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Abstract Invasive plants often modify the structure
of the community of native plants and animals, but
their potential impact on the plant-—soil interface is
poorly studied. In this study, we looked at the impact
of invasive knotweed (Reynoutria spp.) on the taxo-
nomic and functional structure of three trophic levels
(plants, detritivores and predators). We wanted to
determine if knotweed had a cascading impact from
plants to predators. The plants and soil invertebrates
were sampled in seven sites in northern France in three
knotweed cover classes (control, mid and high). Our
results showed that knotweed had a low impact on
invertebrate communities despite decreasing plant
richness and functional diversity. However, we
observed that the functional diversity of detritivores
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(based on palatability traits) and predators (based on
feeding traits) were highly correlated in control sites
without knotweed, but that this correlation was no
longer present in knotweed invaded sites. This result
suggests that feeding interactions are an important
feature determining community structure in control
plots, but that unidentified factors are more important
in the presence of knotweed. Consequently, it can be
hypothesised that the presence of knotweed disrupts
functional linkages within the soil food web, which
may ultimately modify ecosystem stability and
functioning.

Keywords Functional traits - Disturbance - Trait-
matching - Arthropods - Spiders - Diplopoda - Insects

Introduction

The interactions between plants and soil organisms are
known drivers of many ecological processes, such as
litter decomposition and nutrient cycling (Bardgett
and Shine 1999; Wardle et al. 2004). In turn, they may
influence many aspects of plant communities, includ-
ing successional dynamics or invasibility (Bonkowski
and Roy 2012). Although changes in trophic interac-
tions are less visible and harder to detect than impacts
on populations and species diversity, especially for
plant—soil interactions, they could have important
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effects on the functioning of ecosystems (Laigle et al.
2018b; Valiente-Banuet et al. 2015). Invasive plant
species specifically have been shown to drastically
change plant communities and interactions within
plants (Lavoie 2017; Wardle et al. 2011). But to our
knowledge, few attempts have been made to depict
such changes between plants and soil fauna following
the ingress of an invasive species. The occurrence of
interactions between pairs of species is directly related
to their respective characteristics through trait match-
ing (Bartomeus et al. 2016). For example, the biting
force of consumers can be related to the toughness of
their resources (Brousseau et al. 2018b; Ibanez et al.
2013), while the body size of a predator can be related
to the body size of its prey (Gravel et al. 2013). It was
shown that matching traits of consumers (feeding
traits) and resources (palatability traits) tend to be co-
distributed, but perturbations, such as plant invasion,
can modify the co-distribution (Brousseau et al. 2019;
Le Provost et al. 2017), potentially decreasing the
connectance of the food web (Gravel et al. 2016). By
reducing the species richness of plants (Hejda et al.
2009), invasive plants also reduce the diversity in
palatability traits in the leaf litter (Mincheva et al.
2014), resulting in a lower diversity of niches avail-
able for detritivores (Gravel et al. 2016). Thus, we
could hypothesise that a lower diversity of palatability
traits in leaf litter will have a cascading effect on the
functional diversity of the detritivores and the
predators.

To test this hypothesis, we focused on invasive
knotweed (Reynoutria spp.), a plant complex origi-
nating from East Asia that has spread in Europe and
North America in a wide range of habitats (e.g.
riverbanks, urban areas and roadsides). The plant
possesses several characteristics that greatly increase
its competitiveness towards local plant species, such
as clonal growth, high density, fast growth rate and
allelopathic root exudation, which make it one of the
most problematic invasive plants in Europe (Rum-
lerova et al. 2016).

The effect of knotweed invasion on different
aspects of the ecosystems in invaded countries was
investigated. The invasion always simplifies plant
communities (Aguilera et al. 2010; Hejda et al. 2009),
but the repercussions for other organisms seem to be
variable and may include higher abundance and
diversity of pollinators (Davis et al. 2018), higher
abundance of amoebae (Bischoff and Connington
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2016) and lower abundance and diversity of
microarthropods (Skubala and Mierny 2009). The
observed reactions of soil macroarthropods and Gas-
teropoda are inconclusive and could be dependent on
the feeding guild studied, with detritivorous species
often being more abundant in knotweed-invaded sites
(Kappes et al. 2007; Lavoie 2017; Topp et al. 2008).
Recently, two meta-analyses (McCary et al. 2016;
Abgrall et al. 2019) clearly underlined the role of
habitat structure in determining the impact of invasive
plant species, including knotweed’s impact on soil
fauna. Specifically, it seems that invasion of a closed
habitat (e.g. forests) may favour soil faunal abun-
dance, contrary to invasion of an open habitat (e.g.
meadows and grasslands).

Looking at the functional traits of plants and
invertebrates could help to better understand the
impact of knotweed on local communities. Invasive
plants, such as knotweed, can modify the structure of
invertebrate communities by changing soil chemistry
(Dassonville et al. 2007) or microclimate as well as the
quantity and quality of decomposable material. The
litter of knotweed is not generally regarded as being of
good quality, but the high quantity produced could
favour fungal growth, which can promote an increase
in detritivore abundance in an invaded open habitat
(Mincheva et al. 2014). In closed habitats, the amount
of litter produced by knotweed, while being the same
as in open habitats, may not drastically increase the
amount of pre-existing litter on the ground originating
from surrounding trees. Nonetheless, in both open and
closed habitats, the presence of knotweed decreases
the diversity of litter (species richness) and, thus, the
diversity of the available feeding niche. As a result, we
could expect detritivores communities in knotweed
invaded sites to be less diversified functionally than in
comparable uninvaded sites. Predators could also be
affected in a cascading way by the simplification of
detritivore functionality (Brousseau et al. 2019), or
more directly if the knotweed leaf litter modify the
hiding and foraging opportunities of predators (Bult-
man and Uetz 1984; Wolkovich et al. 2009).

