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Plant competition belowground is a crucial factor that determines plant fithess and
shapes plant communities. It has been shown that roots possess the ability to recognize
between self and non-self individuals and modify their growth patterns accordingly.
Roots may also be further able to discriminate between kin and non-kin roots.
Competition is stronger with non-kin than kin neighbors, but whether root growth
patterns determined by kin interactions are modified in stressful environments is largely
unexplored. In this study we used two different experimental set-ups to confirm whether
the clonal species Glechoma hederacea exhibits kin recognition between roots, and
how water limitation modifies this response. A split-root design was conducted using
a focal clonal fragment of G. hederacea placed onto the ridge that separated two
adjacent containers: either square petri-dishes boxes with 200 ml of soil or 400 ml clear
pots. Focal plants were randomly allocated to either growing alone or in competition
with another G. hederacea ramet (of similar size taken from the same stolon as the
focal plant) or a non-kin individual (a ramet selected from a different population).
A water limitation treatment was applied to both experiments. Five root parameters were
measured during the experiment using boxes: the maximum depth and the maximum
width of the deepest root, the depth and the maximum width of the widest root, and the
total number of roots visible. All plants were harvested after 36 days and several final
root measurements were taken and analyzed using GiaRoots. Our results show that
G. hederacea roots have kin recognition mechanisms, showing a significant tendency
to avoid growing toward a non-kin neighbor but not avoiding the roots of a kin plant,
even though the presence of a kin plant modifies root distribution within the soil. As
expected, water limitation significantly affected plant growth and root parameters, but
this effect was not related to neighbor kin identity. Taken together, our results confirm
the existence of root recognition in this species and suggest that the mechanisms of
kin recognition are probably related to a root-derived chemical cues, as recognition took
place before physical contact occurred.

Keywords: plant competition, clonal plant, identity recognition, kin recognition, root competition, water stress,
root recognition
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INTRODUCTION

Plant fitness is strongly determined by competition for resource
with neighboring plants (Harper, 1977) and is one of the most
important factors shaping plant communities (Callaway and
Walker, 1997). From germination, plants must compete for
limited space and resources and therefore, identity recognition,
i.e., the ability to recognize between “self” and “non-self;” is very
important in order to maximize growth and survival. For plants,
self-recognition has been documented in structures involved in
resource acquisition, such as roots (Mahall and Callaway, 1991;
Chen et al, 2012). Studies on root competition have shown
that plants that are grown together instead of in isolation put
more resources into root growth, while sacrificing resources for
reproduction (Gersani et al., 2001); this is known as “tragedy of
the commons” (after Hardin, 1968) and suggest that plants have
mechanisms for recognizing neighbors as non-self (here defined
as any neighbor, regardless of genetic similarity), and modify their
growth patterns accordingly (Semchenko et al., 2007).

Roots create nutrient depletion zones around them, so if
different roots from the same individual compete with each
other for the same limited nutrients, the overall efficiency of
resource acquisition decreases. In this scenario, root segregation
would be advantageous to maximize resource acquisition and
decrease within-individual competition (Mahall and Callaway,
1996; Schenk, 2006). However, if roots were from a competitor
plant, an advantageous strategy would be to place roots in the
same space and compete for the limited resources, potentially
allowing for increased nutrient uptake whilst also denying its
competitors resources (Zhang et al., 1999; Gersani et al., 2001).

Studies have further identified that plants might be also able
to recognize kin from non-kin roots and modify their resource
allocation accordingly (reviewed in Chen et al, 2012). This
mechanism is probably a consequence of their inherently limited
of propagule dispersal, as new plants tend to establish and grow
in close proximity to other genetically related plants (Vekemans
and Hardy, 2004). Where there is strong spatial structuring of
kin, the fitness of an individual plant is determined not only
by its own fitness, but also by that of related neighbors i.e.,
inclusive fitness (Hamilton, 1964), so selection may act strongly
to reduce local competition amongst close relatives (Chen et al.,
2012; Dudley et al., 2013). Indeed, empirical data indicate that
plants tend to allocate more resources into root growth in order
to acquire more nutrients in non-kin interactions compared
to kin-kin interactions (Biedrzycki and Bais, 2010; Biedrzycki
et al., 2010), and that plants compete more aggressively with
non-kin than kin neighbors (Dudley and File, 2007; Murphy
and Dudley, 2009). Conversely, fitness may be higher in non-
kin groupings because of ecological niche partitioning (Barton
and Post, 1986). Here, the theory predicts that relatives overlap
more in their niche use and therefore compete more with each
other compared with unrelated conspecifics (Young, 1981; Milla
et al., 2009). Kin selection and ecological niche partitioning
provide alternative outcomes for competition between kin/non-
kin. Importantly, differential access to resources may be one
potential factor determining the adoption of differing tactics
(Novoplansky, 2009).

