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Research article
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pollution gradient are due to a decrease in performance in
absence of neighbours
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Oikos The study of variation in plant—plant interactions along metal-pollution gradient is in
2022: 09499 its infancy, although this is worth to be assessed for both restoration and theoretical
doi: 10.1111/0ik.09499 perspectives. Additionally, the mechanisms of facilitation at stake in these particular
T : stressed conditions are poorly known. We aim at understanding the importance of

Subject Editor: Lonnie Aarssen species and ecotypes stress-tolerance in competitive and facilitative responses to neigh-
Editor-in-Chief: bours along metal-pollution gradients. We addressed this goal in a field experiment
Gerlinde B. De Deyn conducted in a former mining area located in a subalpine grassland of the French
Accepted 7 August 2022 pyrences. Two ecotypes of Armeria muelleri (a highly tolerant species to metal stress)

and Agrostis capillaris (a less stress-tolerant species) were harvested at the highest and
lowest levels of pollution within their distribution range and transplanted with and
without neighbours along a strong metal-pollution gradient. The relative interaction
index (RII) was used to assess both the effect of neighbours at different stress levels and
the effect of metallic stress with and without neighbours. With increasing pollution,
plant—plant interactions shifted from negative to positive for Agrostis, but did not vary
significantly for Armeria. At high pollution level, the unpolluted Agrostis ecotype was
more facilitated than the polluted one, and in benign habitats the polluted Armeria
ecotype was more sensitive to competition than the less polluted ecotype. Interestingly,
the increase in facilitation with increasing metal stress for the stress-intolerant Agrostis
ecotype was primarily due to a decrease in performance without neighbours, whereas
the increase in competition with decreasing metal stress for the stress-tolerant Agroszis
ecotype was primarily due to an increase in performance with neighbours. More gener-
ally, these results suggest that the high size-plasticity of competitive (and stress-intoler-
ant) species or ecotypes may explain both their competitive effects in benign habitats
through neighbour-trait effects and facilitative responses in stressed habitats in the
context of environmental-severity effects.

Keywords: competition, ecotypes, environmental-severity effects, facilitation, heavy
metals, metallophytes, neighbour-trait effects, stress gradient hypothesis, stress
tolerance
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Introduction

Metalliferous habitats are common worldwide, resulting
either from anthropogenic activities or the occurrence of
spontaneous metal-rich soils derived from ultramafic rocks
like serpentine (Harrison and Rajakaruna 2011). These habi-
tats represent harsh environments for plant growth that typi-
cally exhibit high metal or metalloid (hereafter referred to as
‘metals’) concentrations with potential toxicity, but also low
nutrient-availability and water holding capacity (Wong et al.
1998, Ye et al. 2002, Meeinkuirt et al. 2012). Mine tailings
are one of the anthropogenic metalliferous habitats exhibit-
ing strong constraints for plants (Wong et al. 1998, Ye et al.
2002, Meeinkuirt et al. 2012) and are an important part of
the many polluted sites reported worldwide (Panagos et al.
2013, Hou et al. 2020). Plant communities on mine tailings
are characterized by a low diversity and a degraded vegetation
with reduced vegetation cover due to the ecotoxic impact of
metal excess on plant physiology (Chatterjee and Chatterjee
2000, Ye et al. 2002, Oancea et al. 2005). Despite the fact
that metals have a deleterious impact on non-tolerant spe-
cies growth, various metallicolous species have the ability to
survive with high amounts of metals through diverse mecha-
nisms, such as enhanced complexation and stabilization of
metals in soils, their storage and accumulation in roots or
even in leaves in dedicated organs or cell compartments
(McGrath and Zhao 2003, Ernst 2005, Marques et al. 2009).

Most studies and experiments conducted over the past
two decades have focused on the use of these metallicolous
species as a potential phytoremediation tool to clean up or
stabilize polluted soils (Ghosh 2005, Jadia and Fulekar 2008,
Marques et al. 2009, Meeinkuirt et al. 2013, Losfeld et al.
2015, Rodriguez-Seijo et al. 2016, Stanovych et al. 2019).
Fewer have investigated the nature and outcome of biotic
interactions in plant communities growing on metal-polluted
soils, although environmental stresses and disturbances are
known to drive the direction of plant—plant interactions and
ultimately plant diversity (Grime 1973, 1974, Nemer et al.
2021). According to the stress-gradient-hypothesis (SGH)
(Bertness and Callaway 1994), competition dominates plant—
plant interactions in benign environments, whereas facilita-
tion predominates in stressed or disturbed environmental
conditions (Bertness and Callaway 1994, Liancourt et al.
2005, Sthulez et al. 2007, He et al. 2013, Pugnaire et al.
2015, Cavieres et al. 2018). Additionally, facilitation between
plants is now widely recognized as an important practical tool
for ecological restoration of degraded habitats with impor-
tant environmental stress across a wide range of ecosystems
and climates (Maestre et al. 2001, Egerova et al. 2003,
Castro et al. 2004, Sdnchez-Veldsquez et al. 2004) including
mine tailings (Navarro-Cano et al. 2019). In agreement with
the SGH, Zvereva and Kozlov (2004) showed in a case study
that the effect of tree canopy on dwarf shrubs shifted from
negative in an unpolluted forest to generally positive in a pol-
luted industrial barren (Erinen and Kozlov 2007). Similarly,
Frérot et al. (2006) found evidence for facilitation between
diverse interacting species on metal-polluted soils in a field