Identifying the functional response traits of inver-
tebrates susceptible to being influenced by a knotweed
invasion can be problematic, as few invertebrate traits
have been associated with concrete ecological filters
so far (Brousseau et al. 2018a). Furthermore, the few
traits that can be generalised to a large number of taxa,
such as body size, encompass too many functions to
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identify mechanisms implied in the modification of the
functional structure of the community (Brousseau
et al. 2018a; Moretti et al. 2017). Nonetheless, it can
be hypothesised that changes in available resources
will impact feeding traits, such as biting force
(Brousseau et al. 2019), and the hunting strategies of
predators (Podgaiski et al. 2013). The changes in the
litter structure can also change the moving abilities of
the invertebrates and, thus, favour a peculiar body
shape or leg length (Kaspari and Weiser 2007).

The objective of this study was first to determine
the impact of knotweed on the taxonomic and
functional structure of detritivores and predators in
open (meadows) and closed (forests) habitats. Then,
we wanted to determine if knotweed had a cascading
impact from plants to predators and if this impact was
habitat-dependent. Based on previous studies on soil
macro-invertebrates (Kappes et al. 2007; Lavoie 2017,
Topp et al. 2008), we hypothesised that there would be
a low impact on their species richness and species
community structure. However, we hypothesised that
the functional diversity of the resources (plants and
prey) would follow the same trajectory as the func-
tional diversity of consumers (detritivores and preda-
tors). Thus, by reducing the functional diversity of
plants, knotweed will have an indirect cascading
deleterious impact on the functional diversity of the
detritivores and predators.

Material and methods
Study sites

We selected seven riparian sites in Normandy, France,
where knotweed was present but not managed.
Knotweeds were morphologically identified as Japa-
nese knotweeds (Reynoutria japonica Houttuyn), but
this species is extremely variable in morphology and
can be confused with R. x bohemica Chrtek &
Chrtkova and R. sachalinensis (Schmidt) Nakai,
which are also both present in Normandy. Genetic
analysis would be required for a more rigorous
identification. As a consequence, the term knotweed
designates Reynoutria spp. throughout the manuscript.
Four sites were in a forested area (F1 to F4) and three
were in a meadow (M1 to M3; Table 1) in order to
compare two contrasting habitats with different func-
tioning. In each site, sampling was done in three

knotweed cover classes in order to have a gradient of
knotweed density with potentially significant changes
in plant communities within a few metres (~ 2—4 m).
The three cover classes included the following: high
(monospecific stands of knotweed), mid (knotweed
cover between 50-90% mixed with native plants,
suggesting a front of knotweed colonisation) and not-
invaded control plots (with only native vegetation).
These seven sites were chosen among a total of 1123
sites in Normandy where knotweed was recorded. We
selected sites according to a set of criteria: sites in
riparian areas, presence of the three knotweed cover
classes with a surface > 60 m?, knotweed patches that
were 10-20 years old and an absence of management
for at least 7 years. For forest sites, we excluded sites
with knotweed located at the border of stands, and we
only sampled patches located in the core of riparian
forests. In these invaded forests, knotweed gradually
replaces stands and establishes important gaps in the
forest with a high density of knotweed. To ensure
comparisons, control plots (i.e. not invaded) were also
positioned in natural forest gaps. Within each site,
sampling was done in three plots of 2 m” within each
of the cover classes (control, mid and high), except for
F4, where only two plots were sampled due to the
small size of the knotweed patches. Thus, a total of 60
plots were sampled overall.

Vegetation survey

Plant communities were sampled in June 2017 in the
2 m? quadrats. The abundance of each plant species
was determined based on the Braun-Blanquet scale
(Braun-Blanquet et al. 1952) and then converted into
plants cover percentage using the median value of
each cover class. For forest sites, we only sampled
understory plant communities since no trunks were
located in the quadrats.

To identify and quantify shifts in plant strategies
with increasing knotweed cover, we selected the three
key traits related to the leaf-height-seed (LHS) plant
ecology strategy scheme proposed by Westoby
(1998), i.e. height, surface leaf area (SLA) and seed
mass (Table 2). We also selected leaf area and leaf N
content to respectively capture the competition for
light and for nitrogen (Table 2) that could be expected
with knotweed presence. Lastly, we also included
palatability traits LDMC (leaf dry matter content) and
C/N ratio that could impact detritivore communities
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Table 1 Description of sampled sites in Normandy (France)

Site NH," C/N pH Humidity  Litter thickness Microbial biomass Ergosterol
(coordinates) (mg g~ ") (%) (cm) (mgg™h (mg g™")
Forests

F1 = Monchaux-Soreng (49.939, 1.612)

Control 041 £0.04 1859178 7.7£02 348+21 4+£0
Mid cover 023 £0.06 18.04 +£1.02 7.7+0.1 345+07 2+£1
High cover 044 £ 0.18 179 +3.47

