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Abstract: Invasive alien plants often modify the structure of native plant communities, but their
potential impact on soil communities is far less studied. In this study, we looked at the impact
of invasive Asian knotweed (Reynoutria spp.) on two major soil mesofauna (Collembola) and
microfauna (Nematodes) communities. We expected ingress of knotweed to differentially affect
faunal groups depending on their trophic position, with the lower trophic levels being more impacted
than the higher trophic groups according to the closer relationship to plants for basal trophic groups.
Furthermore, we expected the knotweed impact to depend on habitat type (forest vs. meadow) with
more pronounced changes in abundances of soil invertebrate in invaded meadows. Plant and soil
invertebrates were sampled in six sites (three forest and three meadows) in northern France in both
control and invaded plots. Our results showed that the presence of knotweed strongly reduced native
plant species’ diversity and abundance. Soil fauna also responded to the invasion by Asian knotweed
with different responses, as hypothesized, according to trophic position or life-forms. Furthermore,
abundances of several collembolan life-forms were influenced by the interaction between the factors
“Habitat” and “Knotweed”. This may explain the difficulty to easily generalize and predict the
consequences of plant invasion on belowground diversity, although this is of crucial importance for
alleviating negative consequences and costs of biological invasion.

Keywords: Reynoutria ssp.; Collembola; Nematodes; habitat type; novel ecosystems

1. Introduction

Biological invasions are a main concern globally as they have drastic economic and
ecological impacts through replacement of native species, change in habitat structure
or alteration of ecosystem functioning [1,2]. Recently, Diagne et al. [3] estimated the
costs of biological invasions to consistently increase over time with an average threefold
increase per decade, reaching a reported worldwide annual cost of around USD 162.7 billion
in 2017. Furthermore, biological invasions are expected to increase in the future, being
exacerbated by globalization and interactions with a number of other components including
urbanization, over-exploitation, climate change and agricultural intensification.

Despite progress in generalizing the impacts of invasive alien species, species that
have successfully been introduced, established and spread beyond their native range,
there remain considerable uncertainties regarding the underlying mechanisms of such
impacts [4]. Native plant communities suffer from establishment and development of
invasive alien plant species. Success of invasive species may result from both direct effects
(e.g., allelopathy or competition with natives; [5]) or indirectly through changes in the
environment [2].

Development and dynamics of terrestrial ecosystems are partly regulated by interac-
tions taking place between above and belowground compartments. Briefly, while plants
provide organic matter to the belowground system, soil organisms, e.g., soil fauna and soil
microorganisms, through decomposition and mineralization processes, regulate the deliv-
ery rate of nutrients back to the plants. Recently, Forey et al. [6] showed that an invasive
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palm tree, Pinanga coronata, on a South Pacific Island, led to weakening of the plant–soil
fauna relationships (i.e., trait-matching) compared to the more stable relationships in non-
invaded plots. In different recent meta-analyses, it was shown that habitat-context, mainly
open (e.g., meadows) versus closed habitats (e.g., forests), strongly interact with the trophic
position of an organism to determine the response of soil fauna to the presence of invasive
species, and that stronger responses were observed in open habitats [7,8]. This supports the
hypothesis that invasive alien plant (IAP) species can alter the quantity, quality and timing
of litter production. This would alter nutrient inputs into the soil, altering linkages with
biota belowground and their associated functions such as mineralization, and inducing
feedbacks to the plant assemblages’ structure and dynamic [9]. These plant–soil feedbacks
may in turn contribute to promote seedling establishment of invasive species (results from
a meta-analysis performed on 68 species, [10]).

Several IAP species are described to release allelopathic compounds into their environ-
ment. This refers to the novel weapon hypothesis (NWH) suggesting that alien plant species
may become invasive according to their possession of deleterious secondary compounds
unknown to the native species in the invasion range. This is the case of a well-known
invasive plant complex in Europe, the Asian knotweed species complex. Composed of two
distinct species Reynoutria japonica (Houttuyn), R. sachalinensis (F. Schmidt) and a hybrid
R. × bohemica (Chrtek & Chrtková), these species originating from eastern Asia have now
colonized numerous countries on both hemispheres [11]. Their impacts have been recently
reviewed [12] and, although studies agree on their negative effects on the diversity of
native flora and aboveground fauna, mostly due to a considerable amount of litter-leaf and
stems produced, their impacts on soil biota are, so far, little investigated and difficult to
generalize, especially regarding soil meso- or microfauna. Additionally, this large amount
of knotweed litter input may be more contrasting in meadows than in forests where trees
already provide a high amount of leaf litter [13]. In a microcosm experiment, Abgrall
et al. [13] showed that adding knotweed rhizome extract alters the soil food webs (with a
positive or negative effect depending on the concentration and trophic levels), and Skubala
and Mierny [14] reported a significant negative effect of knotweed on oribatid mites but
no effect on Collembola. To our knowledge, only one publication [14] assessed the impact
of spontaneous invaded sites upon soil mesofauna, and none have reported field data on
Nematodes’ responses to knotweed.