experiment. Other investigations have reached a similar con-
clusion, namely that facilitation is the dominant plant—plant
interaction found in metal-polluted soils (Cuevas et al. 2013,
Wang et al. 2014, Yang et al. 2015).

Facilitation is more likely to benefit species from benign
environments with low stress tolerance but high competitive
response ability than species from harsh environments with
high stress tolerance but low competitive response ability
(Liancourt et al. 2005, Gross et al. 2010). Such distinction
can occur not only at the species level but also at the intra-
specific level, between populations of the same species grow-
ing in more or less harsh environments, which can lead to
ecotype divergence within species (Espeland and Rice 2007,
Liancourt and Tielbdrger 2011). According to Liancourt
and Tielborger (2011), ecotypes from more benign envi-
ronments have a higher facilitative response when grown in
stressful conditions than ecotypes adapted to these stressed
conditions. This is because ecotypes growing in stressful
conditions are more stress tolerant and require less stress
mitigation by neighbours, while having a higher cost of liv-
ing close to neighbours due to competition for light (stress-
tolerance/competitive ability tradeoff sensu Liancourt et al.
2005). Ecotypic differentiation with distinct stress tolerance
to metalliferous habitats have been shown for different spe-
cies (Nandillon et al. 2021). In these former studies, ecotypes
that grow on metal-polluted soils are better able to cope with
metal stress than those that grow on unpolluted soils. Thus,
such ecotypic differentiation could be an important driver
of plant sensitivity to facilitation by neighbouring plants in
metalliferous habitats.

Plant—plant interactions are typically quantified compar-
ing the performances of a dependent target species with and
without neighbours with indices such as the relative inter-
action index (hereafter RII, Armas et al. 2004). However,
Michalet et al. (2014b) have emphasized that different eco-
logical processes may be involved when changes in facilitation
and competition are detected along environmental gradients
with such indices. Indeed, a switch from competition to facil-
itation along a stress gradient can result from: 1) a decrease
in the performance of the target species without neighbours
due to increased environmental-severity without changes in
its performance with neighbours (Fig. 1, case B for detailed
illustration). This effect is referred to as an ‘environmental-
severity effect’; 2) an increase in target species performance
with neighbours as stress increases (Fig. 1, case A). This latter
effect is referred to as a ‘neighbour-trait effect’ because it is
due to the improvement of micro-environmental conditions
in neighbours vicinity due to changes in neighbour-traits; 3)
a combination of both environmental- and neighbour-trait
effects. Michalet et al. (2014b) have shown that increases in
competition with decreasing stress are often due to a neigh-
bour-trait effect (i.e. to an increase in neighbour competi-
tive effect, Goldberg 1990, Liancourt and Tielbdrger 2009),
whereas increases in facilitation with increasing stress are
generally due to environmental-severity effects (Chaieb et al.
2021). Indeed, it is rational to propose that an increase in
facilitation with increasing stress is unlikely to be due to a
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Figure 1. Changes in RHNeighbours along a stress gradient (increases in facilitation with increasing stress) either due to a neighbour-trait (case
A) or an environmental-severity (case B) effect. In case A, the increase of RIl, ;... With stress is due to an improvement of the target per-
formance with neighbours when the stress is present compared to situation without stress (see the dark grey arrow in the left panel). In case
B, the increase of RIl ., With stress is due to a decrease of the target performance without neighbours when the stress is present com-
pared to situation without stress (see light grey arrow in the left panel). Ns and stars in left panels indicate non-significant and significant
neighbour effects at each stress level, respectively. Ns and stars below or above black dots in middle and right panels indicate non-significant
and significant sample t-tests on RII values, respectively. Stars above panels in middle and right panels indicate significant stress and neigh-

bour effects, respectively. Inspired from Michalet et al. (2014b). RII

stress

indicates the effect of stress on target plant performance () when

grown with and without neighbors, with values below 0 indicating better target species performance with no stress (P, < P_..), and

values above 0 indicating better target species performance with stress

neighbour-trait effect because nurse plants are also weakened
by the increased stress level (but see Schéb et al. 2013).