F2 = Harfleur (49.509, 0.069)

Control 125 £ 1 1333 £ 057 66+05 338+£51 6%2
Mid cover 0.81 £022 1397+£022 60£02 271+30 4=£1
High cover 071 £0.17 1332+028 64 £06 329+52 11+£6

F3 = Sainte-Gauburge-Sainte-Colombe (48.716, 0.431)

Control 1.24 £ 057 2481 +£297 74+£02 301+26 3+£2
Mid cover 092 £049 2898325 74+£02 327+46 2+£0
High cover 1.59 £ 091 1424 +£047 69£05 304+42 3+£1

F4 = Romilly-sur-Andelle (49.327, 1.264)

Control 0.66 £ 0.02 13.03 £0.04 76+00 34137 5=+1
Mid cover 1.53 £ 0.86 12.61 £0.56 7.5+0.1 390+43 3+£1
High cover 0.63 £ 025 1636 £3.66 7.6+0.1 308+37 S5+1
Meadows

M1 = Monchaux-Soreng (49.42, 1.604)

Control 0.76 £ 0.18 1885 +£397 7.6 +0.1 265+20 2=£1
Mid cover 033 £0.17 1897186 7.6 £00 28.0+34 4+£2
High cover 0.72 £ 0.32 20.7 & 3.51

M2 = Harfleur (49.514, 0.191)

Control 1.03 £ 054 1545 +3.13 74+04 300+10 14+£2
Mid cover 072 £032 1554 +294 75+£01 309+29 Oo+4
High cover 0.85 £ 021 1443 £ 3.7

M3 = Evreux (49.033, 1.159)

Control 057 £0.07 1564107 7.7£02 214+34 2+£2
Mid cover 0.73 £ 027 18.67 +146 75+03 281+50 3+£2
High cover 0.63 £026 1751 £ 157 77+£02 202+49 4=£1

77+£02 369+32 5=+1

77+£01 235£33 3x1

73£04 298 +35 30+£2

0.2456 + 0.0288
0.2521 + 0.0221
0.2565 + 0.0724

0.0005 £ 0.0001
0.0008 £ 0.0001
0.0005 + 0.0001

0.1984 £+ 0.1224
0.0606 & 0.0146
0.1716 £ 0.1369

0.0011 £ 0.0009
0.0005 £ 0.0002
0.0016 £ 0.0008

0.1662 £+ 0.0705
0.1159 £ 0.0278
0.2657 + 0.1104

0.0014 £ 0.0009
0.002 £ 0.0012
0.0031 £ 0.0019

0.3284 + 0.155
0.4226 £ 0.0302
0.2235 4+ 0.0799

0.0018 £ 0.0008
0.0023 £ 0.0011
0.0011 £ 0

0.1929 £ 0.0473
0.1294 + 0.0506
0.1776 £ 0.0722

0.0015 £ 0.0002
0.0008 =+ 0.0009
0.0032 £ 0.0007

0.179 £+ 0.0728
0.189 £ 0.0109
0.1927 £+ 0.0431

0.0018 £ 0.0012
0.0022 £+ 0.0013
0.0023 £ 0.0018

0.1817 &+ 0.0874
0.1573 4 0.0564
0.2261 £ 0.0757

0.0029 + 0.0015
0.0028 + 0.0006
0.0037 £ 0.0014

Mean value (+ standard error) is given for each measured abiotic factor in three knotweed cover classes in seven sites

through quality litter properties (Table 2). All trait
values came from the database TRY (Kattge et al.
2011). As much as possible, we only used data that
came from Western Europe (France, Belgium, Ger-
many, the Netherlands, and the United Kingdom).
When trait data was not available for a species, we
measured these traits (see Appendix S1, Table S1).
The list of the references used to construct the trait
matrix is available in Appendix S2. The mean value of
the trait for a species was used in the analyses.
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Invertebrates data

Macro-invertebrates were sampled in spring 2017,
which represented a period of high biological activity
in Normandy and, above all, of vegetation develop-
ment. A sample consisting of a 25 x 25 cm humic
epipedon monolith with the floor and 25 cm topsoil
layers was excavated in the centre of the 2 m* quadrat
for each of the 60 plots. The macro-invertebrates were
hand sorted in the field. All specimens were immedi-
ately stored in a 95% ethanol solution and counted in
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Table 2 List of the selected traits for each taxa and their associated function

Traits Unity Function
Plants
N mg g~ How resources are used; could help to survive knotweed invasion
C/N Ratio Related to litter quality; could impact detritivores
LDMC gg! Related to litter quality; could impact detritivores
Height m Light accessibility; could help to survive knotweed invasion
Leaf area mm? Light accessibility; could help to survive knotweed invasion
SLA mm?* mg~" Related to potential growth rate and photosynthetic rate; could help to survive knotweed
invasion
Impact litter structure; hiding and hunting abilities of invertebrates
Seed mass mg Larger seeds could survive longer in the seed bank; could help to survive knotweed
invasion