We wanted to partly fill this gap in the current knowledge by investigating the re-
sponse of soil Collembola and Nematodes as members of the meso- and the microfauna,
respectively, to the spontaneous and long-term invasion by Asian knotweed (>10 years).
Nematode species belong to different trophic groups, e.g., bacterivores, fungivores, herbi-
vores, omnivores or predators. As reported by Abgrall et al. [13] in a laboratory study, we
expect that knotweed will exert a strong influence on basal trophic groups such as herbi-
vores or microbial-feeders, and that higher trophic levels, such as predatory Nematodes,
will be less affected. By comparison, Collembola species can be separated into three eco-
morphological life-forms: epedaphic, hemiedaphic, and euedaphic. These life-forms differ
in fundamental ecological properties such as reproduction, vertical distribution, metabolic
activity and dispersal [15,16], in addition to trophic position and niche, with different food
resources ranging from plant materials to microorganisms [17,18]. These life-forms differ
thus in their sensitivity to environmental conditions and are commonly used to depict
consequences of environmental changes [19–23]. We thus expect epedaphic species living
in the litter to be impacted by the amount of litter produced by the knotweeds, especially
in the invaded meadows.

Thus, we hypothesize that the litter produced by knotweed will generate new habitats
for epedaphic Collembola species in invaded meadows sites, whereas in forest it will be less
critical according to the pre-existing litter before invasion. However, we also cannot exclude
that the decrease in resource diversity resulting from the invasion may negatively impact
epedaphic species. In contrast, we expect euedaphic Collembola (i.e., deep-living species)
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to be less responsive to changes in organic matter delivery under knotweed invasion, either
in forest or in meadow habitat types.

2. Materials and Methods
2.1. Study Area

We identified 1123 sites where knotweed was present in Normandy (France) through
a literature and field survey. In Normandy all three knotweed species—R. japonica,
R. × bohemica and R. sachalinensis—are present. These species can be morphologically
very similar and only genetic analyses would allow a rigorous identification. Therefore, in
the following text, the term knotweed refers to Reynoutria spp.

We selected six riparian sites (see Table S1) where introduced knotweed has been
present for more than 10 years but has not been managed for at least seven years. At
each site, both the monospecific stands of knotweed (invaded plots) and the uninvaded
areas with only native vegetation (control plots) were larger than 60 m2. To compare two
contrasting habitat types, we chose three sites in forest and three in meadows. For forest
sites, we only sampled patches located in the core of riparian forests and we excluded sites
with knotweed located at the border of stands. All sites were situated at an altitude of
between 10 and 100 m asl.

On each site, sampling was carried out in spring 2017, in three 2 m2 quadrats in both
knotweed cover classes: control (uninvaded area) and invaded (monospecific stands of
knotweed). Thus, a total of 36 plots for soil fauna were sampled overall. Additionally, we
also characterized habitat properties that could drive soil communities (soil variables and
vegetation) on these 36 plots.

2.2. Soil Variables

In each quadrat, 500 g of soil was collected to the depth of 10 cm in spring 2017 to
measure edaphic properties. To perform the following standard methods of analyses, the
fresh soil was sieved (2 mm). Microbial carbon biomass (microbial C) was determined by
means of the fumigation-extraction method [24]. Microbial C was extracted from fumigated
and unfumigated soil samples with K2SO4 (at 0.2 g L−1) using a Shimadzu TOC-L analyzer
(Shimadzu Corporation SL, Kyoto, Japan). Soil ergosterol content, a proxy of soil fungal
biomass, was measured using the method proposed by Gong et al. [25]. Ammonium and
nitrate content in the soil were quantified by calorimetry with a Gallery analyzer (Thermo
Fisher Scientific, Waltham, MA, USA). Twenty grams of sieved fresh soil was dried at 105 ◦C
for 48 h to determine the soil humidity. The remaining soil samples were air-dried for
2 weeks for the other soil analyses. Soil pH was measured in a suspension with 1 mol·L−1

of potassium chloride (1:5, w/v) using a FiveEasy pH meter (Mettler Toledo, Columbus,
OH, USA). The dried soil samples were ground with a ball mill (MM 200, Retsch), and
used to determine the total carbon and nitrogen contents with an elemental analyzer (CHN
Flash 2000 Thermo Scientific, Waltham, MA, USA). In each quadrat, we also measured the
average litter thickness in triplicate (in cm).