Our overarching hypothesis in this study is that species
and ecotypes from metalliferous habitats are less facilitated
than species and ecotypes from non-metalliferous habitats
when grown in harsh metalliferous habitats. The corollary of
this hypothesis is that species and ecotypes from metallifer-
ous habitats are more sensitive to competition than species
and ecotypes from non-metalliferous habitats when grown
in more benign habitats. Although this question is crucial
both for our knowledge of plant populations dynamics and
assemblage in metalliferous habitats and for potential phyto-
remediation technologies, it has not been investigated so far
in the ecological literature. We make two predictions in line
with our first hypothesis: 1) an increase in facilitation from a
low- to highly metal-polluted habitat for a species or ecotype
from low-polluted habitats should be due to an environmen-
tal-severity effect. Indeed, we expect these less stress-tolerant
species or ecotype to strongly decrease their performance
when growing without neighbours in condition of increas-
ing stress; 2) an increase in competition from highly to low
metal-polluted habitats for a species or ecotype from highly-
polluted habitats should be due to a neighbour-trait effect.
Indeed, we expect more stress-tolerant species or ecotypes
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from highly polluted habitats to strongly decrease their per-
formance when growing with neighbours in low metal-pol-
luted habitats because of their higher sensitivity to increasing
neighbours competitive effects.

We set up a field reciprocal transplant experiment in a
former mining sector located in the French pyrenees, cross-
transplanting with and without neighbours two ecotypes of
two species present at different positions along a pollution
gradient (with assumed different tolerance abilities to metal-
lic stress): 1) Armeria muelleri present from the most pol-
luted area until intermediate levels of pollution. 2) Agrostis
capillaris present from unpolluted areas until intermediate
levels of pollution (Fig. 2A, B). To assess the role of ecotypic
variation for these two species responses to plant—plant inter-
actions, individuals of the two ecotypes were harvested for
the two species at the highest and lowest levels of pollution
within their distribution range along the pollution gradient
and then transplanted all along the gradient within neigh-
bours or in small areas where neighbours were removed. We
predict that:

1) Plant—plant interactions should shift from negative (compe-
tition) to positive (facilitation) with increasing environmen-
tal stress imposed by pollution in agreement with the SGH.
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Figure 2. Presentation of the experimental design. (A) Schematic representation of the experimental sites and pictures of the four habitats
showing the variation of plant communities along the metal pollution gradient studied. The pollution is indicated by the grey color gradient
on the scheme. (B) Relative abundance of Armeria mulleri and Agrostis capillaris in the 4 habitats from the most polluted area (habitat 1) to
the classic subalpine community (habitat 4). Symbols at the panel bottom (triangles and circles) indicate the habitats were Armeria (purple
triangles) and Agrostis (brown circles) ecotypes were harvested. Full symbols are for ecotypes from higher level of pollution; empty symbols
for ecotypes from lower level or absence of pollution. (C) Schematic representation of a plot where three replicates of the two ecotypes of
both species were transplanted within neighbours or with neighbours removed.

2) Facilitation should likely occur at high level of pollu-  3) Facilitation should be higher for Agrostis capillaris ecotype

tion for Agrostis capillaris (the least stress-tolerant spe- from unpolluted habitats, while competition should be

cies according to its distribution range, Fig. 2B), while higher for Armeria muelleri ecotype from the highly-pol-

Armeria muelleri (the most stress-tolerant species, luted habitats.

Fig. 2B) should be excluded from benign habitats by  4) Increasing facilitation with increasing environmental stress

competition. should be due to environmental-severity effects, whereas
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increasing competition with decreasing stress should be
due to neighbour-trait effects.

Material and methods

Study site and target species selection

This experiment was carried out in the former mining
area of Sentein (department of Ari¢ge, southwest France,
42°49'30.3"N, 0°53'53.3"E), located at 2000 m altitude at
the subalpine belt of the Pyrenees Mountains on a calcareous
rock. At this altitude, the growing season begins early June
and ends late September. The average temperature and pre-
cipitation during this period recorded in 2021 by a weather
station located in the studied site (Delta-T Device® DLT/
WGS-GPA) were 11.9°C and 237.8 mm, respectively. In the
region, mining activities stopped in the late 1960s. However,
zones of important metal pollution remain and foster vegeta-
tion dynamics (Supporting information). The main toxic ele-
ments related to mining activities are Zn, Pb, Cd, Cu and As
(Stephant-Champigny et al. 2015). Metallicolous communi-
ties spontaneously colonized these polluted areas. The study
site extends from a former zone of ore transportation (domi-
nated by Armeria muelleri and other metal-tolerant species
such as Minuartia verna, Arenaria multicaulis, Hutchinsia
alpina) to a classic subalpine plant community growing on a
calcareous rock. Thus it encompasses a gradient of vegetation
cover with progressive change of plant community composi-
tion (Fig. 2A, B). On the most polluted soils, only the above
mentioned metallicolous species are present, whereas in the
non-polluted soils the subalpine community is dominated by
Festuca gautieri, Festuca rubra and Agrostis capillaris. In the
intermediately polluted soils, plant communities have an
intermediate composition, with metallicolous species domi-
nating the area close to the source of pollution, and subalpine
grasses dominating the area more distant from the pollution.
Thus, it forms four distinguishable habitats (H1-H4, from
most to least polluted) characterized by distinct species com-
position and abundance (Fig. 2A, B).