Regardless of the level of recognition (self, kin, non-kin), the
possible mechanisms for identifying the presence of neighbors
and their relatedness are still not clearly understood and
include direct contact with roots (Mahall and Callaway, 1992,
1996), physiological coordination of own roots (Falik et al.,
2003), root exudates (e.g., Semchenko et al., 2014), volatile
organic compounds (Bais, 2014), and interactions mediated by
other soil components such as mycorrhizal fungi (e.g., File
et al., 2012; Simard et al., 2015). Previous studies indicate
that there is variation between species in addition to genetic
variation in the regulatory mechanisms of recognition, and
this is further affected by the local environment in which
the plants grow (e.g., Dudley and File, 2007; Murphy and
Dudley, 2009). For example, peas grown in N-rich substrate
showed root segregation with neighbors, but not in low N
substrates (Litav and Harper, 1967). In turn, kin selection
has been found to be stronger in N-poor substrates (Pezzola
et al., 2020). Plant root system must optimize for the uptake
of several limiting resources and it is well-established that
the intensity of belowground interactions varies with the
availability of soil resources plants compete for (de Vries,
2013; Bisseling and Scheres, 2014), and thus, kin interactions
may be modified in stressful or resource-limited environments
(Litav and Harper, 1967).

For many plants, drought is an important abiotic stressor
that can strongly modify belowground interactions (see Foxx
and Fort, 2019; and references there). Under water deficit,
root allocation increases, and rooting depth may also increase
(Jackson et al., 2000) which will have the potential to influence
self-neighbor root interactions. In this study two different
experimental set-ups were used to investigate whether the clonal
species Glechoma hederacea exhibits kin recognition at the
root level, and whether water limitation modifies this response.
Specifically, we hypothesized that: (i) plants will increase root
growth in the presence of a non-kin neighbor; (ii) water
limitation will increase root growth; and (iii) root growth will
be greatest in the presence of non-kin when water is limited.
Previous research has shown that this species possesses kin
recognition and displays an avoidance pattern, avoiding contact
with roots of neighboring ramets regardless of its genetic or
specific identity (Semchenko et al., 2007). However, a split root
design has not been undertaken to determine response to kin
and non-kin by the same focal plant. Response patterns have
also not been investigated with water limitation included as a
stress factor before.

MATERIALS AND METHODS
Study Species and Plant Origin

Glechoma hederacea (Lamiaceae), is a clonal perennial herb,
typically found in fertile, damp, and shaded habitats within the
United Kingdom (Hutchings and Price, 1999). It reproduces both
through seed production and with the production of numerous
monopodial stolons, with flowering taking place from March to
June (Hutchings and Price, 1999). Vegetative growth is rapid, and
the plant forms a relatively dense carpet in areas where other
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potential competitor species are limited by shade and disturbance
(Grime et al., 1988).

Plants were sampled in March and July 2017 from two
different populations naturally growing within the University
of Lincoln Riseholme campus. The first population was located
along a stream edge with trees growing alongside (53.267952°N,
—0.532236°E), whilst the second was located between a small
woodland and grassland (53.270544°N, —0.524995°E). Clonal
fragments were selected to have at least three ramets with intact
root systems and physically separated from other genets. Clonal
fragments were excavated and used directly after collection.

Experimental Set Up

In order to identify root responses to kin and non-kin neighbors,
two separate experiments were conducted, both using a split root
design. One experiment (referred as Experiment 1: Boxes) used
square petri-dish boxes (12 x 12 x 16 cm, L x W x H) that were
Sellotaped together and each filled with 200 ml of soil medium
comprised of autoclaved sand and perlite (4:1), with addition of
5 g/L of dolomite and 1.5 g/L bone meal (Figure 1A). Boxes were
angled at 45 degrees to encourage roots to grow alongside the
underside of the petri-dish, so the roots could be traced during
growth. The other experiment (referred as Experiment 2: Cups)
used 400 ml clear plastic cups; two were Sellotaped together and
filled with the same soil mixture as before (Figure 1B). In both
experiments’ boxes and cups (referred to as pots hereafter) were
placed in foil bags to prevent light penetration from the side.

