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Abstract

Plant-soil feedback (PSF) is a fundamental mechanism explaining plant community composition.
Two-phase experiments, i.e. conditioning and feedback, represent a common methodology to
study PSF. The duration of the conditioning phase varies among studies and the PSF observed is
often explained by its biotic component. Little is known about the temporal variation of PSF and
its abiotic component. As early life stages are crucial for plant establishment, we grew Rorippa
austriaca in soil conditioned over 2, 4, 6 or 8 weeks by a conspecific or a co-occurring species,
Agrostis capillaris. For each conditioning duration, we analysed the soil chemical properties and
the direction and intensity of intra- or inter-specific feedbacks. With increasing duration, the
negative intra- and inter-specific feedbacks became stronger and weaker, respectively. The
interspecific feedback was more negative than the intraspecific at 2 weeks and this reversed
thereafter. The Mg content decreased with conditioning duration whatever the conditioning
species was. With increasing duration, conditioning by R. austriaca strongly decreased pH, while
A. capillaris did not affect pH. The K and P contents were not affected by the conditioning
duration and were higher in R. austriaca soil than in A. capillaris soil. Our results suggest that
not only conditioning species but also duration of conditioning phase may affect the magnitude of
PSF. The changes in soil chemical properties linked to the conditioning species or the
conditioning phase duration may drive the feedbacks by affecting plant growth directly or via the

interacting microbial communities.
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Introduction

Plant-soil feedback (PSF) represents the abiotic and biotic changes brought to the soil by the
plant that alter subsequent plant growth (Kulmatiski et al. 2008). By releasing diverse carbon-
derived compounds from the roots (Bais et al. 2006) or selectively depleting the soil nutrients
(Schenk 2006), the plant modifies the soil chemical properties (Hemrova et al. 2016). The biotic
component of the soil affected by the plant consists of soil communities including symbiotic
microbes, pathogens and mutualists (Reynolds et al. 2003; Stinson et al. 2006; Mangla et al.
2008; Lankau 2013). Their abundance (Hendriks et al. 2015) and composition (Klironomos 2002;
Bezemer et al. 2006; Teste et al. 2017) depend on plant species.

These changes of soil properties caused by the plant will, in turn, alter the growth of the
individual itself or other individuals of the same species (called intraspecific feedback) or that of
another species (called interspecific feedback) (van der Putten et al. 2013). Both intra- and inter-
specific feedbacks could have neutral, negative or positive effects on plant performance. In the
field, the intra- and inter-specific feedbacks can be observed by assessing plant traits related to
performance (Bukowski and Petermann 2014) or abundance (Hemrova et al. 2016) of a plant
species growing near conspecific individuals and heterospecifics, respectively. The feedback
through abiotic changes can indirectly affect the growth of neighbouring plants by modifying the
availability of soil resources (Craine and Dybzinski 2013; Trinder et al. 2013) or the soil
communities (Ranjard and Richaume 2001) or directly by the release of allelopathic substances
(Kruse et al. 2000; van Grunsven et al. 2007). The feedback through biotic changes was
previously demonstrated for invasive species that modify the abundance and composition of
symbiotic communities interacting with local species (Hawkes et al. 2006). This may lead to
negative effects on growth of native species (Stinson et al. 2006). Consequently, the PSF can

impact plant abundance (Klironomos 2002; Hemrova et al. 2016), diversity (Klironomos 2002),
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invasion potential (Dostalek et al. 2016), plant persistence (Bever 2003) and succession dynamics
(Kardol et al. 2007; Fry et al. 2017). Thus, it is a fundamental ecological mechanism explaining
the composition and dynamic of plant communities (Kardol et al. 2013).

The strength and direction of the feedback (Kardol et al. 2013) may vary according to the
developmental stage of the plant inducing the changes in the soil. Indeed, the plant’s acquisition
and allocation of resources depends on developmental stage (Kardol et al. 2013). Thus, the
amount and composition of carbon compounds released into the soil (Kuzyakov and Domanski
2000; Bardgett et al. 2005) and level of nutrient intake (Schenk 2006) change over plant life. The
developmental stage of the plant (Bardgett et al. 2005; Philippot et al. 2013; Balasooriya et al.
2014) can therefore also affect the microbial communities. For example, Mougel et al. (2006)
showed that the intensity of symbiotic associations was higher at the flowering stage than at the
vegetative stages for the legume Medicago truncatula. In line with this, Houlden et al. (2008) and
Micallef et al. (2009) found that bacterial diversity and activity was more important in the
rhizosphere of mature plants than near seedlings.

