclusion. Although the historical land use via tillage and sowing
led to more complexity in the results, it also revealed that these
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management practices can have a significant impact on
plant—earthworm interactions and should be taken into account in
further studies.

5. Conclusions

We suggest that disturbances in Californian grasslands have a
significant impact on plant-seed-earthworm interactions and that
these interactions can be an important consideration in better
understanding plant invasions in grasslands in general. We propose
that non-native plants and non-native earthworms could form a
positive feedback loop via a modification of soil physico-chemical
properties that mutually benefited them. Additionally, non-native
earthworms favored non-native species via the ingestion of their
seeds and their seedling emergence in casts. This could be a real
concern in native or relatively uninvaded grasslands. When two or
more species together have a higher invasive impact on a habitat
than if each had invaded it alone (Simberloff and Holle, 1999), a
positive feedback loop can in theory become an ‘invasional melt-
down’ phenomenon that cannot be controlled (Simberloff, 2006).
Our invaded/sown sampled area also showed signs of an 'invasional
meltdown' as very few seeds of native species emerged from the
casts and from the soil seed bank, and no native plant was found in
the standing vegetation. Biological control of the invasion might
thus be limited due to a dramatic loss of the native seed bank
(Simberloff, 2006; Simberloff and Holle, 1999). Control of non-
native earthworms may also be another important mitigation
strategy.
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