Both experiments had a similar set up. A focal plant was
placed onto the ridge that separated the two adjacent containers,
positioning half of the root system onto each side (Figure 1).
Roots were trimmed to ensure the two sides had a similar root
starting length (3.5 & 0.1 and 5.9 &+ 0.2 c¢m, for Experiment
1 and 2, respectively). Focal plants were randomly allocated to
either growing alone or in competition with another G. hederacea
ramet of similar size (Figure 1). In the latter case, one side
of the container comprised a kin individual (another ramet
taken from the same stolon as the focal plant) or a non-kin
individual (a ramet selected from a different population in order
to increase genetic difference). All three clonal fragments per
pot were matched for size as closely as possible and plants
(including roots) were photographed for later initial analysis.
Experiment 1 contained 14 replicates per treatment for a total of
56 boxes, and Experiment 2 had 20 replicates per treatment for a
total of 80 cups.

Plants in Experiment 1 were grown under greenhouse
conditions under natural light levels in July, whilst plants
in Experiment 2 were grown in March at the greenhouse
facilities at the University of Lincoln for 36 days, under 12:12 h
day:night at ~20°C. A water limitation treatment was used
in both experiments to determine how this may modify kin
recognition/competition. Control plants were watered daily with
5% of the pot volume (ie., 20 or 10 ml for cups and boxes
respectively). Water volume was determined through testing of
the amount of water that fully saturated the pots. Plants in the
water limitation treatment received the same amount of water but
once every 4 days (evidenced by plant wilting and soil cracking).
At 36 days roots were seen to start utilizing the bottom of the

pots in both experiments so it was decided to terminate the
experiments to avoid undesirable effects due to being pot bound.

Root Measurements and Analysis

In Experiment 1, the growth of the root system was investigated
during the experiment. Boxes were visually inspected on day 17
(when roots became first visible against the walls), day 24, and
day 35 (day before harvesting), and root growth was traced using
different colored pens. Photographs were taken on each occasion
and analyzed using Image] (2012, version Fiji, Schindelin et al.,
2012). Five parameters were measured: the maximum depth and
the maximum width of the deepest root (as measured away from
the middle wall), the depth and the maximum width of the widest
root, and the total number of roots visible (Figure 2).

At harvesting, plants were carefully removed from the
containers and pictures of the root systems were again taken for
analysis after cleaning the root systems under running water.
All photographs were taken using a Nikon D70 and 18-70 mm
zoom-Nikkor lens and root components were analyzed using
GiaRoots (Galkovskyi et al., 2012). Starting root length was used
along with the final root depth at harvest to calculate the increase
in root length (cm). In addition, the final number of roots
produced, and the root network distribution (i.e., fraction of the
root length found in the lower 2/3 of the root network, as defined
by the maximum depth of the root system) were calculated in
both experiments. The number of connected components was
calculated and used as quality control value. An image of a real
root system should have a value of 1 connected component. If the
root network has one break due to errors in image acquisition
and processing, the value would be 2 (Galkovskyi et al., 2012).
The number of connected components ranged from 1 to 9
(mean = 2.4) and 1 to 8 (mean = 1.6) for Experiment 1 and 2.

Some plants (eight and two, in Experiment 1 and 2,
respectively) died during the experiment and thus these pots were
excluded for the analyses. Mortality was not associated with any
experimental factor considered (statistical results not shown).
Dry weights (DW) were taken separately for aboveground tissues
and roots after drying the samples in paper bags for three days
at 70°C.

Statistical Analyses

All data were analyzed in R 3.6.2 (R Core Team, 2019) using
the packages ImerTest (Kuznetsova et al,, 2017) and car (Fox
and Weisberg, 2019). Linear mixed-effects models (LMM) were
used to investigate the effects of water limitation (control/water-
limited), kin treatment (alone/kin/non-kin), and day (17, 24,
35, only in Experiment 1) on the measured root parameters. In
Experiment 1, root identity was included as a random effect,
nested within pot, whereas in experiment 2, pot was included
as a random effect. To investigate differences in aboveground
biomass acquisition, analysis compared plants grown alone vs.
plants grown with a neighbor. In this case, a linear model was
used. Generalized linear mixed effects models were used for count
data (number of roots produced). Pots and roots nested within
pots were included as random effects in all the models, and also all
possible 2-way interactions between factors. All model residuals
were checked to make sure the data met the assumptions of the
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FIGURE 1 | Schematic representation of the experimental treatments used in (A) Experiment 1 (Boxes) and (B) Experiment 2 (Cups).
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FIGURE 2 | Schematic representation of the plant measurements taken. See
section “Materials and Methods” for details.