In order to study the PSF in the greenhouse, it is necessary to simulate the two phases that
compose it. Firstly, the conditioning phase during which a plant modifies the abiotic and biotic
components of the soil around its root system. Secondly, the feedback phase where the altered
soil properties affect the growth of conspecific or heterospecific individual. Use of two-phase
experiments, consisting of conditioning and feedback phase, is a common technique to study the
intensity of PSF both at the intra- and inter-specific level (e.g., Kulmatiski et al. 2008; Kulmatiski
and Kardol 2008; Brinkman et al. 2010). In these experiments, soil is cultivated for a given
species for a set period of time during the conditioning phase. Afterwards, the plant is harvested

and the same or another plant species is then planted into this conditioned soil to realize the



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

feedback phase. The plant performance in the conditioned soil is then compared to the
performance in the unconditioned soil to assess the feedback intensity.

The conditioning is therefore a fundamental phase of the experiment allowing the
establishment of the PSF of interest and its duration could affect the direction and intensity of the
resulting feedback (Kardol et al. 2013). Several previous studies assessed the effect of time in the
PSF experiments. Some, e.g. Hawkes et al. (2013), focused on the duration of the feedback phase
and not of the conditioning phase. Studies exploring the duration of the conditioning phase did so
in the field through the study of species, generally invasive, introduced for a different period of
time in a new area (Diez et al. 2010; Dostal et al. 2013; Speek et al. 2015). They have shown that
the longer the conditioning time, i.e. the residence time since the non-native species was
established in a new area, the stronger the negative intraspecific feedback, i.e. effect of non-
native species on conspecifics, (Diez et al. 2010; Speek et al. 2015) and the weaker the
interspecific feedback, i.e. effect of non-native species on native ones, (Dostal et al. 2013). Such
studies were performed with long durations, i.e. at least 10 years of conditioning, which allows
the establishment of all the mechanisms that shape the plant communities. In greenhouse
experiments, different studies are using different length of the conditioning phase lasting from six
weeks (Speek et al. 2015) to 96 weeks (Bezemer et al. 2006; Miinzbergova and Surinova 2015).
However, no studies assessed the effect of variation of the conditioning duration, over short
durations, on feedback intensity and direction. Indeed, short durations correspond to the crucial
step in the individual plant establishment and further plant performance (van der Heijden 2004).

Synthetic studies characterising mechanisms responsible for PSF and their dynamics
across short temporal scales highlighted the need to understand the links between plant
performances and the shifts in abiotic soil conditions (Kulmatiski and Kardol 2008; Kardol et al.

2013). However, the majority of studies about PSF observed the direction and magnitude of
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feedback without characterizing the mechanisms (Diez et al. 2010; Dostal et al. 2013; Hawkes et
al. 2013; Speek et al. 2015). When exploring the mechanisms responsible, most studies focused
on the biotic component of PSF (Micallef et al. 2009) and specifically the symbionts (Klironomos
2002; Reinhart et al. 2005; Kuebbing et al. 2015). Finally, the studies including the abiotic
component of PSF did not take into account the dynamical aspect of PSF and thus the changes in
the intensity of PSF over time (Bezemer et al. 2006; Hendriks et al. 2013; Miinzbergovéa and
Surinova 2015; Dostélek et al. 2016). To our knowledge, no studies assessed the changes of soil
chemical characteristics across time during the conditioning phase and explored, how these
abiotic changes may affect the PSF in the feedback phase. Little is thus known about the temporal
changes in soil properties that could play a fundamental role in the explanation of PSF by acting
directly or indirectly, via microbes.

The aim of this study was to assess the effect of the conditioning duration on the PSF and
its abiotic component. To do this, we used a two-phase experiment and modulated the duration of
the conditioning phase. We chose a potentially invasive species, Rorippa austriaca and a co-
occurring grass species, Agrostis capillaris as the models. In its native range, R. austriaca is
known to have a negative intraspecific feedback and also a negative interspecific feedback on A.
capillaris (Dostalek et al. 2016). Dostéalek et al. (2016) hypothesised that these negative
feedbacks could be linked to modifications of soil nutrients but they did not study them. Thus, we
conditioned soil by R. austriaca or A. capillaris, for 2, 4, 6 or 8 weeks and measured chemical
characteristics of the soil after the conditioning phase. Within the second phase, i.e. feedback, we
grew R. austriaca in the conditioned soils for 8 weeks, and evaluated the direction and intensity
of intra- or inter-specific feedbacks. Specifically, we wanted to answer the following questions:

1) What is the effect of duration of the conditioning phase on the results of PSF experiments?, 2)
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Does the effect of time depend on the conditioning species?, 3) Can we explain the effect of time
by changes in the chemical composition of the soil?