Invertebrates
Hunting Categorical (Active, Feeding; impact type of prey consumed

strategy Web)
Use of poison  Binary (Y/N) Feeding; poison increase range of prey consumed
Biomass mg Influence size of interacting species and hiding abilities
Biting force Index Feeding; related to the toughness of used resources
Legs length Ratio Moving in/on the soil/liter
Shape Ratio Moving/hid in/on the soil/liter
Toughness Categorical (1-5) Antipredation
Physical Binary (Y/N) Antipredation

defense
Chemical Binary (Y/N) Antipredation

defense

the laboratory. All invertebrates (mainly Arthropoda,
Gasteropoda and Lumbricidae) were identified at a
species level or the highest possible taxonomic level
(Appendix S1, Tables S3). Taxa that could not be
identified at the species level were identified as
morphospecies (i.e. they were regrouped as taxonomic
units based on shared morphological characteristics).
Overall, 145 specimens were identified as morphos-
pecies, representing 10% of our specimens. Of these,
69 were identified at genus level. The principal
families concerned are Staphylinidae (49), Linyphi-
idae (28), Stratiomyidae (10), Limoniidae (8) and
Sciaridae (8). In these families, morphospecies were
determined based on general appearance (all),
mandibular and head shape (Staphylinidae), che-
licerae shape and chaetotaxy (Linyphiidae), posterior
spiracles and anal lobes (Limoniidae) (see Appendix
S3 for more details). When the identification at the
morphospecies level was considered unreliable (i.e.
for many immature Lumbricidae, Enchytraeidae and

damaged specimens), they were removed from the
species matrix. Species associated with aboveground
vegetation, such as caterpillars feeding on green
leaves, which were caught only once or twice overall,
were considered as accidental catch and were
removed from the species matrix. The mean abun-
dance of arthropods was calculated for each knotweed
cover class in a site and was used in the analysis.
Invertebrate traits were selected to represent their
biotic interaction (feeding and defence) and moving
abilities (Table 2). We selected feeding traits that were
previously shown to influence resource selection of
arthropods. Biting force represents a limitation to the
toughness of used resources (Brousseau et al. 2018b;
Le Provost et al. 2017), while biomass represents a
limitation to prey size for predators (Gravel et al.
2013). For predators, we also included the hunting
strategy (active or use of a web) and the use of poison
by spiders and centipedes, which increases the range
of prey use (Enders 1975). Antipredation defence was

@ Springer



1992

P.-M. Brousseau et al.

included in the form of cuticular toughness (Brousseau
et al. 2018b) and presence/absence of physical (spines,
case, hairs) and chemical defence. Finally, the struc-
ture of soil litter can influence moving/hunting and
hiding ability; we reflect this aspect by considering the
body shape and leg length (Kaspari and Weiser 2007).
Biomass was measured on at least one specimen per
species in each sample. Other morphological traits
were measured on up to ten specimens. The biting
force at the tip of the mouthpart was measured based
on the formula h x b/c, where h is the width of the
head behind the eyes (or the size of the left chelicera
for arachnids), b is the basal width of the mandible (or
movable digit) between the upper condyle and the
insertion point of the adductor muscle and c is the
length from the upper condyle to the tip (See
Brousseau et al. 2019 for more details). It was not
possible to calculate a biting force for piercing
mouthparts, some Diptera larvae, earthworms and
Gasteropoda with this formula. Thus, these species
were not considered when calculating the community
weight mean (CWM) of the biting force in the
analysis. The length of the legs was measured on the
second left leg of insects, the third left leg of arachnids
and a leg in the middle of the body for Myriapoda. The
ratio of the leg length and the body width at the middle
of the body was used in the analysis. The shape
represents the ratio between body width and body
length. Specimen biomass was determined with allo-
metric equations found in Smock (1980) (Diptera
larvae), Collins (1992) (Gasteropoda and Lumbrici-
dae), Hodar (1996) (Insecta, Isopoda and Myriapoda)
and Hofer and Ott (2009) (Arachnida). The cuticular
toughness and physical defence were evaluated visu-
ally, while the chemical defence was determined
based on data in the Pherobase (El-Sayed 2019). Trait
value can be consulted in Appendix S1, Table S4.

Soil characteristics

In each plot, the thickness of the litter layer was
measured. Then, 500 g of soil on ~ 5 cm depth was
collected for measuring edaphic properties the same
day the soil fauna was sampled (i.e. early spring). The
fresh soil was sieved through a 2 mm sieve in the
laboratory to perform the following standard methods
of soil analyses. Relative soil humidity was deter-
mined after drying aliquots of 20 g of sieved fresh soil
at 105 °C for 48 h. Sieved soil was used to measure
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microbial biomass, ergosterol and the ammonium and
nitrate content. Microbial biomass was determined
based on chloroform fumigation of the soil (Jenkinson
and Powlson 1976). Microbial C was extracted from
fumigated and non-fumigated soil samples with
K,S0, using a Shimadzu TOC-L analyser (Shimadzu
Corporation SL, Japan). Four grams of sieved fresh
soil was used to measure soil ergosterol content using
the method proposed by Gong et al. (2001) and was
used as a proxy of soil fungal biomass. Ammonium
(NH4 ") and nitrate (NO;™) content in the soil were
quantified by calorimetry with a Gallery analyser
(Thermo Fisher Scientific, Waltham, USA). After air-
drying, soil pH was measured in a suspension with
1 mol/L of potassium chloride (1:5, w/v) using a
FiveEasy pH meter (Mettler Toledo, USA). Total
carbon and nitrogen contents were measured in an
elemental analyser (CHN Flash 2000 Thermo Scien-
tific, Milan, Italy) after grinding of dry soil material
(mixer mill MM 200, Retsch).