2.3. Vegetation Survey

Plant communities were sampled in the 2 m2 quadrats in June 2017. The abundance
of each plant species was defined using a Braun-Blanquet scale [26]. They were then
converted into plants’ cover percentage using the median value of each Braun-Blanquet
cover class. For forest sites, quadrats were placed avoiding trunks; therefore, only the
understory communities were sampled.

2.4. Soil Fauna Survey

Soil fauna was sampled on the same day as the soil collection in spring 2017. Spring-
time corresponds to a common period of high soil biological activity in Normandy.
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2.4.1. Soil Collembola

Soil Collembola were collected in the middle of each quadrat using a 5-cm-diameter
steel cylinder from the upper 10 cm of soil. A single core was performed per quadrat.
Collembola were extracted for twelve days according to the Berlese–Tullgren method [27]
and stored in 70% ethyl alcohol. Collembola individuals were assigned to each of the 3
life-forms, i.e., epedaphic, hemiedaphic, and euedaphic, according to their morphological
attributes [28]. Epedaphic species were rather large species characterized by the pres-
ence of pigmentation and more than 4 ocelli on each side and a well-developed furca
(i.e., Lepidocyrtus sp., Pogonognathellus sp., Neanura muscorum, Dicyrtoma fusca, Dicyrtomina
minuta, Isotoma sp., Isotomurus sp., Deuterosminthurus sp., Orchesella sp., Tomocerus sp.); in
contrast, euedaphic species were blind with no pigmentation and without a functional
furca (i.e., Protaphorura sp., Mesaphorura sp., Paratullbergia callipygos, Isotomiella minor, Mega-
lothorax minimus, Willemia sp., Stenaphorurella sp., Arrhopalites sp.). Finally, species that did
not fall into the previous two categories were considered as hemiedaphic (i.e., Folsomia
quadrioculata, F. manolachei, Parisotoma notabilis, Friesea sp., Ceratophysella sp., Pseudosinella
sp., Sminthurinus aureus, Sphareridia pumilis).

2.4.2. Soil Nematoda

Soil Nematoda were sampled using the same protocol as for Collembola with a steel
corer. Then, for each sample, to facilitate extraction, two subsamples of 100 g fresh soil
were extracted for two days using the Baermann funnel method [29]. After extraction, both
subsamples of a single sample were combined for further analyses. First, live specimens
were counted under a stereomicroscope. Then, they were fixed in 4% formalin solution
and mounted on glass slides. Under a microscope the first two hundred individuals
encountered were divided into the following trophic groups [30]: bacterial feeder, fungal
feeder, plant feeder and omnivorous-predatory, based on their morphological attributes.

2.5. Data Analyses

Prior to statistical analyses, all data distributions were examined using the Shapiro–
Wilk test of normality. To test the effect of two factors—“Knotweed” with 2 levels: absence
or presence, and “Habitat” with two levels: forest or meadow—and their interaction, on
soil variables, plant community and soil fauna abundance, generalized linear mixed models
(GLMMs) with nested design were computed (R package “glmmTMB” [31]). In all models,
a random factor was used with the samples nested in sites that were nested in “Habitats”.
Total carbon, total nitrogen, C:N ratio, nitrate, microbial biomass, ergosterol and humidity
were fitted with a Gaussian distribution. Other abiotic variables and plant community
parameters were fitted with a gamma distribution, whereas soil fauna abundances were
fitted with a zero-inflated negative binomial model (with family “nbinom2” [32]). Models
were followed by Tukey HSD post-hoc tests using the package “emmeans”. Significance
thresholds for post hoc analyses were set at p-value < 0.05.

Changes in plant community composition were visualized via non-metric multidi-
mensional scaling (NMDS) based on the Bray–Curtis dissimilarity index to ordinate the
characteristics of plant communities (composition and abundance). Differences in plant
community composition were tested by permutation multivariate analysis using the Ado-
nis function (R package “vegan” [33]). To complement previous analyses, we conducted a
principal component analysis (PCA) ordination of 10 variables (C:N ratio, nitrate, microbial
biomass, ergosterol, relative soil humidity, litter thickness, plant species richness, total
plant cover, total Collembola and total Nematoda abundances) based on the 36 quadrats
monitored (R package “FactoMineR” [34]).