We predicted, that the negative intraspecific feedback previously observed by Dostalek et
al. (2016) could become stronger with the increase in the conditioning duration. Indeed, if the
negative feedback is due to modification of soil nutrients (Dostalek et al. 2016) as previously
found for other species (Gémez-Aparicio and Canham 2008), we hypothesised that these changes
could be accentuated with time. As both species co-exist in the field, we expected also a negative
feedback of A. capillaris on R. austriaca. This could prevent A. capillaris from being
outcompeted by R. austriaca. Finally, we anticipated that the negative feedback could be

mediated by depletion in soil nutrients (Kourtev et al. 2003; Meisner et al. 2012).

Material and Methods

Studied species

Rorippa austriaca is a polycarpic herbaceous perennial plant species with a semi rosette growth
form and relatively deep storage roots (Oberdorfer 1990). It reproduces by clonal growth with
lateral roots, i.e. can regenerate from root fragments (Dietz et al. 2002). It is an obligate
outcrossing species (Bleeker and Matthies 2005) able to reproduce via seeds, but the seed
production is very limited and most of the reproduction is vegetative (Dietz et al. 2002). The
species occupies diverse habitats comprising soils with high or low level of nutrients such as
loamy and sandy soils, respectively (Dostalek et al. 2016). R. austriaca can be found in early
successional habitats as well as in habitats with high cover of other vegetation (Dietz et al. 2002).
The species is native to western Asia and south-eastern Europe (Jonsell 1973) including our study
area in the Czech Republic. In the past few decades, it started expanding and has become

invasive in Germany and Netherlands (Bleeker 2003; Tamis et al. 2005; Macel et al. 2017) and
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further in North America (Muller 2009). For this study, we used 25 clones of R. austriaca
collected from five populations, i.e. five clones per population, from the native range of the
species in the Czech Republic. The five clones per population were considered as five replicates
for each population, further called the 25 R. austriaca clones. These were collected for a previous
study (see Dostélek et al. 2016). The plants were cultivated in the experimental garden of the
Institute of Botany, Academy of Sciences of the Czech Republic since 2011.

Agrostis capillaris is a species commonly co-occurring with R. austriaca and was used as
a second model. A. capillaris is a rhizomatous perennial grass often forming dense, almost
monospecific stands (Ruemmele 2003). It reproduces clonally from short rhizomes and stolons or
via seeds through cross-pollination (Rajasekar et al. 2007). It mainly occurs on nutrient-poor soils
(Newbery et al. 1995). The native range of the species is similar to that of R. austriaca and the
species is now distributed worldwide (Rajasekar et al. 2007).

As the establishment from root fragments is a common way of reproduction of R.
austriaca after disturbance, we used root fragments of R. austriaca for our experiment. In
contrast, A. capillaris produces high quantity of viable seeds and we thus used seeds for this
species. R. austriaca is naturally a bigger species than A. capillaris (personal observation).
Consequently, thanks to a previous experiment conducted with the same species (see Dostélek et
al. 2016), we adapted the number of seeds of A. capillaris added in each pot in order to obtain
approximately equivalent biomasses per pot, over the growth, compared to R. austriaca. This
aimed to limit the fact that the effects of both conditioning plants on soil are mainly due to a
difference of biomass.

A. capillaris belongs to Poaceae known for their facultative interactions with arbuscular

mycorrhizal fungi (AMF) (Javaid 2008; Dostalek et al. 2013), while R. austriaca belongs to
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Brassicaceae that are not AMF-dependent (Miller 2009). The symbiotic status of both species

could play arole in the explanation of feedbacks.

Experimental design

We used a standard two-phase experiment, consisting of conditioning and feedback phase, as
suggested by Brinkman et al. (2010). For the conditioning phase, we used square pots (16 x 16 x
16 cm large) filled with a 1:1 mixture of common garden soil and sand. The common garden soil
was a compost naturally containing soil microorganisms. This mixture was previously analysed
and contained 0.7% C, 0.07% N and P in amount of 23 g/1000 g of soil dry weight (data not
published). When setting up the experiment, in April 2013, 225 pots were prepared and filled
with the substrate. We used one root fragment (4 cm long and 0.2-0.4 cm in diameter, planted 1
cm deep) from each of the 25 R. austriaca clones and planted it into one of the pots at the
beginning of the experiment. These 25 pots corresponded to the conditioning duration of 8
weeks. The other pots, without plants, were kept in the same environmental and watering
conditions as the pots for 8 weeks. In the same way, we planted 25 R. austriaca clones into these
empty pots after 2, 4 and 6 weeks. Eight weeks after planting the first fragments, the conditioning
phase was terminated. In this way, we obtained soils conditioned by R. austriaca (further referred
to as R. austriaca soil) for 2, 4, 6 and 8 weeks. At each time period, we also sew 25 pots with
seeds of A. capillaris (0.1 g of seeds per pot, i.e. about 100 seeds, from a local seed provider

www.plantanaturalis.com) and thus also obtained soils conditioned by A. capillaris (further

referred to as A. capillaris soil) for 2, 4, 6 and 8 weeks. The remaining 25 pots were left without
any plants as controls. All the pots, including the empty ones, were left in the experimental

garden during the 8 weeks, regularly watered and weeded.