Statistical analysis

All analyses were performed with R v. 3.5.1 (R Core
Team 2018). Our first objective was to determine if
knotweed cover impacts its edaphic environment and
the taxonomic communities of soil macro-inverte-
brates. We described the edaphic conditions in the
different knotweed cover classes with a principal
component analysis (PCA). The normality distribution
of soil variables (pH, NH,*, C/N ratio, humidity,
ergosterol, microbial biomass and litter thickness) was
checked with a Shapiro test before the PCA. When
necessary, values were log transformed. The pH was
removed from further analysis as its distribution was
not normal. Two correspondence analyses (CA) were
performed for the invertebrate data: the first one on the
detritivores and the second one on the predators.
Species caught only once were removed from the CA
after confirming that this has a low impact on the total
inertia and the first eigenvalues (Legendre and
Legendre 2012). A generalised linear model (GLM)
was fitted to our multivariate data to determine if
knotweed cover class, habitat (forest vs. meadows)
and sampled sites significantly influenced the distri-
bution of the plots in the CA analysis. The interaction
between the knotweed cover class and habitat was also
tested. We applied a negative binomial regression, as
the mean—variance of our abundance data followed a
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quadratic relationship (Warton et al. 2012). Residual
permutation was used as the resampling method to
calculate the p-values. The GLM was executed with
the function manyglm of the library mvabund (Wang
et al. 2012).

The second objective was to determine if knotweed
cover modifies the functional composition of plants,
detritivores and predators. A PCA was constructed for
each trophic level on the standardised community
weight mean (CWM) of their respective functional
traits calculated with the function functcomp of the
library FD (Laliberté et al. 2014). The CWM for the
biomass of earthworms and other detritivores was
calculated separately due to the large difference
between the two groups (33-64 g for earthworms
and 0.02-14 g for the others). The normality distribu-
tion of each trait was verified with a Shapiro test before
PCA construction. When necessary, the value was log
or arcsin transformed. If the transformation did not
improve the normality, the trait was removed from
further analysis: this included the height of plants and
the physical defence of detritivores and predators. We
determined if the functional composition was related
to knotweed cover class, habitat (forest vs. meadows)
and sampled sites by fitting a linear model to our
multivariate data. The interaction between knotweed
cover class and habitat was also tested. As all kept
traits followed normality, we fitted a Gaussian model
with the function manylm of the library mvabund
(Wang et al. 2012).

Two-way ANOVAs were used to check if knot-
weed cover had an impact on the richness and the
functional diversity of each trophic level (plants,
detritivores, predators) and if the impact was stronger
in meadows or forested habitats. Type-IIl sums of
squares were used, as our design was unbalanced
between forested (four sites) and closed habitats (three
sites). For each trophic level, we first measured the
species richness as the total number of species
sampled in each knotweed cover class (high, mid
and control) of a site. Three aspects of functional
diversity were measured: Rao’s entropy representing
the diversity in trait value, functional richness repre-
senting the range of trait value and functional disper-
sion representing the distance of trait value from the
mean value (Laliberté and Legendre 2010). Multiple
comparisons of knotweed cover classes were assessed
with a Tukey’s range test.

The final objective was to determine if knotweed
cover class interferes with trophic interactions. To do
so, the Rao’s entropy was calculated for the palata-
bility traits of the resources (plants and detritivores)
and for the feeding traits of the consumers (detritivores
and predators). Rao’s entropy was selected over other
diversity indices, as it can be calculated with three or
fewer traits, can handle binomial and categorical traits,
and is highly related to functional dispersion (Botta-
Dukat 2005; Laliberté and Legendre 2010). We
evaluated the relationship between the functional
diversity of the different trophic levels with linear
models. We ran separate analyses on 1) the palatability
traits of plants (C/N ratio, LDMC and SLA) and
feeding traits of detritivores (biomass, biting force and
leg length) and 2) the palatability traits of detritivores
(biomass, cuticular toughness, legs length and chem-
ical and physical defence) and the feeding traits of
predators (biomass, biting force, hunting strategy, legs
length and use of poison). For each pair of trophic
levels, we ran separate analyses for (1) all plots, (2)
control plots alone and (3) plots with knotweed (mid-
and high-cover classes together).

Results
Environment

The PCA on the environmental variables did not show
any clear separation between the three knotweed cover
classes (Fig. 1a). Nonetheless, high-cover classes in
four sites were characterised by a high C/N ratio and
low microbial biomass. The linear model showed that
the environmental conditions varied between mead-
ows and forests (Dev = 28.6, P < 0.01) and across
sites (Dev = 24.7, P < 0.01) but not between knot-
weed cover classes (Table 3).