In this study, we selected as targets for the transplantation
experiment two ecotypes of two perennial species occurring
at different positions along the pollution gradient, with dif-
ferent presumed metal stress tolerance capacities, (Fig. 2B).
Armeria muelleri (hereafter referred to as Armeria) was the
first target species. It is present from the most to the mod-
erately polluted habitats and is thus presumed to have high
metal-stress tolerance. It is an evergreen perennial plant
forming clumps or mats of strap-like or linear leaves, with
dense clusters of small cup-shaped flowers. Agrostis capillaris
(hereafter referred to as Agrostis) was present from moderately
polluted to unpolluted habitats that are farthest from the
source of pollution (Fig. 2B) and is thus presumed to have a
lower metal-stress tolerance than Armeria muelleri. Note that
Agrostis capillaris is a grass species regularly found in polluted
sites with moderate levels of metal pollution (Humphrey and
Nicholls 1984). In this study, we focused on the response
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to plant—plant interactions of two ecotypes of both species.
These ecotypes were selected in the habitats corresponding to
their highest and lowest levels of soil pollution within their
distribution range (Fig. 2B). Because the geographical dis-
tance between these habitats is limited, corresponding eco-
types are likely not genetically isolated. Still, the individuals
harvested are those that were able to cope with the edaphic
conditions locally, conditions that vary considerably along
the studied gradient. Thus, ecotypes here are two different
subpopulations of local species that were selected by contrast-
ing environmental conditions.

Experimental design

Our field experiment was conducted from early June to late
September 2020 to cover the entire growing season at this
altitude. The site had a south east exposure with a slope of
25%. The pollution gradient (from the zone of high pol-
lution to the unpolluted zone nearby) is orthogonal to the
slope. The site was split in four blocks orthogonal to the slope
in order that each block encompasses the whole pollution
gradient (Fig. 2A). In each block and each of the four habi-
tats a plot of 1 m* was randomly identified avoiding obvi-
ous microtopographic anomalies (e.g. particularly concave or
convex zones) or zones dominated by barren rocks (Fig. 2A).

Transplantation of the studied species and ecotypes with
and without vegetation were performed in each plot as fol-
low. On 2 June, three individuals of each of the two ecotypes
for each species were harvested at the highest and lowest pol-
lution levels of their distribution range along the pollution
gradient. Their root systems were freed from soil and all indi-
viduals were immediately transplanted in two different neigh-
bouring conditions: 1) ‘with neighbours’: in three subplots
where the vegetation remained intact (control conditions),
and 2) ‘without neighbours’: in three other subplots (diam-
eter 0.15 m and with similar vegetation composition than
the controls) randomly selected for the vegetation removal
treatment (Fig. 1C). This ‘neighbour removed’ treatment was
done with scissors cutting aboveground vegetation as close
as possible to the soil. In each subplot, two individuals were
transplanted: one of each species, ecotypes from the highest
pollution level or lowest pollution level being transplanted
together (Fig. 1C). All transplanted individuals were tagged
with metal wire to ease their finding at the end of the experi-
ment. In each plot, a total of 24 individuals were thus trans-
planted (2 species X 2 ecotypes X 2 neighbouring conditions
X 3 replicates, Fig. 2C) for a total of 384 transplants (24
individuals per plots X 4 habitats X 4 blocks).

Soil and environmental measurements for
characterizing the pollution gradient

Soils were sampled (500 mg) next to each plot from the top
soil layer [0—15 cm]. Then, total metals concentration in the
soil (Zn,yp Pbygp Cdygp Cupgps Asyor), were determined
after acid digestion of the soils with a mixture of hydrofluoric
and perchloric acids (NF X 31-147, 1996) and subsequent
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analysis of the solutions by inductively coupled plasma mass
spectrometry (ICP-MS). Extraction with 0.11 M acetic acid
(Rauret et al. 1999), followed by analysis of the solutions by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) were used to identify the available metals (Cd,,,
Pb,,, Zn,,). To complete the characterization of the gradi-
ent, other soil properties from the same soil samples were
measured. Soil texture (clay, silt and sand content) was esti-
mated using the Robinson pipette method (NF X 31-107,
1983). Dry combustion was used to determine the carbon
content (CTOT) and total nitrogen (NTOT) of the soil fol-
lowing carbonate correction (CTOT: NF ISO 10694:1995,
NTOT: NF ISO 13878). The organic matter (OM) content
was calculated by multiplying the organic carbon content of
the soil (NF ISO 14235: 1998) by 1.72 (Pribyl 2010). Soil
pH was measured in water with a 1:5 soil:water ratio (NF
ISO 10390:2005). Soil depth was measured as the depth to
which a 4 cm diameter metal probe could penetrate the soil.
Soil moisture (volume %) was measured in the field seven
days after the last rain on a warm, sunny day on 22 June
using a portable moisture probe (<https://delta-t.co.uk/
product/ml3/>). The probe was inserted at four locations
in each plot and the four values were averaged to estimate
soil moisture. Additionally, a 0.5 X 0.5 m quadrat was ran-
domly placed next to each plot and relative abundance for
both species in each habitat were quantified using the con-
tact points method. The quadrat was composed by a 10 X
10 cm wire grid given 36 intersect points considering the
quadrat edges. The presence of both species was recorded
(0-1) at each corresponding points encompassing a zone of
3 cm in diameter. The abundance of each species (in %) was
obtained by dividing the number of points with the species
of interest over the total number of contact points (36).
The vegetation cover (%) and mean vegetation height was
also recorded in each plot and enable calculation of vegeta-
tion volume (dm’) (volume dm?®=vegetation cover % on
1 m? (1% =1 dm?) multiplied by mean vegetation height
(dm). Full details regarding metals concentration in soils
and other environmental variables along the experimental
gradients are given in supporting information (Supporting
information).