http://www.plantanaturalis.com/

189 When terminating the conditioning phase of the experiment, in June 2013, all the plants
190 including their roots were carefully removed from the soil. The soil from the 25 pots conditioned
191 by the same species for the same period of time or unconditioned pots was mixed. While mixing
192  was criticized by Reinhart and Rinella (2016), Cahill et al. (2017) suggested that the soil must be
193  mixed if we aimed to study the overall effect of the species R. austriaca and A. capillaris in their
194  native range rather than studying the effect of the population or the genotype selected. Moreover,
195 the growth of the plants was uneven with large or small plants for R. austriaca and many or few
196  seedlings for A. capillaris. Thus, by mixing the soil we ensured that the soil used for the feedback
197  phase experienced the same intensity of conditioning. In this way, we obtained 9 soil mixtures
198  (soil conditioned by A. capillaris for 2, 4, 6 and 8 weeks, soil conditioned by R. austriaca for 2,
199 4, 6 and 8 weeks and unconditioned soil). From each soil mixture, we took three soil samples of
200 10 g for subsequent soil analysis (see below).

201 To set up the feedback phase, each soil mixture was filled into 25 pots (16 x 16 x 16 cm
202 large) in June 2013. One root fragment of each of the 25 R. austriaca clones (4 cm long and 0.2-
203 0.4 cm in diameter) was planted into one pot for each soil mixture, resulting in 25 R. austriaca
204  clones x 9 soil mixtures, i.e. 225 pots in total. We only used a single species in the feedback

205  phase as we primarily attempted to study different durations of the conditioning phase and

206  wanted to keep our experiment within reasonable limits. We selected R. austriaca for the

207  feedback phase as it has previously shown stronger intraspecific feedback than A. capillaris

208  (Dostalek et al. 2016). The plants were grown for 8 weeks in the experimental garden. The pots
209  were regularly watered and weeded. At the end of the feedback phase, in August 2013, all the
210  plants were harvested. Above- and below-ground parts of the plants were separated, dried to a
211  constant weight and weighted.

212
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Chemical composition of the soil

To test if the differences in plant growth in soils conditioned for a different period of time could
be explained by differences in their chemical composition, we analysed pH(H20) and the content
of total nitrogen (N), total carbon (C), calcium (Ca), magnesium (Mg), potassium (K) and
exchangeable phosphorus (P) in the soils. Note that we only measured total content of N and not
the available N as our analyses were done from air dried soil and the latter would not be reliable.
The three soil samples from each mixture (see above) were sieved through a 2-mm sieve and
analysed, i.e. 27 measures in total (9 soil mixtures x 3 samples per mixture). We analysed the soil
after the conditioning and not after the feedback phase as we attempted to use conditions at the
end of the conditioning phase, i.e. at the start of the feedback phase, as explanation of plant
growth in the feedback phase. The analyses were done in the Analytical Lab of the Institute of
Botany, Academy of Sciences of the Czech Republic. The methods used for the analyses are

described in detail in Raabova et al. (2008).

Data analysis

To assess the growth response of the plant to the conditioned soil, we calculated the PSF index
for each individual plant collected at the end of the experiment. We used formula of Petermann et
al. (2008): In (x/s), where y is the biomass of a plant growing in a soil conditioned by a certain
treatment and s is the mean biomass of plants growing in unconditioned soil of the same
treatment. An index value greater than zero indicates a positive feedback, while a negative value
indicates a negative feedback. The PSF indices were calculated separately for above- and below-
ground biomass. We performed t-tests to check if the PSF for each treatment differed from zero.
We used generalized linear models to explain the PSF indices by taking the conditioning species

(R. austriaca or A. capillaris), the duration of the conditioning phase (2, 4, 6 or 8 weeks), the
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population of R. austriaca cultivated in the feedback phase (five populations each represented by
five clones, see above) and their interactions as independent variables. The pair-wise differences

in the duration of the conditioning phase were analysed for each conditioning species separately

with Tukey-Kramer HSD tests.