Plants

Overall, 65 species of plants (including knotweed)
were identified, but only ten (five unique to forests,
two to meadows and three common to both) were
found in plots with high knotweed cover (Appendix
S1, Table S2). Only knotweed was found in the high-
cover patches of site M1, which impeded calculation
of the functional diversity in this plot, so it was
removed from some analysis. The PCA on the
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Fig. 1 Principal component analysis (PCA) on a soil charac-
teristics and b plant functional communities structure based on
the community weight mean (CWM) of six traits at three

Table 3 Deviance in the environmental variables, taxonomic
and functional community structure (Community Weight
Mean) of three trophic levels according to knotweed cover

PCA1(A=0.51)

knotweed cover classes. Green = control, yellow = mid, red =
high, circle = meadows, triangles = forests. Site numbers refer
to Table 1

class, habitat (forested vs. meadows) and sampled sites based
on linear models (taxonomic structure) or general linear
models (GLM) (functional structure)

Variable df Environ Taxonomic Functional

Detritiv. Predators Plants Detritiv. Predators
Knotweed 2 4 32.1 457 35 4.5 7.5
Habitat 1 28.6%* 27.2 68.97%#* 7.5 12.3 8.5
Site 6 24 7% 249 5%k 194 2% 8.2% 23 .4k 13
Habitat x Knotweed 2 33 38.65%%* 27 11.1 4.4 6.8
“'P < 0.001; **P < 0.01; *P < 0.05
functional structure of plant communities revealed no Detritivores

clear pattern, although sites with high knotweed cover
tend to be characterised by extreme trait values
(Fig. 1b). Site M2 was associated with small seeds,
leaf area and SLA, while plots in mid- and high-
knotweed cover classes in sites F1 and F4 were
characterised by heavier seeds and higher LDMC than
in their control plots. Few variations were observed
within control plots. The functional structure varied
only between sites (Dev = 8.2, P < 0.05) based on the
linear model.
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A total of 1012 detritivores belonging to 84 species
were sampled. From the species with an abun-
dance > 5, only the rove beetle Homalota sp. and
the earthworm Aporrectodes caliginosa (Savigny)
were exclusively found in control plots (Appendix
S1, Table S3). Only the earthworm Murchieona
muldali (Omodeo) was exclusive to high-knotweed
cover plots, but five species (two earthworms, a snail, a
millipede and a rove beetle) were found in mid- and
high-knotweed cover plots but not in control plots. All
plots in the high-knotweed cover class but one forested
plot (F1) had similar detritivore communities
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characterised by the earthworms Dendrodrilus rubi-
dus (Savigny) and M. muldali, the woodlice Haploph-
thalmus mengei (Zaddach) and Porcelio scaber
Latreille and the millipedes Leptoiulus belgicus
(Latzel), Ophyiulus pilosus (Newport) and Poly-
desmus inconstans Latzel (Fig. 2a). The communities
in the control and mid-knotweed cover classes were
more diversified and better characterised by the
sampled sites than the knotweed cover class itself.
The GLM also reveals that detritivore communities
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Fig. 2 Multivariate analyses on detritivore and predator
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community weight mean (CWM) of six traits) at three knotweed
densities. a Correspondence analysis (CA) detritivore taxo-
nomic structure, b Principal component analysis (PCA)
on detritivore functional structure: BiomassEW = earthworms

varied based on the site (Dev = 249.5, P < 0.001), but
also according to the interaction between the habitat
and knotweed cover class (Dev = 38.7, P < 0.001)
(Table 3). The detritivore communities appeared to be
more different between knotweed cover classes in
open (i.e. meadows) than in closed (i.e. forests)
habitats as also observed in the CA (Fig. 2a).

The functional structure of detritivores was highly
related to the sampled sites irrespective of knotweed
cover class (Fig. 2b). This observation is confirmed by
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biomass, BiomassD = biomass of other detritivores. ¢ CA on
predator taxonomic structure. d PCA on predator functional
structure. Green = control, yellow = mid knotweed cover class,
red = high knotweed cover class, circle = meadows, trian-
gles = forests. Site numbers refer to Table 1
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the linear model showing that the functional structure

of detritivores varied between sites (Dev = 23.4,

P < 0.01) but not with knotweed cover class (Dev =
12.3, P > 0.05).

Predators

A total of 476 predators belonging to 105 species were
sampled. Within the species with an abundance > 5,
three ant species (Myrmica rubra (L.), Myrmica
vandeli Bondroit and Temnothorax sordidulus Miiller)
were exclusively found in control plots, and two
species (the centipede Geophilus insculptus Attems
and the spider Microneta viaria (Blackwell)) were
found in mid- and high-knotweed density plots but not
in controls (Appendix S1, Table S3). Forest sites
(closed habitat) are spread along the first axis
irrespective of knotweed cover class but have a low
variation along the second axis (Fig. 2c). Meadow
sites (open habitats) are separated along the second
axis principally based on the presence of the ant
species M. rubra and M. vandeli (only found in control
plots) and Lasius platythorax Seifert (39 out of 42
specimens found in mid- and high-knotweed cover
classes). Within meadows, plots with mid- and high-
knotweed cover classes where L. platythorax was
absent were more similar to forest plots than to control
plots. The GLM shows that predator communities
varied both according to the site (Dev = 194.2,
P < 0.001) and to the interaction between the habitat
and knotweed cover class (Dev =27, P < 0.001)
(Table 3), with a higher variation between knotweed
cover classes in meadows than in forested habitats.

The functional structure in high-knotweed cover
plots was characterised by extreme trait values com-
pared to control plots (Fig. 2d). Most control plots
were centred on the first two axes of the PCA, while
high- and mid-knotweed density plots were often
placed in the periphery. Based on the linear model, the
functional structure of predators was not significantly
different between knotweed cover classes, habitats or
sites (Table 3).

