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† Background and Aims There is still debate regarding the direction and strength of plant interactions under intermediate to high levels of stress. Furthermore, little is known on how disturbance may interact with physical stress
in unproductive environments, although recent theory and models have shown that this interplay may induce a
collapse of plant interactions and diversity. The few studies assessing such questions have considered the intensity of biotic interactions but not their importance, although this latter concept has been shown to be very useful
for understanding the role of interactions in plant communities. The objective of this study was to assess the interplay between stress and disturbance for plant interactions in dry calcareous grasslands.
† Methods A field experiment was set up in the Dordogne, southern France, where the importance and intensity of
biotic interactions undergone by four species were measured along a water stress gradient, and with and without
mowing disturbance.
† Key Results The importance and intensity of interactions varied in a very similar way along treatments. Under
undisturbed conditions, plant interactions switched from competition to neutral with increasing water stress for
three of the four species, whereas the fourth species was not subject to any significant biotic interaction along the
gradient. Responses to disturbance were more species-specific; for two species, competition disappeared with
mowing in the wettest conditions, whereas for the two other species, competition switched to facilitation with
mowing. Finally, there were no significant interactions for any species in the disturbed and driest conditions.
† Conclusions At very high levels of stress, plant performances become too weak to allow either competition or
facilitation and disturbance may accelerate the collapse of interactions in dry conditions. The results suggest that
the importance and direction of interactions are more likely to be positively related in stressful environments.
Key words: Competition, facilitation, stress, disturbance, biotic interactions, unproductive environments,
Teucrium chamaedrys, Koeleria vallesiana, Thymus serpyllum, Seseli montanum.

IN T RO DU C T IO N
Plant interactions – either negative (Grime, 1973; Tilman,
1982) or positive (Hacker and Gaines, 1997; Bruno et al.,
2003) – are known to be key factors structuring plant communities (for a review see Brooker et al., 2008). Although it is now
widely recognized that competition dominates in benign environments (Grime, 1973; Huston, 1979), there is still debate
regarding the role and direction of plant interactions in stressful
conditions (Brooker et al., 2008). Grime (1973) stated that competition for light disappears under those conditions, whereas the
‘Stress Gradient Hypothesis’ (SGH) proposed that competition
should switch to facilitation with increasing stress or disturbance
(Bertness and Callaway, 1994; Brooker and Callaghan, 1998).
Several empirical studies supported the SGH in terrestrial (e.g.
Callaway et al., 2002; Liancourt et al., 2005), marine (Bulleri
et al., 2011) and freshwater systems (Le Bagousse-Pinguet
et al., 2012). However, others found an increase in competition
in water-stressed environments (Tielbörger and Kadmon, 2000;
Maestre and Cortina, 2004). Such inconsistencies may notably

be due to the idiosyncrasy of plant interactions undergone by a
species of a particular strategy, within a particular community
limited by a particular resource (Liancourt et al., 2005;
Michalet, 2007; Maestre et al., 2009). Additionally, facilitation
has been proposed to wane at the extreme end of severity gradients (Michalet et al., 2006). This theoretical prediction has been
supported by mathematical simulations (Travis et al., 2006;
Xiao et al., 2009) and several experiments conducted along
biotic disturbance gradients (Smit et al., 2007), and stress or
physical disturbance gradients (Kitzberger et al., 2000;
Veblen, 2008; Forey et al., 2010; de Bello et al., 2011).
Michalet et al. (2006) argued that the collapse of facilitation in
extremely severe environments may be due to the strong reduction in size and effects of the nurses impeding any environmental
mitigation for other species. More recently, Malkinson and
Tielbörger (2010) proposed that a collapse may also occur for
competitive interactions when these appear in particular stressful conditions, such as arid ecosystems (e.g. Tielbörger and
Kadmon, 2000). Data are still needed to assess the variation in
biotic interactions from intermediate to high conditions of stress.
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with and without mowing disturbance in dry calcareous grasslands. Calcareous grasslands are characterized by important
water and nutrient stresses (Grime and Curtis, 1976) and a
high species richness with considerable conservation value.
Stress conditions in calcareous grasslands vary naturally,
notably according to topography (e.g. exposure and steepness
and shape of the slope), thus constituting a good system to
measure the effects of a stress gradient on biotic interactions.
Calcareous grasslands are currently subject to disturbancebased management strategies such as grazing or mowing
(Kahmen et al., 2002), which may interact with the stress gradient and thus shape the community. We focused on variation
in interactions with and without mowing disturbance in intermediately dry to extremely dry conditions, i.e. a position along
the water stress gradient which has fuelled considerable debate
in the literature. We used a combination of a natural water
stress, choosing a range of communities from mesic to xeric
soil and exposure conditions, and of an experimentally
induced water stress, using a rainfall interception procedure,
making use of the potential of studying an expanded gradient
(Kawai and Tokeshi, 2007; Ariza and Tielbörger, 2011). Based
on the most recent predictions (Michalet et al., 2006;
Malkinson and Tielbörger, 2010), we expected that: (1)
biotic interactions ( positive or negative, intensity and importance) should collapse at the extreme end of the water stress
gradient and (2) this collapse should occur earlier along the
gradient if the system is subjected to disturbance (mowing).
M AT E R I A L S A N D M E T H O D S
Study site