We performed redundancy analyses (RDA) to describe changes in all the chemicals
together. Redundancy analysis is a constrained ordination, based on multivariate linear models,
determining how much of the variation in the set of dependent variables (the chemical properties)
can be explained by the set of independent variables (species, duration and their interaction)
(Ramette 2007). Because the chemical properties were measured in different units, they were
centred and standardized, i.e. scaled by their standard deviations, before the analysis. To test if
the chemical properties were affected by the species, the duration or their interaction, we used
permutation tests with 999 permutations. We also analysed separately each chemical element.
Thus, the differences in soil chemical properties after conditioning phase were tested with two-
way ANOVA using the pH(H20) and nutrient contents (N, C, Ca, Mg, K, P) as dependent
variables and the conditioning species, the conditioning duration and their interaction as
independent variables. To take into account the multiple testing, we used the Bonferroni
correction and considered significant the p-values < 0.007 (standard p-value 0.05 divided by
seven, which is number of variables expressing soil chemical properties). This correction allows
to correct the p-values and avoid type | error (i.e. incorrect rejection of the null hypothesis). We
used it because the same null hypothesis, i.e. no differences between both conditioned soils, was
repeatedly used, with two-way ANOVA, on seven soil chemicals (Cabin and Mitchell 2000).

The relationship between the PSF indices and each chemical element was tested by
generalized linear model using the PSF indices as dependent variables and the chemical

properties, the species, the duration and their interactions as independent variables.
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Normality and variance equality of the dependent variables were tested by Shapiro-Wilk
and Bartlett tests, respectively. The conditioning duration was used as a continuous variable in all
above described tests. The statistical analyses were performed using the statistical software JMP
7 (SAS Institute, Cary, NC) and R version 3.3.2 (R Development Core Team, R Foundation for

Statistical Computing, Vienna, Austria) with an alpha level of 0.05.

Results
Direction and intensity of PSF
The PSF indices were calculated from the above- and below-ground biomass that were on
average of (mean = SE) 0.43 £ 0.25 and 0.91 £ 0.60 g, respectively, for R. austriaca, and 0.62 +
0.42 and 1.31 £ 0.64 g, respectively, for A. capillaris (Online Resource 1). Both PSF indices were
affected by the interaction between the conditioning duration and the conditioning species (Table
1). After 2 weeks of conditioning, the PSF for aboveground biomass was significantly more
negative in A. capillaris soil than in R. austriaca soil, while this trend was reversed after 6 weeks
of conditioning (Fig. 1a). For belowground biomass, the PSF index in R. austriaca soil, from 4
up to 8 weeks of conditioning, was significantly more negative compared with A. capillaris soil
(Fig. 1b). Concerning the effect of the conditioning species alone, both PSF indices for
aboveground and belowground biomass were affected (Table 1, Fig. 1). The feedbacks were
more negative in R. austriaca soil compared to A. capillaris soil. The conditioning duration alone
had a significant effect on the PSF for belowground biomass (Table 1). Such a result was
explained by the PSF in R. austriaca soil, because the duration did not affect the PSF in A.
capillaris soil (Fig. 1b).

The PSF indices were also affected by the population of R. austriaca cultivated during the

feedback phase (Table 1). The PSF for aboveground was significantly positive for one population
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but negative for the others (Online Resource 2). The PSF for belowground was neutral or

significantly negative depending on the population (Online Resource 2).

Soil chemical properties
The RDA analysis revealed that the conditioning species as well as the conditioning duration and
their interaction had a significant effect on soil chemistry (all p-values < 0.003). The conditioning
species, conditioning duration and their interaction explained 25%, 19% and 13% of the total
variance, respectively.

When tested separately, the conditioning species significantly affected the pH and K and
P contents, while the conditioning duration significantly affected the pH and Mg content (Table
2). The total N, total C and Ca contents were not significantly affected by any of the independent
variables tested (Table 2). R. austriaca soil was characterized by lower pH (R. austriaca; 8.03 +
0.03, A. capillaris: 8.16 £ 0.01, mean + SE) and higher K and P contents (R. austriaca soil: K:
126.8 + 3.5 mg kg, P: 48.4 + 0.4 mg kg?, A. capillaris soil: K: 99.5 + 4.1 mg kg?, P: 45.4 + 0.7
mg kg?, mean + SE) compared to A. capillaris soil. Globally, the pH and Mg content decreased
with time (Fig. 2). The interaction between the conditioning species and the conditioning duration
significantly affected the pH (Table 2). With the increase in the conditioning duration, pH

strongly decreased in R. austriaca soil compared to the control and A. capillaris soil (Fig. 2a).

Link between PSF and soil chemistry

The PSF indices for aboveground and belowground biomass were marginally positively
correlated with the Mg content (above- and below-ground: R? = 0.04, y?> = 3.72, p = 0.05 and R? =
0.09, x> = 3.74, p = 0.05, Online Resource 3, see also Fig. 2b), but were not correlated with any

other chemical soil properties (p > 0.06 in all cases).
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Discussion
We demonstrated that the duration of the conditioning phase modified the magnitude of PSF to a
greater or lesser extent depending on the conditioning species. Furthermore, some changes of soil

chemical characteristics were linked to the species and the duration of the conditioning phase.