Plant-plant interactions measurement and analysis

Survival of all transplanted individuals was determined at the
end of the growing season on 24 September. In each plot,
survival rates of the different species and ecotypes were cal-
culated as the proportion of alive individuals relative to the
three individuals transplanted initially (i.e survival rates equal
to 0, 33, 66 or 100%). Because of low survival rates in many
plots, we did not analyse target biomass and growth.

In order to quantify the responses (survival rates) of the
different species and ecotypes to the effects of neighbours
along the metal pollution gradient, we calculated the relative
interaction index (RII, Armas et al. 2004) in each plot. This
index is based on the comparison of target performance with
and without neighbours:

P, +neighbour — nl)—neighbour
RIInei hb = (1)
geenp +P
+neighbour —neighbour
where P pour a0d L, tepresent target performance

(the proportion of corresponding species and ecotype that
survived in the plot) in the presence and absence of neigh-
bouring vegetation respectively. Values of RII vary between
—1 and 1, with negative values standing for competition and
positive ones for facilitation.

To disentangle environmental-severity effects from neigh-
bour-trait effects during changes in plant—plant interaction
with increasing metal stress, we compared plant performance
under the highest stress level (habitat 1) and no-stress level
(habitat 4). In addition to the RIL npouss (EQ. 1), we com-
puted the following relative interaction index following
Michalet et al. (2014b).

RII — R’S[[ESS B :RSEIESS (2)
stress
RFSU’CSS + P*Stl'CSS

where P, is the target response (proportion of transplants
that survived in the plot) with metallic stress (in habitat 1) and
P is the target response without stress (in habitat 4). Two

—stress
RII.. were calculated independently, one for target species
and ecotypes with neighbours, and one for target species and
ecotypes without neighbours. RII indicates the effect of
metallic stress on target plant performance when growing in
similar neighbouring conditions, with values below 0 indicat-
ing better target species performance when no stress is present
(P e < P_reer)> and values above 0 indicating better target
species performance when metallic stress is present (P
> P_,.)- The same RII .. calculated to quantify plant
responses to the effects of neighbours along the metal pollu-
tion gradient was also used here, but only at the two extremes
of the gradient, RHneighbours for target species and ecotypes
under the highest stress level (in habitatl), and RIIT ;... for
target species and ecotypes under no-stress level (in habitat 4).
If RIL , ooue differ significantly between no-stress and stress
levels, tl’glen RII .. can be used to attribute the differences to:
1) a neighbour-trait effect when RII with neighbours is sig-
nificantly different from 0 (Fig. 1, case A); 2) a significant
environmental-severity effect when RII . without neigh-
bours is significantly different from 0 (Fig. 1, case B) and 3) a
combined environmental-severity and neighbour-trait effect if
RIL . with neighbours and without neighbours are both sig-

nificantly different from 0 (see Michalet et al. 2014b for full
details regarding these indices calculation and interpretation).

Statistical analyses

All statistical analyses were done using R software (<www.r-
project.org>). To examine how soil metals and soil environ-
mental properties differed among the experimental gradients,
we conducted two principal component analyses on the soil
variables measured close to each plot. The first PCA was for
soil metal content (Supporting information, above part) and
enabled the quantification of a synthetic variable representing
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metal pollution (PCA,,,, the position of the plots on the 1st
PC). Besides toxicity, metal pollution can have cascading
effect on soil structure and fertility, all potendially influencing
plant—plant interaction. Thus, we performed a second PCA
to combined this soil pollution metric (PCA,,,) with all other
environmental variables characterized (Supporting informa-
tion, bottom part). This enabled the quantification of a syn-
thetic variable (PCA,, the position of the plots on the 1st PC
of this second PCA) to have a complete characterisation of the
environmental and pollution gradient at stake in this study.
This synthetic PCA;,, metric has the advantage to capture all
the complexity of the environmental gradient at stake, soil
pollution being the most important driver along this gradient.