models. Log-transformed data were used for width of the deepest
root to ensure models residuals were normally distributed. Post-
hoc pairwise tests were used where significant differences between
treatments were found using the package emmeans (Lenth, 2020).

RESULTS

Experiment 1: Boxes
Differences Between Dates

grown, on average, 1.3 cm more, and at day 35, roots had grown
another 1.5 cm more (Figure 3A). A similar pattern was observed
for the width of the deepest root but in this case, significant
differences between days were only observed at day 35 (Table 1
and Figure 3B), indicating the deepest root grew away toward
the other side of the container. When analyzing the depth of this
widest root, significant differences were again only detected at day
35 (Table 1 and Figure 3C).

Overall, the maximum width of the visible root system
showed a significant interaction between kin and days (Table 1
and Figure 3D). For this parameter, differences between kin
treatments were only detected at day 35; roots from plants
grown alone grew significantly further away toward the end
of the box than when grown either with a kin or a non-kin
(Figure 3D), suggesting that plants were recognizing the presence
of another plant.

The number of visible roots was also significantly only affected
by days (Table 1). On average, 3.2 &£ 0.2 roots were visible in the
boxes after 17 days, and this number increased to 5.5 £ 0.3 and
to 6.3 £ 0.3 by 24 and 35 days.

Final Harvest

At the final harvest, neither kin, water limitation, or their
interaction significantly affected any root parameter (Table 2).
Final root DW ranged between 337.8 and 363.2 mg and was not
statistically affected by any of the factors included in the model
[F(z, 44.9) = 0.110, p = 0.89; F(1, 44) = 0.174, p = 0.67; and Fe,
44.9y = 1.144, p = 0.32; for the effect of kin, water limitation,
and the interaction between factors]. Similarly, aboveground
DW ranged between 341.9 and 379.1 mg and no differences
due to water limitation or kin treatments were detected [F(q,
92) = 0.003, p = 0.96; F(1,92) =0.276, p = 0.60; and F(l, 92) = 0.015,
P =0.90; for the effect of kin, water limitation, and the interaction

Whilst water limitation did not significantly affect any root between factors].

parameters in G. hederacea clonal fragments growing in the

boxes, significant differences between days were detected in Experiment 2: Cups

all parameters, indicating that the root systems of the plants
successfully established and grew within the boxes (Table 1

In the second experiment, both kin and water limitation
treatment affected some of the root parameters analyzed, even

and Figure 3). After 17 days, the root system had reached a though notin an interactive effect manner (Table 3 and Figure 4).
visual depth of 6.1 £ 0.3 cm regardless of whether plants were  Plants grown under water limitation produced on average 3 cm
grown alone or with another individual. By 24 days, roots had  deeper roots than control plants (Figure 4A), although when
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TABLE 1 | ANOVA table of mixed-effects model testing the influence of day, water treatment, kin and their 2-way interactions on Glechoma hederacea root parameters
measured in Experiment 1.

Root system depth (cm) Width deepest root (cm) Depth widest root (cm) Max. width root system (cm) No. visible roots

df F P F P F P F P Chi2 P
Day (D) 2 111.443 <0.001 4.988 <0.01 18.978 <0.001 63.905 <0.001 92187  <0.001
Kin (K) 2 1316 0.28 2.236 0.12 1.197 0.31 5.160 0.01 0.063 0.97
Water (W) 1 0.243 0.63 0.257 0.62 0.012 0.91 0517 0.48 0.746 0.39
D*K 4 1.004 0.41 0.636 0.64 0.520 0.72 8.327 <0.001 2.378 0.67
D*W 2 0319 073 0.097 0.91 1.457 0.24 0.272 0.76 0.879 0.64
K*W 2 0210 0.81 0.236 0.79 0.792 0.46 2,512 0.10 2.832 0.24

Significant results are indicated in boldface.
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FIGURE 3 | Boxplots of (A) maximum root system depth (cm), (B) Width of the deepest root, (C) Depth of the widest root, and (D) maximum width of the root
system of Glechoma hederacea plants grown alone (white boxes) or with a kin (gray boxes) or a non-kin plant (black boxes) measured after 17, 24, and 35 days in
Experiment 1. Letters above bars indicate significant post-hoc differences.
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TABLE 2 | Root parameters (means + SE) measured at the final harvest in Experiment 1 and statistical outputs.