Intra- and inter-specific PSF and conditioning duration
The negative feedback on R. austriaca biomass during the feedback phase in R. austriaca soil
was consistent with a previous study showing that R. austriaca from its native range inhibited its
own growth (Dostélek et al. 2016; Macel et al. 2017). Macel et al. (2017) hypothesised that in its
native range, R. austriaca massively invested in defence and in production of allelopathic
substances to the detriment of its growth. In addition, we demonstrated a neutral or negative
feedback on R. austriaca in A. capillaris soil. Although A. capillaris does not improve and
sometimes even restricts the growth of R. austriaca, the two species co-exist in the field
(Dostalek et al. 2016). The PSF indices were more negative after intraspecific than after
interspecific conditioning. This is in line with other studies showing that intraspecific feedback
tends to be more negative than interspecific, at least in the native species (van Grunsven et al.
2007; Kulmatiski et al. 2008; Hendriks et al. 2013, 2015; Hemrova et al. 2016). This
phenomenon may explain maintenance of species diversity in plant communities (Bever 2003).
Indeed, by inhibiting their own growth, this allows other species, including subordinate ones
(Kardol et al. 2006), to settle in the same range, promoting plant coexistence (Kulmatiski et al.
2008; Kulmatiski and Kardol 2008).

The magnitude of intraspecific and interspecific feedbacks was also affected by the

duration of the conditioning phase. In soil conditioned by R. austriaca, the PSF indices tended to
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become more negative, up to a maximum at six weeks. These results highlight the fact that R.
austriaca inhibited its own growth to a lesser extent after two weeks than during the rest of its
development. This weaker negative feedback at the beginning of growth was already noticed in
studies about the ability of R. austriaca to become invasive in other areas (Bleeker and Matthies
2005; Meisner et al. 2012; Dostélek et al. 2016; Macel et al. 2017). Moreover, at six weeks, the
strong negative intraspecific feedback was particularly visible at the belowground biomass level.
It has been demonstrated that the capacity of R. austriaca to become invasive is due to its high
ability to regenerate clonally (Dietz et al. 2002), thanks to higher investment in root growth in
invasive ranges compared to native ones (Meisner et al. 2012; Dostélek et al. 2016).
Consequently, we can suppose that the negative feedback on belowground biomass could prevent
R. austriaca in its native range from becoming dominant in the plant community.

In soil conditioned by A. capillaris, the effect of conditioning duration was visible by
comparing the PSF indices between two weeks and the other durations. The most striking effect
was the strong reduction of R. austriaca aboveground biomass at two weeks. We can hypothesise
that this could be due to presence of AMF symbionts interacting with A. capillaris. Indeed, A.
capillaris associates with AMF (Sudova et al. 2008), which play an important role during the first
stages of plant growth (Ehlers 2011). Conversely, R. austriaca belongs to the Brassicaceae and is
not associated to AMF (Miller 2009). Thus, in A. capillaris soil, the R. austriaca growth could
be restricted by the presence of AMF that reduced the soil resources available for R. austriaca.
Indeed, some studies demonstrated that the mycorrhizal symbionts can colonize Brassicaceae
without a mutual interaction (Regvar et al. 2003), which could lead to a cost for the plant
(Cipollini and Cipollini 2016).

The different effect of time after conditioning by the two species may be partly caused by

the fact that the conditioning species were added in a different form, i.e. root fragments or seeds.
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Since the plant developmental stage played a role in the dynamic of PSF (Kardol et al. 2013), we
can wonder if such differences between intra- and inter-specific feedbacks could result from
distinct developmental stages rather than effect of the conditioning species. Although we cannot
exclude such a hypothesis, we assumed that the differences between species prevailed to the
effect of developmental stage. As a supporting evidence, our results highlighted the fact that the
conditioning duration mainly affected intraspecific feedback. Indeed, as the PSF is considered as
species-specific (Cortois et al. 2016), we can suppose that the physiological changes of the plant
during its growth could affect the soil abiotic and biotic factors in a way affecting itself more than
another plant species. In addition, such a bias could only be minimized by beginning this
experiment with two species at a same developmental stage because the plant developmental
rhythm (Baxendale et al. 2014) and the soil abiotic and biotic changes occurring during plant
development are species-specific (Bezemer et al. 2006). Moreover, the effect of different form of
addition could be related to the fact that the two species achieved different biomass in different
time periods. Thus, R. austriaca is naturally a bigger species than A. capillaris and we assumed
that the plant will affect the soil proportionally to its biomass. Indeed, Schwinning and Weiner
(1998) emphasized that plant size proportionally influenced nutrient uptake by the plant.
However, we had, in reality, one R. austriaca individual or many A. capillaris seedlings in a pot
resulting in comparable above- and below-ground biomass per pot for the two species. By this
way, we minimized the fact that the soil modifications could be biomass-dependent (see Dostalek
et al. (2016) for identical method). Nevertheless, these aspects should be kept in mind and the
comparison between intra- and inter-specific feedback should be considered carefully in our
experiment.