All statistical analyses were performed using R software v. 4.1.0 (R Foundation for
Statistical Computing). Soil (abiotic and biotic) and vegetation data are compiled within
Table S2.
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3. Results
3.1. Soil Variables

Three variables were impacted by the factor “Knotweed”, litter thickness and C:N
ratio, with significantly higher values in invaded plots than in control plots (Table 1;
Figure 1a) and microbial C biomass, with an opposite pattern being significantly lower in
invaded plots than in control plots (Table 1). C:N ratio was also significantly influenced by
the interaction between “Knotweed” and “Habitat”, as were soil nitrate and relative soil
humidity. Although the C:N ratio did not differ between invaded plots and control plots
in meadows, it did in forests with higher values (+33%) in invaded forests compared to
control forests. Although soil nitrate content was not different between the two knotweed
levels (absence or presence) in forest habitats, soil nitrate content in invaded plots was
more than twice as high as that in control plots in meadow habitats (Table 1). Soil humidity
in both control and invaded plots in forest habitats was significantly higher than in control
plots in meadow habitats.
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Figure 1. Effects of habitat (forest and meadow) and knotweed on (a) litter thickness and plant
community parameters: (b) total plant cover; (c) plant species richness; (d) native plant cover. Values
are means ± standard errors. Significant differences according to Tukey post hoc tests are indicated
by different letters. n.s.: not significant.

Finally, several variables were impacted by the factor “Habitat” with more nitrate
(+38.7%) and a higher soil humidity (+21.2%) in forest soils compared to meadow soils,
and an opposite pattern was found for ergosterol content, which was 1.8 times higher in
meadows than in forests.
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Table 1. Effects of the factors “Knotweed” with two levels: presence or absence, “Habitat” with two
levels: forest or meadow, and their interaction on soil variables. Values are means ± standard errors.
z-values and associated p-values were obtained from GLMM with gamma or Gaussian distributions.
Two values in the same row with a different letter are significantly different according to Tukey post
hoc tests. *, **, and *** denote statistical significance at p = 0.05, 0.01, and 0.001, respectively. When
the p-values obtained from GLMM were not significant, the post hoc test results are not reported.

Forest Meadow

z-Value p-Value Control Invaded Control Invaded

Total carbon (mg·g−1)

Knotweed 1.14 0.25 5.84 ± 0.77 6.9 ± 1.47 4.77 ± 0.45 5.67 ± 0.38
Habitat −0.68 0.49
Knotweed × Habitat −0.12 0.9

Total nitrogen (mg·g−1)

Knotweed −1.48 0.14 0.39 ± 0.05 0.31 ± 0.05 0.28 ± 0.04 0.33 ± 0.03
Habitat −1.56 0.11
Knotweed × Habitat 1.69 0.09

C:N ratio

Knotweed 3.23 0.001 ** 15.15 B ± 0.91 20.33 A ± 2.31 17.55 AB ± 1.27 17.73 AB ± 0.83
Habitat 0.97 0.33
Knotweed × Habitat −2.2 0.03 *

Nitrate (mg·g−1)

Knotweed −0.56 0.58 1.61 AB ± 0.31 1.47 AB ± 0.23 0.67 B ± 0.2 1.56 A ± 0.12
Habitat −2.44 0.01 *
Knotweed × Habitat 2.86 0.004 **

Ammonium (mg·g−1)

Knotweed −1.39 0.16 0.91 ± 0.23 0.65 ± 0.14 0.73 ± 0.08 0.59 ± 0.1
Habitat −0.12 0.91
Knotweed × Habitat 0.15 0.88

pH

Knotweed 0.55 0.59 6.97 ± 0.23 7.04 ± 0.26 7.56 ± 0.09 7.56 ± 0.04
Habitat 1.58 0.12
Knotweed × Habitat −0.4 0.69

Microbial biomass
(mgC·g−1)

Knotweed −2.82 0.0049 ** 0.23 A ± 0.04 0.14 B ± 0.03 0.2 AB ± 0.02 0.16 AB ± 0.02
Habitat −0.8 0.43
Knotweed × Habitat 1.09 0.28

Ergosterol (µg·g−1)

Knotweed −1.28 0.2 1.7 AB ± 0.5 1.1 B ± 0.3 3.1 A ± 0.4 2.0 AB ± 0.4
Habitat 1.98 0.048 *
Knotweed × Habitat −0.7 0.48

Humidity (%)

Knotweed −1.1 0.27 33.4 A ± 1.6 31.5 A ± 1.4 24.5 B ± 1.8 29.0 AB ± 1.2
Habitat −3.71 <0.001 ***
Knotweed × Habitat 2.54 0.011 *

Litter thickness (cm)

Knotweed 2.71 0.0068 ** 2.9 B ± 0.4 6.2 AB ± 1.5 4.1 B ± 0.7 12.4 A ± 4.3
Habitat 0.61 0.54
Knotweed × Habitat 0.29 0.78
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3.2. Plant Communities

All three measured variables, plant species richness, total plant cover and native
plant cover, were significantly affected by the factor “Knotweed”, with species richness
and native plant cover being considerably reduced in invaded plots compared to control
plots, by 2.5 times and 32 times, respectively (Table 2, Figure 1). Conversely, the total
plant cover increased from around 86% in control plots to 100% in invaded plots. Of
the three variables, only total plant cover was not impacted by the interaction between
“Knotweed” and “Habitat”. Both species richness and native plant cover showed the
same pattern, being significantly higher in control plots than in invaded plots, by 2.6 and
17.2 times in forests, respectively, and by 5.2, and 217 times in meadows, respectively
(Table 2; Figure 1d). By contrast no significant differences were found in total plant cover
between the four modalities (Table 2; Figure 1b). Finally, none of the variables responded
to the factor “Habitat”.