As to species and ecotypes response to plant—plant interac-
tions, a first analysis focused on the variation of plant—plant
interactions along the pollution gradient. We analysed the vari-
ations of RII ., for Agrostis and Armeria separately using
linear mixed-effects models with PCA,,y (i.e. the quantitative
position of each plot along the pollution gradient), Ecotypes
and their interactions as fixed factors, and block as random
factor. Additionally, we used one-sample t-tests to detect sig-
nificant deviation of RII values from zero for the four plots
present in each habitats. Because this first analysis indicated
that these variations were only detectable for Agrostis, delinea-
tion of environmental and neighbour-trait effects between the
most (habitat 1) and less (habitat 4) polluted situations was
done only for this species and its two ecotypes. First, for each
Agrostis ecotype, survival of transplants was analyzed using a
general linear mixed-effects with a logit link function for bino-
mial distribution, with stress level (high-habitat 1 or low-hab-
itat 4), neighbouring conditions (with or without) and their
interactions as fixed factors (followed Tukey post hoc multiple
comparisons) and block as random factor. Then, changes of
RHmighbours between the two different levels of stress, and modi-
fications of RII__ between the two neighbouring conditions
were investigated using linear mixed-effects with block as ran-
dom factor. We used one-sample t-tests to detect significant
deviation of RIL, ., 0f RIL . values from zero. During all
analysis regarding RII values, normality and homoscedacity
of models residuals were systematically checked to respect the
condition of application of linear modeling.

Results

Environmental and pollution gradient

The first PCA conducted on metal pollution variables clearly
highlighted the pollution gradient with strong correlations
between concentrations of all measured elements (Fig. 3A).
The plots situated in the four habitats showed significant
differences (p < 0.001) regarding soil metal concentra-
tion (Supporting information), with the first habitat hav-
ing extremely high level of pollution with up to 15% and
3% of Zn and Pb in total concentration and high concen-
tration in highly toxic element like Cd and As (Supporting
information, Fig. 3B). In sum, the variation between plots
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regarding metal concentration in soils is well represented
by the 1st PCA axis (PCA, ;) accounting for 94.6% of the
whole variance between plots (Fig. 3A, B). Combination
with the other environmental variables (2nd PCA) showed
that the metal pollution gradient was also clearly correlated
with a significant decrease of vegetation volume when pollu-
tion increased as well as an increase in soil pH and a sandier
texture (Supporting information, Fig. 3C). The major axis of
variation between plots for all environmental variables was
related to this metal pollution gradient, and well represented
by the 1st PCA axis (PCA,y,) accounting for 67.3% of the
whole variance between plots and showing a clear distinction

between plots from the four different habitats (Fig. 3C, D).

Plant interactions along the metal pollution gradient

There was a highly significant effect of the metal pollution
gradient (PCAgyy) on RIL . for Agrostis (Fig. 4A), indi-
cating an overall shift from competition to facilitation with
pollution. In contrast, RIL ... for Armeria was not affected
by the metal pollution gra&;ient. The ecotype effect was not
significant in corresponding linear models for the two spe-
cies (Fig. 4A, B). However, the results of one-sample t-tests
showed that RIL .. for unpolluted Agrostis ecotype shifted
from significantly negative to significantly positive when pol-
lution increased, and shifted from significantly negative to
neutral for polluted Agrostis ecotype. Moreover, the results
of one-sample t-test revealed that at the lowest pollution
level, RIIL, 00 for highly polluted and less polluted Armeria
ecotype, were marginally negative (p=0.054) and neutral,
respectively (Fig. 4B). According to this finding, there was
a slight trend for the highly polluted Armeria ecotype to be
more excluded from benign habitats by competition than the
less polluted Armeria ecotype.

Neighbour-trait and environmental-severity effects

Because the influence of the pollution gradient was only sig-
nificant for Agrostis in the previous results (Fig. 4A), we focus
in this section on this species response to the different stress
levels with and without neighbours. We found a significant
stress level X neighbours interaction on survival for both
Agrostis ecotypes (Fig. SA-D). Survival of unpolluted Agrostis
ecotype without neighbours was significantly higher under
low stress (habitat 4) than under high stress (habitat 1) levels
(Fig. 5A), whereas the survival rate of polluted Agrostis eco-
type without neighbours did not differ significantly between
no-stress and stress levels (Fig. 5D). In contrast, under high
stress and low stress levels, the survival rate of unpolluted
Agrostis ecotype with neighbours did not differ significantly
(Fig. 5A), whereas the survival of polluted Agrostis ecotype
with neighbours was significantly higher under high stress
than low stress levels (Fig. 5D).