Sites were located close to Saint Sulpice de Mareuil
(45828′ 50′′ N, 0830′ 22′′ E, 140 m a.s.l.) and La Rochebeaucourt
(45827′ 53′′ N, 0823′ 33′′ E, 140 m a.s.l.) in the PérigordLimousin Natural Park, south-western France. Mean winter
temperature is 6.2 8C and mean summer temperature is
19.5 8C. Mean annual precipitation is 800 mm with the
highest rainfall amounts in winter. The experiment was established during two average years (873 mm in 2009 and 773 mm
in 2010, PreviMeteo SARL). The site is dominated by cretaceous limestones. In calcareous grasslands, vegetation is
overall mainly limited by water and nutrient stresses (Grime
and Curtis, 1976; Liancourt et al., 2005). However, calcareous
grassland communities vary in cover, productivity and species
composition, depending on soil depth, slope, exposure and management (Boullet, 1986; Royer, 1987). Like most calcareous
grasslands across Europe, the selected sites were semi-natural.
However, they were not subjected to any land use within the 30
years preceding the experiment, and thus human and domestic
animal disturbances did not vary in our plots. However, because
dynamics is so slow in these stressful environmental conditions,
time since abandonment was not long enough to let our sites overtake the ‘grassland’ stage of secondary succession. We used a
natural water stress gradient including eight semi-natural calcareous grassland sites ranging from Mesobromion (moist) to
Xerobromion (dry) communities: soil moisture significantly
decreased from the wettest Mesobromion (14.8 % of total soil
weight in spring 2010) to the driest Xerobromion (2.2 % of
total soil weight in spring 2010) sites. Above-ground vascular
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Most of these studies have focused on variation in either stress
or disturbance along complex environmental gradients without
controlling for variation in the other constraint. Few studies
have so far disentangled the combinatory effects of these different direct gradients on biotic interactions, despite their frequent
co-occurrence in natural systems (Graff et al., 2007; Kawai and
Tokeshi, 2007; le Roux and McGeoch, 2010; Bulleri et al.,
2011). Co-occurring environmental direct factors may have
multiplicative rather than additive effects (Brooker and
Callaghan, 1998; Freckleton et al., 2009; Malkinson and
Tielbörger, 2010). Coupling high levels of stress and disturbance
may accelerate the collapse of facilitation leading to rapid drops
of diversity (Michalet et al., 2006; Forey et al., 2010) and extinctions of communities (Kefi et al., 2007). Recent studies showed
in particular that biotic interactions depend strongly on the interaction between abiotic stress and consumer pressure in contrasted ecosystems and vary according to target species and
season (Crain, 2008; Veblen, 2008; Smit et al., 2009; Brewer,
2011; Bulleri et al., 2011; Soliveres et al., 2011), although no
common clear trend has so far been found. This might be
linked to the difficulty of predicting the outcome of biotic interactions when considering selective disturbance processes (e.g.
consumer pressure), which may induce complex indirect facilitation processes (e.g. associational defences against herbivores)
varying along the abiotic stress gradient. We expect that nonselective disturbance processes (e.g. mowing) would theoretically lead to more convergent results (i.e. disturbance would
affect the whole community – competitors, benefactors and
beneficiaries – and potential biotic interactions would be
direct across the whole stress gradient).
Additionally, several authors have stressed the utility of considering the importance, rather than the intensity, of either
competition or facilitation when assessing how species interactions may contribute to drive community composition and
structure along environmental gradients (Brooker et al.,
2005; Freckleton et al., 2009; Kikvidze and Brooker, 2010;
Kikvidze et al., 2011; Rees et al., 2012). The importance of
interactions has been defined as the change in performance
of a target species due to neighbours as compared with the
effect of other community drivers such as stress and disturbance (Brooker et al., 2005). Importance highlights better the
role of biotic interactions compared with the role of other
abiotic factors in community assembly and has been proposed
to illustrate Grime’s (1973) theories on competition (Brooker
et al., 2005; Freckleton et al., 2009; Kikvidze and Brooker,
2010; Kikvidze et al., 2011; Rees et al., 2012). However,
most empirical studies assessing variation in biotic interactions
along severity gradients were based on measurements of the
intensity of interactions; fewer were based on the importance
(Ariza and Tielbörger, 2011; Kunstler et al., 2011) or on a
comparison between the intensity and the importance of interactions (Sammul et al., 2000; Gaucherand et al., 2006; Zhang
et al., 2008; le Roux and McGeoch, 2010). To our knowledge,
only le Roux and McGeoch (2010) have analysed changes in
the importance of interactions along two complex environmental gradients (altitude and wind exposure) and no study has
assessed the crossed effects of direct stress and disturbance
factors on the importance of interactions.
Our goal here is to assess variation in both the intensity and
the importance of interactions along a water stress gradient,
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plant biomass significantly decreases along this gradient
(maximum ¼ 678 g m22, minimum ¼ 232 g m22; F1,6 ¼ 56.38,
n ¼ 8, r 2 ¼ 0.90, P , 0.001). Vegetation cover follows the
same trend (maximum ¼ 99 %, minimum ¼ 50 %; F1,6 ¼
3.25, n ¼ 8, r 2 ¼ 0.63, P , 0.05). Species nomenclature
follows Tutin et al. (1964 – 1980). Species found are mostly
slow-growing and stress-tolerant (sensu Grime 1974), in particular the dominant grass species Festuca ovina. Both
the cover of this species and its vegetative height significantly
decrease when passing from the wettest Mesobromion to
the driest Xerobromion site (maximum cover ¼ 52 %,
minimum cover ¼ 2 %; F1,6 ¼ 7.67, n ¼ 8, r 2 ¼ 0.56, P ,
0.05; maximum height ¼ 13.3 cm, minimum height ¼ 5.5 cm;
F1,6 ¼ 11.45, n ¼ 8, r 2 ¼ 0.66, P , 0.05). Other species are
Anthyllis vulneraria, Coronilla minima, Fumana procumbens,
Helichrysum stoechas, Potentilla verna and Carex humilis.
We selected the four species with the highest abundances
among the pool of species present in all of the 32 study
plots, Koeleria vallesiana, Seseli montanum, Teucrium
chamaedrys and Thymus serpyllum, after removing from the
pool the potential nurse species F. ovina. K. vallesiana is a
short hexaploid bunch grass with thick leaves. S. montanum
is an Apiaceae with a thick tap-root giving birth to subordinate
stems. Te. chamaedrys and Th. serpyllum are two Lamiaceae
with very high capacities of stoloniferous vegetative spreading.
Th. serpyllum has woody stems but Te. Chamaedrys does not.
The four species are common species of calcareous grasslands
and either restricted to southern Europe (K. vallesiana and
S. montanum) or found across the continent (Th. serpyllum
and Te. chamaedrys, Royer 1987).