The NMDS ordination (stress = 0.11) discriminated on axis 1 the control plots from the
invaded ones (Figure 2). In both habitats, plant community composition and abundance
differed between control and invaded quadrats (both p-value < 0.001). The NMDS ordina-
tion discriminated on axis 2 the control plots (Figure 2). Plant community composition and
abundance differed between the two habitats’ control plots (p-value < 0.001). The forest
control plots were characterized by Urtica dioica L., Galium aparine L. and Rubus fruticosus L.
within the understory layer. In contrast, the meadow control plots were characterized by
Achillea millefolium L., Potentilla reptans L. and Agrostis capillaris L. No significant difference
was found between the two habitats’ invaded plots (p-value = 0.99). Both invaded plots
were mainly characterized by Reynoutria spp.
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Figure 2. Non-metric multidimensional scaling (NMDS) (stress = 0.11) performed on the plant
community composition. The 9 samples of each treatment are grouped in polygons, with dashed
lines for the meadow sites and full lines for the forest sites (control plots in light grey and invaded
plots in dark grey). Dots represent the 36 quadrats and crosses represent the spatial location of each
species. For clarity, only the plant species most correlated to the two first axes are shown.
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3.3. Soil Fauna

Regarding Collembola, both total and hemiedaphic abundances were impacted by the
factor “Knotweed”, with a decrease of 6.7% in the total collembolan abundance in invaded
plots compared to control plots, but with an increase of 14.5% in hemiedaphic Collembola
in invaded plots. However, with the exception of euedaphic abundance, all variables,
i.e., total Collembola abundance, epedaphic abundance, and hemiedaphic abundance, were
affected by the interaction term between “Knotweed” and “Habitat” (Table 2), with a
different response pattern between control and invaded plots according to the habitat type.
However, only the abundance of epedaphic Collembola differed significantly between the
four modalities, with three times more individuals in control meadow plots than in invaded
meadow plots, whereas no difference was found between control forest plots and invaded
forest plots (Table 2). Finally, only the epedaphic abundance was significantly influenced
by the factor “Habitat”, with more individuals in meadows than in forests.

With the exception of the abundance of plant feeder Nematodes, which had about
6 times more individuals in control plots vs. invaded plots, the other trophic groups and the
total Nematodes did not respond to the factors “Knotweed”, “Habitat” or their interaction
(Table 3). In forest habitats, abundance of plant feeders was seven times higher in control
plots than in invaded plots, whereas no difference was observed between control and
invaded plots in meadows (Table 3).

3.4. Global Effect of Knotweed on Habitats

The PCA did not show any clear separation between the four modalities (Figure 3). The
control plots are more heterogeneous than the invaded ones in both habitat types. Invaded
forest plots tend to be characterized by low Collembola and nematode abundances and
plant species richness, and high litter thickness, humidity, nitrate content and total plant
cover. In contrast, invaded meadows plots tend to be characterized by high Collembola
and Nematoda abundances, total plant cover and litter thickness.
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Table 2. Effects of the factors “Knotweed” with two levels: presence or absence, “Habitat” with
two levels: forest or meadow and their interaction on plant community variables and Collembola
variables (ind.m−2). Values are means ± standard errors. z-values and associated p-values were
obtained from GLMM with a binomial negative distribution (zero-inflated models) for Collembola
variables and with a gamma distribution for plant community parameters. Two values in the same
row with a different letter are significantly different according to Tukey post hoc tests. *, **, and
*** denote statistical significance at p = 0.05, 0.01, and 0.001, respectively. When the p-values obtained
from GLMM were not significant, the post hoc test results are not reported.