We also noticed that the populations of R. austriaca, which had distinct genotypes

(Dostalek et al. 2016), differed in their PSF during the feedback phase. Several previous studies
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suggested that the PSF could also be genotype-specific (Schweitzer et al. 2008; Hovatter et al.
2013; Haney et al. 2015; Pieterse et al. 2016). This could result from the strong link between
plant, soil and microbes, which led to a tight local adaptation of genotypes (Rengel and
Marschner 2005; Pankova et al. 2008; Pregitzer et al. 2013; Pankova et al. 2014). Consequently,
the regulation of soil nutrient pool and soil processes over plant growth is genotype-specific
(Pregitzer et al. 2013). This could explain the distinct feedbacks, in term of magnitude and

direction, between genotypes of R. austriaca even if they grew in the same conditioned soil.

Relationship between PSF and soil chemical properties

In our experiment, we did not measure the soil biotic mechanisms. We were therefore not able to
distinguish if the observed feedbacks were mediated by the abiotic or biotic changes of the
conditioned soils. However, we discussed the potential consequences of the abiotic changes on
the feedbacks and hypothesised how they could affect the PSF through biotic changes.

As each species can specifically affect the soil properties, we looked for explanations of
the PSF indices in the soil chemistry modified during the conditioning phase. The most striking
result was a strong decrease in pH in R. austriaca soil. Soil acidification by plants is a known
process (Ehrenfeld et al. 2005) that could disturb their own growth and that of other plants in a
direct or indirect way. For example, mosses in the genus Sphagnum that firstly establish on an
area, strongly acidify the soil, which prevents the establishment of vascular plant competitors
(van Breemen 1995). However, the effect of pH on plant growth could also be indirect when
mediated by soil communities as pH is one of the most important factor determining composition
of bacterial communities (Fierer and Jackson 2006; Lauber et al. 2008; Rousk et al. 2010a,
2010Db). Thus, some studies have shown that a low pH reduced soil nutrient mineralization by

microbes and so reduced the amount of nutrients available for the plants (Ehrenfeld et al. 2001,
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Jones and Jacobsen 2005; Rooney et al. 2013). In our study, the negative intraspecific feedback
experienced by R. austriaca in R. austriaca soil could be linked to the strong decrease in pH.

The other noticeable effect of the conditioning duration was a decrease in Mg content
occurring independently of the conditioning species. This could result from the use of this
element by the plants during their growth, through mineral weathering directly by plant or via
soil microbes that provide plant with Mg (Bolou-Bi et al. 2010). Moreover, we found a positive
relationship between the Mg content and the PSF indices in the feedback phase. As Mg is an
essential nutrient for plant metabolism (Bolou-Bi et al. 2010; Verbruggen and Hermans 2013),
the Mg decrease in the soil may partly explain the observed negative intra- and inter-specific
feedbacks.

Concerning the absence of significant changes in soil N over the experiment, it is
important to highlight that we only measured the total N content. This means that we had no
indication about mineral N concentration or N mineralization rate. Consequently, we did not
measure the N availability for plant in our conditioned soils. Indeed, we could hypothesise that
the negative intra- and inter-specific feedbacks could be mediated by a depletion in soil nutrients
over time, specifically N, one of the most limiting element for plant growth (LeBauer and
Treseder 2008). In line with this, previous studies have shown that invasive species may increase,
decrease or not affect the soil extractable N content which can negatively or positively affect the
intra- and inter-specific feedbacks (Ehrenfeld et al. 2001; Ehrenfeld 2003; Meisner et al. 2012).

Finally, the other effects on soil chemical properties depended only on the conditioning
species. Thus, the higher K content in R. austriaca soil was in accordance with the fact that R.
austriaca is a forb. Indeed, the forbs are highly dependent on K and enrich the soil in that
element (Bezemer et al. 2006). Potassium content is generally higher in forb monocultures than

in grass monocultures (Bezemer et al. 2006), which is congruent with our results. Soil
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conditioned by A. capillaris had lower P content than R. austriaca soil. This was in accordance
with our previous hypothesis about the presence of AMF that could negatively affect the growth
of R. austriaca in the feedback phase.