Functional diversity
The species richness and all aspects of functional
diversity (Rao’s entropy, functional richness and

functional dispersion) of plants were lower in high-
knotweed cover plots than in controls (Table 4).
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Furthermore, this negative impact was more marked in
meadows than in forested areas for the species and
functional richness. No differences were observed for
detritivores and predators.

No correlations were observed between the func-
tional diversity (Rao’s entropy) of the plants and the
detritivores at any knotweed cover classes (Appendix
S4, Figure S7). Including only the detritivores found in
the litter (e.g. by excluding those found in the soil per
se) did not change the results (result not shown). The
regression between the functional diversity of the
detritivores and the predators reveals a significantly
positive but weak regression when all plots were
included in the model (R* = 0.26, P = 0.01) (Fig. 3).
When only considering control plots (i.e. without
knotweed), the strength and significativity of the
positive regression strongly increased (R* = 0.77,
P = 0.006). The regressions were no more significant
when testing only knotweed plots, either mid- or high-
cover classes separately or together (results not
shown).

Discussion

Our results showed that the lower species and
functional diversity of plants in high-knotweed cover
class plots did not markedly cascade to the macro-
detritivores and predators at either the taxonomic or
the functional level. Nonetheless, we observed that
detritivore and predator communities tend to vary
more across knotweed cover classes in meadows than
in forests. Furthermore, the presence of knotweed (in
mid and high density) strongly reduced the strength of
the correlation between the functional diversity of
detritivores and predators.

Cascading effect

Contrary to our hypothesis, the decrease in functional
diversity in plant communities did not cascade at the
other trophic levels. Previously, Milcu et al. (2013)
observed that the functional diversity of plants was a
good predictor of the species richness of soil detriti-
vores. Such a relationship could be explained by a
covariation between the diversity of the palatability
traits of the plants and the diversity of the feeding traits
of the detritivores (Brousseau et al. 2019). However,
too few studies were conducted on the subject to
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determine the general mechanism responsible for the
relationship between plant and detritivore functional
diversity. The principal limit is that the feeding traits
of many soil organisms are still undetermined or are
poorly documented (Moretti et al. 2017; Brousseau
et al. 2018a, b). In this study, we were unable to
include any feeding traits of earthworms and Gas-
teropoda, so the functional diversity of the detritivore
was biased towards the arthropods. Also, we used
traits measured on living plants, while detritivores are
in contact with dead and partially decomposed leaves.
Thus, it is hard to say if the absence of a cascading
effect between plants and detritivores is real or if we
were unable to detect it due to the limitations of the
traits of these trophic levels.

Nonetheless, we observed a strong positive rela-
tionship between the functional diversity of detriti-
vores and predators in control plots (i.e. without
knotweed). This supports the idea that undisturbed
sites favour a functional trophic connection between
detritivores and predators. The loss of connection (i.e.
an insignificant regression) in the presence of knot-
weed suggests a modification of the trophic interac-
tions within the soil ecosystem. Experimentally,
Abgrall et al. (2018) reported that knotweed changes
the soil food web through allelopathic compounds or
at least secondary metabolites. In their study, like in
ours, trophic interactions were also more affected than
the abundance of the different trophic groups. As food-
web structure is directly related to energy flux and
nutrient cycling (Brown et al. 2004; Laigle et al.
2018b), changes in its structure can affect the func-
tioning of the ecosystem (Albouy et al. 2014).
However, the exact consequences are hard to predict,
as they will depend on the structure of the food web
(Gravel et al. 2016). We expect that similar results
could be observed with other invasive plants. In our
study, no changes in species richness and only a small
modification in species composition for detritivores
and predators were observed. This could imply that the
predators rely more on other sources of food, such as
aboveground herbivores or intra-guild predation in the
presence of knotweed, although our data do not allow
speculation on this aspect. Further studies are
required, particularly in conjuncture with decomposi-
tion, as changes in prey choice have been proven to
impact organic matter decomposition rate (Gessner
et al. 2010). Experiments relying on techniques such
as DNA metabarcoding of gut content of predators
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Fig. 3 Correlation between the functional diversity (Rao’s
entropy) of the detritivore and the predator communities.
Green = control, yellow = mid knotweed cover, red = high
knotweed cover, circle = meadows, triangles = forests

(e.g. Kamenova et al. 2018) in natural sites versus sites
invaded by an exotic plant would be required to
answer this question.

Functional traits

The results at the functional level tend to show that
knotweed does not have a direct filtering effect on the
traits that we included in our analysis for any of the
trophic levels investigated; i.e. none of the traits varied
in function of the knotweed cover class. For plants, the
main competition with knotweed in spring could occur
underground, while all our traits were on aboveground
parts. Large reserves in the rhizomes and allelopathic
compounds could provide knotweed with a compet-
itive advantage upon native plant species in spring and
partly explain this result. However, it is noteworthy
that the allelopathic effect of knotweed is rather
inconsistent in the literature (Murrell et al. 2011;
Parepa and Bossdorf 2016; Moravcova et al. 2011).
This lack of a consistent pattern may arise from the use
of many different protocols to simulate allelopathy
effects (e.g. use of leachates, synthetic chemical
compounds, transplantations of living knotweed indi-
viduals or pre-trained soil) and detect responses (e.g.
germination or seedling growth on a population or
community level) using a single substrate or different
substrates. The allelopathic potential of the invasive
knotweed is surely context-dependent due to climatic
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and substrate conditions (Parepa and Bossdorf 2016).
Moreover, native plants may also respond differently
to the presence of allelopathic compounds (e.g.
Moravcova et al. 2011). While there is a clear gap in
knowledge on how knotweed invasion may rely on
novel weapons (i.e. allelochemicals), we cannot
exclude that this mechanism may have played a role
in our sites. Identifying traits thwarting allelopathic
compounds would increase our ability to predict the
impact of knotweed invasion on local ecosystems and
help to restore invaded sites (Dommanget et al. 2014).