Forest Meadow

z-Value p-Value Control Invaded Control Invaded

Plant community
variables

Species richness

Knotweed −4.28 <0.001 *** 7.9 A ± 1 3.0 B ± 0.3 10.4 A ± 1.1 2.0 B ± 0.4
Habitat 1.49 0.14
Knotweed × Habitat −2 0.045 *

Total plant cover (%)

Knotweed 2.26 0.024 * 84.7 A ± 7.8 100 A ± 0 86.9 A ± 6.8 100 A ± 0
Habitat 0.25 0.8
Knotweed × Habitat −0.20 0.84

Native plant cover (%)

Knotweed −4.32 <0.001 *** 84.7 A ± 7.8 4.9 B ± 1.9 86.9 A ± 6.8 0.4 C ± 0.3
Habitat −0.5 0.61
Knotweed × Habitat −3.54 <0.001 ***

Collembola abundance

Knotweed −2.5 0.013 * 26,056 A ± 5594 13,333 A ±
3593 22,611 A ± 8924 32,055 A ± 9320

Habitat −0.74 0.46
Knotweed × Habitat 3.21 0.0013 **

Epedaphic abundance

Knotweed 1.48 0.14 556 B ± 155 556 AB ± 242 1722 A ± 657 556 B ± 194
Habitat 3.4 <0.001 ***
Knotweed x Habitat −2.8 0.0052 **

Hemiedaphic abundance

Knotweed −2.09 0.037 * 15,278 A ± 3436 9611 A ± 2652 10,000 A ± 3123 19,333 A ± 5428
Habitat −0.49 0.62
Knotweed × Habitat 2.59 0.0097 **

Euedaphic abundance

Knotweed −1.52 0.13 10,167 ± 2981 4055 ± 823 10,889 ± 6628 12,167 ± 4349
Habitat −0.06 0.95
Knotweed × Habitat 1.65 0.098
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Table 3. Effects of the factors “Knotweed” with two levels: presence or absence, “Habitat” with
two levels: forest or meadow and their interaction on Nematoda abundances (ind.100 g of dry soil).
Values are means ± standard errors. z-values and associated p-values were obtained from GLMM
with a binomial negative distribution (zero-inflated models). Two values in the same row with a
different letter are significantly different according to Tukey post hoc tests. ** denotes statistical
significance at p = 0.01. When the p-values obtained from GLMM were not significant, the post hoc
test results are not reported.

Forest Meadow

z-Value p-Value Control Invaded Control Invaded

Nematoda abundance

Knotweed −1.43 0.15 351 ± 98 233 ± 69 941 ± 490 238 ± 58
Habitat 0.89 0.37
Knotweed × Habitat −0.94 0.35

bacterial feeder

Knotweed −1.4 0.16 224 ± 65 149 ± 52 655 ± 326 180 ± 55
Habitat 1.05 0.29
Knotweed × Habitat −0.93 0.35

fungal feeder

Knotweed −1.11 0.27 122 ± 35 81 ± 29 260 ± 155 52 ± 6
Habitat 0.44 0.66
Knotweed × Habitat −0.38 0.71

plant feeder

Knotweed −2.86 0.004 ** 14 A ± 5 2 B± 0.8 24 A ± 13 4 AB ± 2
Habitat 0.28 0.78
Knotweed × Habitat 1.04 0.3

omnivorous-predatory

Knotweed −0.51 0.61 0.3 ± 0.3 0.2 ± 0.2 0.9 ± 0.7 0.3 ± 0.2
Habitat 0.45 0.66
Knotweed × Habitat −0.62 0.54

4. Discussion
4.1. Knotweed Effects on Native Plants and Soil Variables

Knotweed invasion strongly reduced the heterogeneity of both forest and meadow
habitats. Indeed, invasion by knotweeds led to a strongly significant decrease in native
understory plant diversity in both meadows (−62%) and forests (−81%). Such negative
effects of knotweed on plant diversity are well known and have been recently compiled in
the review of Lavoie [12]: from 28 studies, 23 studies showed a negative effect of knotweed
on plant diversity, and two studies found a null effect. Functional diversity was also
reported to be lower in knotweed plots compared to control ones with a marked effect in
meadows comparted to in forested areas [35]. In all these studies, this loss of diversity
was coupled with a strong decrease in native plant cover and biomass [12]. In our study,
native cover dropped by 80% on average, but this negative impact was higher in open
habitat. Such Habitat × Knotweed interaction can be explained by the lowest ability of
meadows species to compete for light compared to forest understory species. Indeed, the
productivity, high stem density, and biomass (up to 13 times higher than the native one)
of knotweeds contribute to the suppression of native understory species by competition
for light and space [12]. In forest habitats, understory species are more adapted to low
light availability, and have developed strategies to avoid light competition (e.g., liana:
Hedera helix, Galium aparine), allowing them to climb over knotweeds. Thus, although
invasion by knotweed did not lead to a change in the total plant cover (when including
the contribution of knotweed), we can argue that knotweed invasion induced a strong
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alteration of habitat for soil fauna, with vegetation resource being less diverse and plant
ground cover architecture being extremely reduced, and made only of knotweed stems.
Indeed, knotweeds have shoots that can reach over 2 m in height, and these aerial parts
(stems and leaves) die back to the ground in autumn, producing a threefold increase in litter
amount compared to our control plots. This knotweed litter production (i.e., thickness)
was similar between our two habitats. As hypothesized, this increase in litter following
knotweed invasion was more significant in meadow habitats compared to forest habitats.
The litter of knotweeds generally decomposes 3–4 times slower than litter of native species
([36], measurements in meadows) and is commonly of lower quality than the litter of
the displaced plant species, thus potentially altering the nutrient cycling of the invaded
ecosystems [37–39]. Most of the soil variables we measured responded to the knotweed
invasion; for example, nitrate available for plants strongly increased in the invaded sites
in meadow habitats and C:N ratio was highest in invaded forest habitats. Similarly to
Stefanowicz et al. [40], our soils from forest-invaded plots had a much lower microbial
biomass than soils from uninvaded plots. It is, therefore, possible that knotweed affects
microbial biomass through competition for N due to the increase in soil C:N ratio, and/or
through allelopathy on microbial communities, which may ultimately cascade through
Collembola and Nematoda groups feeding on these microorganisms. Knotweed invasion
altered soil properties and simplified the habitat structure for soil fauna, but this effect is
highly habitat dependent.