For unpolluted Agrostis ecotype, RIL, 0., Was negative
under no stress levels and shifted to positive value under
stress (Fig. 4A, 5B). RII was negative without neighbours
and shifted to marginally positive with neighbours (Fig. 5C).
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Figure 3. Principal component analyses (PCA) displaying the variability of soil metals variables and other soil variables between the four
habitats along the studied gradient. (A) Variables factor map for soil metals concentration. Cd_AA: cadmium extracted with acetic acid;
Pb_AA: lead extracted with acetic acid; Zn_AA: zinc extracted with acetic acid; Cd: total cadmium concentrations; Pb: total lead concentra-
tions; Zn: total zinc concentrations; Cu: total copper concentrations; As: total arsenic concentrations. (B) Plot scores along PCA axes 1 and
2 for soil metal content. (C) Variables factor map for all soil variables including soil pollution. Met: synthetic estimation of metal concentra-
tion (PCA,,;;) in soil from the PCA presented in (A) and (B). It corresponds to individuals’ position on the first component of this PCA.
RH: relative humidity; Vol: vegetation volume; OM: organic matter; Clay_Silt: clay and fine silt; Silc_Sand: fine and coarse sand; C/N:
carbon to nitrogen ratio. (D) Plot scores along PCA axes 1 and 2 for all soil variables.

These findings show that when stress increases along the pol-
lution gradient, the shift from competition to facilitation for
the unpolluted ecotype was predominantly due to an envi-
ronmental-severity effect, and to a lesser degree to a marginal
neighbour-trait effect.

For polluted Agrostis ecotype, RHneighbours was negative
under no stress level and shifted to neutral under stress level
(Fig. 5E). RIIL_ . was marginally negative without neigh-
bours and shifted to positive with neighbours (Fig. 5F). These
results provide evidence that the increase in competition with
decreasing stress for the polluted ecotype was primarily due
to a neighbour-trait effect, and to a lesser degree to a marginal
environmental-severity effect.

Discussion

The outcome of plant—plant interactions for Armeria did
not vary significantly along the metal pollution gradient,
contradicting our first hypothesis. However, in accordance
with our first hypothesis, plant—plant interaction for Agrostis
shifted from negative to positive, with increasing pollution

stress. Consistent with our second hypothesis, Agrostis, the
least stress-tolerant species according to its distribution range,
was more facilitated than Armeria at high pollution level.
Consistent with our third hypothesis, at the intraspecific level,
the unpolluted Agrostis ecotype was more facilitated than the
polluted one at high pollution level; and in benign habitats
the highly polluted Armeria ecotype showed a slight tendency
to be more prone to competition than the less polluted eco-
type. Consistent with our fourth hypothesis, the increase in
facilitation with increasing metal stress was primarily due
to an environmental-severity effect, whereas the increase in
competition with decreasing metal stress was primarily due
to a neighbour-trait effect. Overall, our results improve our
understanding of the mechanisms driving changes in compe-
tition and facilitation along metal-stress gradients.

Response of the two species to the effects of
neighbours along the gradient

Variation of RII, .. along the gradient revealed that as
metal stress increased, plant interactions shifted from negative
to positive for Agrostis (Fig. 4A). This result confirms previous
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Figure 4. (A, B) Variation in RIL ., (mean per habitat + SE) of
Agrostis and Armeria along the metal pollution gradient. The metal
pollution gradient is characterized by the PCA,, metric. In order
to have increasing values of PCA,,, indicating an increasing level of
pollution, we first multiplied all plot scores on the first PCA,, axis
in Fig. 3D by —1 to reverse the values of PCA,,, along the gradient.
We then added the lowest plot score value (H4 value) +1 to the
scores of all plots for visual comfort to finally obtain the PCA,,
axis in this figure. Full circles: ecotypes harvested in habitats with
highest level of pollution; empty symbols: ecotypes from lowest
level of pollution. Significant differences of Rlls from 0 are shown
next to each RII value (one sample t-test). On the top left corners of
(A) and (B), results of linear mixed-effects model for the effect metal
pollution gradient (PCAy,,), ecotype origin and their interaction
are shown. (*), p < 0.1; %, p < 0.05; **, p < 0.01; ***, p < 0.001.