Root system depth (cm) Length increase (cm)

Total No. roots Root distribution

Control Water stressed Control Water stressed Control Water stressed Control Water stressed
Alone 142 +1.1 128+ 0.7 1.0+ 1.0 1.0+ 1.0 105+ 1.1 M7+17 0.48 £ 0.04 0.47 £0.04
Kin 135 +0.7 135 +0.7 9.3+0.8 9.3+0.8 1.0+ 1.1 10.6 £ 1.3 0.61 £ 0.06 0.50 + 0.06
Non-kin 128 £ 0.6 13.0+ 1.3 9.0+0.8 9.0+0.8 10.8 £ 1.3 1.0+ 13 0.52 £ 0.06 0.60 + 0.06
F P F p Chi? p F p
Kin (K) 0.470 0.62 0.777 0.46 0.042 0.97 2.084 0.13
Water (W) 0.137 0.71 0.080 0.77 0.000 0.99 0.085 0.77
K*W 0.272 0.76 0.268 0.76 0.151 0.92 1.504 0.22

See section “Materials and Methods” for details.

TABLE 3 | Statistical outputs testing the influence of kin, water treatment, and their 2-way interactions on Glechoma hederaceae root parameters measured

in Experiment 2.

Root system depth (cm) Length increase (cm) Total No. roots Root distribution
F p F p Chi2 p F p
Kin (K) 0.835 0.44 1.779 0.18 33.645 <0.001 7.983 <0.001
Water (W) 8.293 <0.01 0.256 0.61 9.731 <0.001 16.260 <0.001
K*W 0.129 0.88 0.844 0.43 0.566 0.75 0.261 0.77
Significant results are indicated in boldface.
root length increase was analyzed, no statistically significant DISCUSSION

differences were detected (Table 3 and Figure 4B). Moreover, the
total number of roots produced was also significantly affected by
the water treatment as plants under water limitation produced
on average four more roots than control plants (Figure 4C). For
this parameter, the presence of another plant strongly influenced
the total number of roots produced as plants growing with a kin
produced on average five more roots than when grown alone, but
almost nine more if they were grown with non-kin (Figure 4C).
Similarly, kin and water limitation treatments significantly
affected root distribution across the space as estimated from the
network root distribution (Table 3 and Figure 4D). On average,
control plants had a larger proportion of roots in the lower parts
of the pot compared to water-limited plants, and the proportion
of roots placed in the lower parts of the pots was similar between
plants growing alone and with a kin plants, but significantly lower
in non-kin pots (Figure 4D).

The differences in root parameters translated into significant
differences in plant mass acquisition aboveground F,,
74.9) = 0.309, p = 0.73; F(1, 74) = 8.839, p < 0.01; and F(y,
74.9) = 3.740, p = 0.02; for the effect of kin, water limitation,
and the interaction between factors; Figure 5A) but not
belowground [F(3, 74.9) = 0.583, p = 0.56; F(1, 74) = 1.967,
p = 0.16; and F(3, 74.9y = 2.305, p = 0.10; for the effect of kin,
water limitation, and the interaction between factors; Figure 5B].
Aboveground, plants growing alone accumulated a similar
amount of biomass regardless of the watering treatment but
plants growing together with another plant, accumulated more
biomass under control conditions, regardless of the identity of
the plant (Figure 5A).

Kin recognition and plasticity in roots of clonal herbs may
be important traits due to their inherent life growth form.
Currently, the majority of available studies have used a split-
root experimental approach, growing plants under non-stressful
conditions, and measuring root traits after harvesting the plants,
demonstrating that plants tend to allocate more resources into
root growth in non-kin compared to kin-kin interactions to
enhance nutrient acquisition (e.g., Krannitz and Caldwell, 1995;
Falik et al., 2006). Previous research investigating kin recognition
with roots of G. hederacea has shown that this species displays
an avoidance pattern, avoiding contact with roots of neighboring
ramets regardless of its genetic or specific identity (Semchenko
et al., 2007), a result we partially confirmed in the present study.
In experiment 1 roots had a significant tendency to avoid growing
toward the neighbor regardless of its identity, in comparison
to roots that were grown alone that had a wider root system
width. Whereas, in experiment 2, kin identity did not affect
the maximum depth of the root system, it significantly affected
root number and root distribution, as plants placed a larger
proportion of their roots in the top third soil when growing with
a non-kin neighbor.