4.2. Knotweed Effects on Collembola

Overall, the presence of invasive knotweed led to reduce the total number of Collem-
bola. Furthermore, as hypothesized, this negative effect was habitat dependent (significant
interactive terms of Knotweed × Habitat) with an opposite response pattern of invasion in
forests, where half of the Collembola disappeared compared to the invasion in meadows,
with an increase in collembolan abundance of about 41.8%. The importance of habitat
characteristics or ecosystem type in invasion ecology was previously highlighted by other
authors such as McCary et al. [7] and Liebhold et al. [41], suggesting that IAP rather indi-
rectly influence soil fauna through modifications/alterations of environmental variables
that may or not differ according to habitat type. Interestingly, this habitat-dependent
differential response to the invasion of total Collembola was expressed by two of the
three collembolan life-forms, the most and the less abundant, i.e., the hemiedaphic and the
epedaphic, respectively. By contrast, the euedaphic species living deep in the soil were not
significantly influenced by the presence of knotweed. This validates our hypothesis that
collembolan species have contrasting responses to knotweed invasion according to their
life-forms and that these responses were driven by contrasting ecological factors among
different functional groups. Interestingly, euedaphic species not influenced by the presence
of knotweed are assumed to be K-strategists and, therefore, more sensitive to changes in en-
vironmental conditions than r-strategists, such as epedaphic species [16] which can rapidly
adapt to a fluctuating environment. Knotweed invasion strongly affects the vegetation com-
munity by changing the habitat for topsoil-living Collembola species, i.e., epedaphic and
several hemiedaphic Collembola. Several studies previously highlighted the importance of
vegetation community structure and composition as drivers of Collembola life-forms abun-
dance [22,42]. Changes deeper in the soil, such as organic matter content or pH, may be less
important or may take more time to occur, and therefore be less important for euedaphic
species that are used to coping with organic matter that is already processed. For example,
euedaphic Collembola were shown to be much less reactive than epedaphic or hemiedaphic
species to understory vegetation changes during forest clear-cutting [43]. From our results,
it is clear that knotweed invasion in meadows led, first, to unfavorable habitat conditions
or a trophic niche for epedaphic Collembola, and, second, to the promotion of hemiedaphic
species. In contrast, in forests, the opposite pattern was found for the hemiedaphic species,
and no response was found in the epedaphic Collembola. Although we do not have a clear
explanation for the mechanisms behind these contrasting patterns, we can hypothesize that
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epedaphic species living in meadows, in contrast to species living in forests, are not used
to dealing with a large amount of litter in autumn. Additionally, this monospecific litter
also presents contrasted functional leaf attributes compared to monocotyledons leaves that
are dominant in meadows. The presence of knotweed in meadows is radically changing
the topsoil habitat with a high amount of litter. This may also have a strong effect on the
available trophic resources for Collembola. The different collembolan life-forms are known
to have distinct trophic regimes and this may also partly explain their differential responses
to knotweed invasion in different habitat types [17]. Changes in abiotic variables, such
as nitrate or soil humidity, are also more important in post-invasion meadows than in
post-invasion forests, possibly affecting epedaphic and hemiedaphic species. Furthermore,
we cannot exclude that secondary compounds released by knotweed roots or litter may
differently interact with soil components in a forest or in a meadow soil, according to their
chemical nature and/or physical matrices. Plant exudation is known to be controlled by soil
abiotic variables such as pH, temperature and humidity [44]. Regardless of the underlying
mechanisms, however, changes in abundance of ep- and hemiedaphic species a few years
after invasion may have considerable functional implications for soil processes. Surface-
dwelling species have been shown, for example, to significantly enhance decomposition
rates by facilitating the microbial use of organic matter [45–47].