Our aim was to identify the link between soil chemical properties of the conditioned soil
and the PSF in the feedback phase with different conditioning durations. We noticed a negative
relationship between the conditioning duration and the Mg content. In our study, the low number
of samples used for the measurement of the chemical properties (three by conditioning duration)
comparatively to the samples used for the evaluation of PSF indices (25 by conditioning
duration) may be responsible for the absence of significant correlation between PSF and
chemistry. Another explanation for the absence of correlation between PSF and chemistry could
result from more complex relationships involving direct effect of soil chemistry on PSF or
indirect effect via other soil properties (Ehrenfeld et al. 2005). Indeed, a direct link between soil
chemical properties and PSF is hard to identify because the chemical properties interact in
complex pathways with the physical properties and the soil microbial communities (Ehrenfeld et
al. 2005). In addition, a delay can occur between the cause at the level of the soil chemical
composition and the response at the plant growth level, making the relationship more complex to
identify. For example, allelochemical components accumulate in soil which contributes to direct
negative feedback (Lankau 2010). Nevertheless, some microbes can progressively develop and
degrade these allelochemicals (Lankau 2010) or make them more toxic (Inderjit 2005).
Consequently, the results of PSF experiments may change according to the chosen timing.

Our findings demonstrated that the conditioning duration may influence the magnitude of
the PSFs. The conditioning species has also to be considered, because it interacted with the
conditioning duration. The soil chemical characteristics can be put in parallel with the PSFs even

though only marginally significant relationships have been demonstrated. Thus, future PSF
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studies using two-phase experiments should consider the duration of the conditioning phase.
Therefore, they should adapt the conditioning duration to the stage of plant growth of interest.
Further studies coupling abiotic soil properties and molecular analyses of soil microbial
communities over time could bring complementary information to explain the change in
magnitude of intra- and inter-specific feedbacks. Our findings may be relevant for studies dealing
with the mechanisms determining the invasive potential of exotic species depending on the
duration of growth of the native species in field conditions. It may also be important for studies

exploring species replacement along successional series.
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724  Table 1 Results of generalized linear models explaining the plant-soil feedback (PSF) indices
725  depending on the duration of the conditioning phase (Duration), the conditioning species
726  (Species), the population of Rorippa austriaca cultivated in the feedback phase (Population) and

727  their interactions

PSF index PSF index

aboveground belowground

biomass biomass
Source of variation df ¥ P a P
Species 1799 <0.001 22.77 <0.001
Duration 2.02 0.155 6.22 0.013

26.10 <0.001 12.74 <0.001
180.55 <0.001 23.35 <0.001
4.58 0.333 7.58 0.108
7.60 0.107 3.32 0.506
5.78 0.216 5.03 0.284

Species x Duration
Population
Population x Species

Population x Duration

A A A B = = =

Population x Species x
Duration

728
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Table 2 Results of two-way ANOVA examining the effects of conditioning species (Species),

duration of the conditioning phase (Duration) and their interaction on soil chemical properties. To

take into account multiple testing, Bonferroni correction was applied and significant p-values

adjusted: < 0.007, ** P <0.001, * P <£0.007, n.s. non significant with P > 0.007

pH(H.O) total N total C Ca Mg K EXCHANGEABLE
(%) (%) (mgkg?) (mgkg?)  (mgkg') P
(mg kg™)
Source of dad F P F P F P F P F P F P F P
variation
Species 57.1** 4.8n.s. 2.5n.s. 4.1 n.s. 5.0 n.s. 31.7 ** 19.2 **
Duration 445 ** 7.2n.s. 7.3 n.s. 7.2 n.s. 148 * 1.3 n.s. 1.7 ns.
Species x 33.9 ** 7.2n.s. 7.3ns. 3.1 n.s. 0.1 ns. 59 ns. 59 ns.
Duration
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Figure legends:

Fig. 1 The effect of the conditioning species (Agrostis capillaris or Rorippa austriaca) and the
duration of the conditioning phase on the plant-soil feedback (PSF) indices for a) aboveground
and b) belowground biomass. Bars represent means + SE (17 < n < 25). The filled triangles
indicate that the PSF significantly differs from zero after t-tests. Asterisks indicate that the PSF
indices are significantly different between the two conditioning species, after t-tests performed
for each duration separately. Significant differences in the PSF indices between the four durations
of the conditioning phase within A. capillaris and within R. austriaca are indicated by different

uppercase and lowercase letters, respectively, after Tukey-Kramer HSD tests

Fig. 2 The effect of the conditioning species (Agrostis capillaris or Rorippa austriaca) and the
duration of the conditioning phase on a) pH and b) Mg content. The grey and black dotted lines
indicate the mean and the standard error, respectively, for the control soil without plant. Bars
represent means + SE (n = 3). The empty triangles indicate that the value is significantly different
from the control soil without plant after t-tests. Asterisks indicate that the values of the chemical
element measured are significantly different between the two conditioning species, after t-tests
performed for each duration separately. Significant differences in the plant-soil feedback indices
between the four durations of the conditioning phase within A. capillaris and within R. austriaca
are indicated by different uppercase and lowercase letters, respectively, after Tukey-Kramer HSD

tests
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