The traits of the invertebrates were selected to
represent their ability to move/hide/hunt and their
feeding strategies (Table 2). We hypothesised that
knotweed would influence these traits by reducing the
quality of leaf litter and simplifying its structure
(Mincheva et al. 2014). Our results do not suggest that
these aspects played an important role in structuring
macro-invertebrate communities in knotweed-invaded
sites. Other aspects, such as dispersion ability and
response to abiotic constraints, could have played an
important role, but traits representing these aspects are
unfortunately still missing for soil invertebrates
(Moretti et al. 2017; Brousseau et al. 2018a, b). Most
of our taxa are expected to have low dispersal ability
and are generalist feeders (Scheu 2002; David and
Handa 2010). Consequently, they could be slower to
react to plant invasion. When considering the 66
species caught more than five times, only eight were
absent in control plots (none with an abun-
dance > 10). The main difference between densities
was in relative abundance, which goes with the sense
of a slow replacement in the invaded plots that were
10-20 years old. Alternatively, the knotweed could
simply have a low impact on soil macro-invertebrates,
at least in spring.

Community structure

The small impact observed on the soil invertebrate
communities is concordant with previous studies
(Kappes et al. 2007; Topp et al. 2008), but we
demonstrated it with a more diverse community
including macro-arthropods, earthworms and gas-
teropods. Very few species were excluded from any
of the knotweed density classes, and the differences
between density classes were generally due to varia-
tions in the relative abundance of few species. Some
interesting results are observed, with ant species M.

rudra and M. vandeli being exclusively found in
control plots in meadows, while the species L.
platythorax was mainly found in knotweed-invaded
plots (39/42 specimens). As omnivores, ants could be
affected by different ecological filters than strict
predators, such as centipedes and spiders. For exem-
ple, it was shown that species in the genus Lasius are
commonly attracted by the flowers of knotweed in
Italy, while this is a rare occurrence for species in the
genus Myrmica (Giuliani et al. 2019). Thus, the
attraction to knotweed flowers could partly explain the
distribution of ants in our sites. Further studies are
required to better understand the impact of knotweed
invasion on ant assemblages.

Finally, our results showed that the habitat (mead-
ows vs. forests) determines the structuring impact of
the knotweed cover class on the macro-invertebrates at
the taxonomic level but not at the functional level. The
large amount of litter produced by knotweed (Min-
cheva et al. 2014) could be more contrasting in
meadows than in forest sites areas where trees already
provide a high amount of leaf litter. This could be
partly supported by our results, as the predator
communities in several mid- and high-cover classes
plots in the meadows tend to be similar to communities
in forested habitats. Abgrall et al. (2019) also observed
a stronger respones in the soil food web in open
habitats in a meta-analysis including a variety of
invasive plants. In contrast, McCary et al. (2016)
observed a stronger impact in woodlands, although
82% of the invasive plants included in their study in
open habitats were herbaceous plants producing a low
quantity of litter.

Conclusion

Our results bring new knowledge about the impact of
knotweed invasion on soil macro-invertebrates. Prin-
cipally, we show that the presence of knotweed
modifies the connection between the functional diver-
sity of detritivores and predators in a soil ecosystem. A
strong positive regression between predators and
detritivores was found only in uninvaded sites. This
result could mean that feeding interactions are an
important feature for determining community struc-
ture in control plots but that other factors are more
important in the presence of knotweed (cf. Le Provost
et al. 2017). Consequently, it can be hypothesised that
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knotweed presence simplifies the structure of the food
web by decreasing the probability of interactions
between co-occurring species (cf. Gravel et al. 2016).
In contrast, no correlation was observed between
plants and detritivores at any knotweed densities
despite the strong decrease in plants richness and
functional diversity at high densities. This could mean
that feeding interaction is not a primary driver of the
detritivore communities in studied sites.

Nonetheless, the impact of invasive plants on food-
web structure remains largely unknown. Our results
suggest a modification in the interaction between
predators and detritivores. However, the current state
of knowledge in the literature makes it hard to identify
the consequence of the change in food-web structure.
Food-web structure was identified as an important
factor influencing ecosystem functioning (Laigle et al.
2018b; Valiente-Banuet et al. 2015), but determining
the actual structure is generally impossible in the
context of most studies. For this reason, we need tools
to approximate the food-web structure, such as
functional diversity and trait-matching. Recent studies
helped to identify important traits related to species
interaction and food-web structure in soil (Brousseau
et al. 2018b; Laigle et al. 2018a) as well as other
compartments of ecosystems (Garibaldi et al. 2015;
Ibanez et al. 2013), but very few studies relate
functional diversity, food-web structure and ecosys-
tems functioning (but see Dehling et al. 2014; Laigle
et al. 2018b). Developing such knowledge is required
to make applicable the food-web theories in the
context of species invasion and global changes.
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