studies showing that plant—plant interactions change from
competition to facilitation along pollution gradients con-
sistent with the SGH (Dominguez 2015, Yang et al. 2015).
Additionally, this is in agreement with refined facilitation
theories (Michalet 2007, Maestre et al. 2009, Michalet et al.
2014a) that have proposed that the SGH is more likely to
be supported along non-resource gradients, i.e. such as salt,
cold or wind gradients (Bertness and Hacker 1994, Bertness
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and Ewanchuk 2002, Callaway et al. 2002, Pennings et al.
2003, Badano et al. 2007, Qi et al. 2018). However, unlike
Agrostis, RIL 41,0, Of Armeria, did not change along the pol-
lution gradient (Fig. 4B). Several explanations can be pro-
posed to explain these results. First, Armeria may have not
been facilitated because it is a species strongly tolerant to
the metal stress at stake in this system, consistent to results
found by Callaway and Pennings (2000) in salt marshes or
Noumi et al. (2015) and Liancourt et al. (2017) in very arid
climates. Additionally, Armeria has an important primary
tap-root with low development of secondary root branches.
We cannot exclude that its low survival rate in all treat-
ments was partly due to its root architecture less favourable
for transplantation than a grass species with more fascicu-
late or branched root architecture. The potential impact of
transplantation of Armeria in this study likely impeded to
accurately assess the response of this species to plant—plant
interactions. However, our result support previous studies
that found that plants from benign habitats with low stress
tolerance are more facilitated than plants from harsh envi-
ronments with high stress tolerance (Liancourt et al. 2005,
Wang et al. 2008, Gross et al. 2010). Similarly, Nemer et al.
(2021) also found that the higher drought-tolerance of spe-
cies from calcareous habitats compared to species from sili-
ceous habitats reduced their competitive ability, and was
therefore responsible for their exclusion from siliceous sites
by competitive, high-biomass siliceous species. However, the
very low species richness occurring in the most polluted habi-
tat 1 impeded us to replicate this treatment to straightfor-
wardly conclude on this species effect.

Difference of response between ecotypes

Liancourt and Tielborger (2011) argued that a tradeoff
between stress tolerance and competitive ability occurs not
only at the species level but also at the intraspecific level, as also
found by several authors (Michalet et al. 2011, Al Hayek et al.
2014). The difference in responses between Agrostis ecotypes
are in line with this statement, since we found that at the
highest level of soil pollution the unpolluted Agroszis, the least
stress-tolerant ecotype, was more facilitated than the polluted
one. Additionally, we found that the more stress-tolerant eco-
type of Armeria was marginally more excluded from benign
habitats by competition than the less stress-tolerant one. In
line with our results, Al Hayek et al. (2014), found in a sub-
alpine community from the French pyrenees that tight and
loose Festuca gautieri phenotypes which naturally occur at
two positions along a topographic gradient had contrasting
competitive abilities. Additionally, they could separate the
two components of species competitive ability, the competi-
tive effect, which is the capacity of one plant to inhibit the
growth of another, and the competitive response, which is
the capacity of a species to withstand inhibition by its neigh-
bours, Goldberg 1990, 1996). The tight Festuca phenotype
was the strongest effect competitor and the loose Feszuca phe-
notype the weakest response competitor.
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Figure 5. Survival of Agrostis ecotypes and corresponding RII at two contrasted stress levels and with and without neighbours. (A, D)
Survival (mean + SE) of unpolluted ecotype (A) and polluted ecotype (D) at the two levels of stress. On the top left (A) and bottom right
(D) corners, results of general linear mixed-effects model for the Stress x Neighbours interaction on survival are shown. Different letters
show significant difference between the corresponding situation (posthoc multiple Tukey comparisons). (B, C, E, F) RIL ., (mean +
SE) for unpolluted (B) and polluted (E) ecotypes and RII . (mean + SE) for unpolluted (C) and polluted (F) ecotypes. Significant differ-
ences of RII from 0 are shown next to each RII value (one sample t-test). Results of linear mixed-effects model for the effect of stress (B and
E) and neighbours (C and F) are shown on the top left corners. (*), p < 0.1; %, p < 0.05; **, p < 0.01; ***, p < 0.001.

Environmental and neighbour-trait effects that: 1) the best candidates for environmental-severity effects
during increases in facilitation in stressed habitats were stress-
intolerant ecotypes; 2) the best candidates for neighbour-trait
effects during increases in competition in benign habitats
were stress-tolerant ecotypes. This highlights that the high
size-plasticity of competitive (and stress-intolerant) species or
ecotypes (Grime 1973, Liancourt et al. 2005, Liancourt and
Tielborger 2009) may explain both their competitive effects
in benign habitats through neighbour-trait effects and facili-
tative responses in stressed habitats because of their higher
sensitivity to environmental-severity effects.

In agreement with our fourth hypothesis the increase in facil-
itation for unpolluted Agrostis ecotype with increasing metal
stress was mostly due to an environmental-severity effect,
whereas the increase in competition for polluted Agrostis
ecotype with decreasing metal stress was primarily due to a
neighbour-trait effect (Fig. 5D-F). These findings are consis-
tent with Michalet et al. (2014b) who found for alpine com-
munities that increases in facilitation with increasing stress
are generally due to a decrease in target performance without
neighbours (i.e. an environmental-severity effect), whereas
increases in competition with decreasing stress are generally
due to a decrease in target performance with neighbours (i.e. Af/enowl‘edgements - DN was ﬁnancially supported by a PhD
a neighbour-trait effect). Indeed, as stress increases there are fellowship from the Municipality of Lebaa (Lebanon). We are
few reasons that neighbours increase their size and, thus, their grateful to Christophe Nguyen from INRAE (UMR ISPA) for his

.. . e . . field help.
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lapse in facilitation in extreme conditions of salinity was due | J1ied to this work.
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