We measured several previously reported plastic root traits
known to be affected by water stress, but we found that our
watering treatment only significantly affected the plants in
experiment 2. The water treatment used in experiment 1 may
not have been enough to induce a stress response, whether that
be because the different container was able to retain moisture
more effectively or due to the difference in the time of year the
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experiment was conducted. In experiment 2, water-limited plants
produced more numerous and deeper roots that were placed
on the lower section of the pots, indicating a plastic response
to water availability. While we found no interactive effect of
water limitation on root kin interactions in our experiments.
Differences in aboveground mass accumulation were detected in
experiment 2, where water limitation significantly reduced plant
growth in competition. Resource limitations such as N limitation
are known to affect kin interactions (Bisseling and Scheres,
2014). For example, previous work on nutrient availability found
that nutrient availability altered the strength of kin interactions,
with competition against non-kin being stronger at low nutrient
availability (Pezzola et al., 2020), so we expected the same pattern
when the limiting resource was water and thus the lack of
interaction with kin is surprising. Our split root set-up did not
allow comparison of aboveground responses to kin vs. non-kin
roots, so we cannot confidently conclude that water limitation
and kin recognition does not have an effect on aboveground mass
acquisition and is something to investigate further in the future.

Studies that have investigated belowground kin interactions
have been criticized for pitfalls related to the experimental design
(Klemens, 2008). This includes experiments that keep a constant
volume of substrate and amount of nutrients per plant (Gersani
et al., 2001; Maina et al., 2002; Falik et al., 2003, 2006). Our
results show differences between our approaches used in the
two separate experiments, which differed in the volume of soil
available to plants, the type of container used, as well as the
timing when clonal fragments were collected from the same
locations. In experiment 2, clonal fragments were collected in
March when plants where flowering, whereas in experiment 1
plants were collected in July. Thus, the differences observed
between the two experiments may be linked to the recognition
mechanisms used by G. hederacea, which are still not fully
understood. Besides direct physical contact between roots, plants
can also detect neighbor’s presence by root exudates and/or
volatile organic compounds (Schenk et al., 1999; Bais et al., 2006)
which are known to be linked to plant phenology (Chaparro
etal., 2013), with higher amounts being released during flowering
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times (Hamlen et al., 1972). Thus, further research should focus
to identify how the mechanisms used in root recognition may
change during plant phenology.

In this study we used clonal fragments as the kin individuals.
This was advantageous to us in that we could take individuals
straight from wild populations and of similar size. G. hederacea
produces horizontal above-ground stems that root in the soil
and provide a connection between the mother plant and its
offspring for 1-2 years in natural conditions (Klimesova and de
Bello, 2009). In this as in all clonal species, ramets are usually
considered descendants from a genet and therefore considered
kin offspring. However, there is some debate as whether our
results should be considered under self-recognition rather than
kin recognition. It has been argued that self/non-self recognition
is part of the more specific mechanism focusing on kin/non-kin
recognition (Chen et al., 2012). We think that self recognition
of an unconnected ramet should be part of kin selection and
recognition. Nevertheless, future experiments should be carried
out to parameterize which level of relatedness between a mother
plant and kin (self, mother-offspring, sibling, half-sibling) is
needed to have kin selection occurring.

We should emphasize that root responses to abiotic stress
may not only be mediated by the presence of neighboring roots.
Root phenotypic plasticity allows plants to adapt to resource
availability and competition as well as to other soil components
including mycorrhizal fungi or soil bacteria (Ballare et al., 1990;
Dudley and Schmitt, 1995; Schlichting and Smith, 2002; Sultan,
2003), and plant responses are ultimately regulated through a
common network of signal-transduction pathways (see Pineda
et al,, 2013, and references there). Below-ground interactions are

therefore complex and may include both strong and weak effects,
sometimes in opposing directions. Further work is needed to
integrate combinations of these mechanisms and processes to
disentangle their ecological relevance.
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