4.3. Knotweed Effects on Nematoda

Overall, the total abundance of Nematodes we found in our study is comparable to
abundances found in other studies reporting on riparian habitats in both forests or mead-
ows [48–51]. The total abundance of Nematoda did not respond to the ingress of knotweed,
regardless of the initial habitat structure. The abundance of total Nematodes seems to be
positively correlated with plant species’ richness and soil fungal biomass (i.e., ergosterol).
We could not find any study in the literature reporting results on nematode abundances in
the context of knotweed invasion. However, Abgrall et al. [13], in a microcosm experiment,
found the total nematode abundance to significantly respond to knotweed rhizome extract;
however, the direction of the effect (positive, neutral or negative) was dependent on the
concentration of the rhizome extract, making a generalization difficult. Furthermore, Mc
Cary et al. [7] and Abgrall et al. [8], in two meta-analyses, found the effect of invasive alien
plant species on belowground fauna to depend on the feeding regime of the soil faunal
group considered. Therefore, the lack of general effect on Nematodes in our case is not
surprising, as Nematodes encompass a wide array of different trophic groups spanning
from root herbivores to predators. Separating Nematodes into trophic groups helped us
to reveal that plant feeders were the only trophic groups influenced by the invasion of
knotweed, with their populations being strongly impoverished after knotweed invasion,
either in forest or in meadow habitats. Plant feeders are primary consumers and have direct
relationships with alien plant roots in the context of invasion. There is evidence for a high
level of specificity aboveground, with over 90% of insect herbivores, for example, that feed
only on plants belonging to a single genus or family [52]. Accordingly, McCary et al. [7]
found that the abundance of aboveground herbivores declined in invaded areas dominated
by one plant species, limiting the choice of resources for herbivores. Our results support
this point of view. Furthermore, Asian knotweeds are known to deliver complex secondary
metabolic compounds such as catechin or trans-resveratrol, which are known as being
allelopathic [53–55]. Knotweed root systems consist of strong rhizomes with only a few
fine roots. Both aspects (root architecture and release of allelopathic compounds) are likely
to limit the accessibility of roots by plant feeders, explaining their strong decrease observed
in our study. The decrease in microbial biomass observed in invaded plots compared to
control plots did not lead to a significant decrease in microbivorous Nematodes, either
bacterial or fungal feeders, even if a clear negative trend was observed, with a five-fold
decrease and a three-fold decrease in bacterivores and fungivores in invaded plots com-
pared to controls (forests and meadows merged together), respectively. Unfortunately,
the statistical power was probably too weak to enable us to reveal statistical differences
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between treatments in this case. Finally, abundances of predators were relatively constant
between all situations, supporting the idea that higher soil faunal trophic groups are less
impacted than basal ones by the invasion of a plant species [8]. Brousseau et al. [35], at
the same sites, also found that the lower species and functional diversity of plants in
knotweed plots did not markedly cascade to the macrodetritivores and predators at either
the taxonomic or the functional level. They also demonstrated that knotweed strongly
reduced the trait matching (i.e., correlation between traits) between the functional diversity
of detritivores and predators. Furthermore, a meta-analysis by Zhang et al. [56] showed
that the effects of invasive plants can be separated into litter-based effects and rhizosphere
effects, even though both compartments can facilitate plant invasion through positive
feedback of nutrient cycling in soil systems. According to their research, invasive plant
litter increases the abundance of aboveground decomposers, whereas the roots of invasive
plants have a negative impact on belowground herbivores and predators. The latter also
undergo changes in habitat structure due to the knotweed’s rhizomes [57].

5. Conclusions

Further investigations are needed to clearly identify the abiotic or biotic factors re-
sponsible for changes in Collembola and Nematoda communities after knotweed invasion.
However, our findings support the conclusions of previous studies by demonstrating
that soil fauna abundance is impacted by plant invasions [58–60], with the initial habitat
structure as a strong moderator of knotweed presence outcome [8]. Responses within
the soil fauna also differ between trophic levels and life-forms, potentially leading to
different food-web structures and performances. Our results reveal the need to further
investigate belowground response to IAP because, in the context of biological invasions,
the importance of plant species’ identity and composition as drivers of soil biodiversity is
predominant [6,61]. This is most likely explained by trait differences between plant species,
which can determine litter quality and physical structure, with subsequent consequences
for trophic resources and microhabitat conditions [6,62].
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