spots where biomass had been removed. This process was
repeated on three different dates during the 2010 growing
season (28 April, 13 May and 27 May). We then averaged all
measurements per plot and attributed a single value of soil moisture to each of the 16 blocks.

Experimental design

Data collection

The experiment lasted from December 2008 to June 2010.
We experimentally increased the length and the resolution of
our natural water stress gradient by splitting each of the
eight sites into two blocks: one was kept intact and the other
was experimentally dried. We framed two plots (3.5 × 3.5 m
each) within each block in order to apply a two-level
mowing factor (control and mown). The design included a
total of 32 plots (8 sites × 2 blocks × 2 levels of mowing).
The experimental drought was simulated through rainfall
interception during two successive springs (from 10 April to
24 June 2009: 76 days and 270 intercepted millimetres, and
from 19 April to 28 June 2010: 70 days and 119 intercepted
millimetres). We chose spring because most of the growing
season occurs in this period. We used roofs of transparent
plastic allowing 90 % penetration of photosynthetically active
radiation (CelloFlex 4TT, Prosyn Polyane, ETS Girard,
Bruges, France). To avoid a temperature increase, roofs were
tunnel-shaped. This allowed air circulation through 2-m-high
gaps at both ends (mean air temperature from April to June
2010 in dried plots ¼ 14.8 8C, s.d. ¼ 0.25; in control plots ¼
14.6 8C, s.d. ¼ 0.29). This kind of shelter has already been
used in several studies investigating the effect of experimental
droughts on grassland ecosystems (e.g. Kahmen et al., 2005).
We used soil moisture measurements in control (unmown)
plots to establish the stress gradient covariate. Eight measurements (in % of soil weight) per plot were made using a Theta
probe device (ML2X, Delta-T Devices, Cambridge, UK) in

We used both survival and plant growth (represented by the
standardized estimation of target net biomass differences
between the end and the beginning of spring 2010) to evaluate
target performance according to treatments. To estimate target
initial biomass (27 April 2010), we measured non-destructive
parameters [leaf number (L) and stretched plant vegetative
height (H )] and transformed them in biomass values using allometric regressions. We established these regressions as follows:
for each species, we measured L, H and dried biomass (W, 72 h,
60 8C) on 30 individuals growing outside the experimental plots
and covering a wide range of sizes. We used these data to select
the best allometric equations using a stepwise backward Akaike
Information Criterion procedure. We saved the following
equations: K. vallesiana: W ¼ 0.0047 × H + 0.0036 × L +
0.00066 × H × L (r 2 ¼ 0.86); S. montanum: W ¼ 0.043 × L
(r 2 ¼ 0.77); Te. chamaedrys: W ¼ 0.0022 × L (r 2 ¼ 0.87);
Th. serpyllum: W ¼ 0.0065 × L (r 2 ¼ 0.93). Surviving targets
were sampled on 6 July 2010, dried (72 h, 60 8C) and
weighed. We computed plant growth as follows: G ¼ (Bf –
Bi)/Bi, where Bi is the estimated initial biomass and Bf the
weighed final biomass. Inside each plot, we averaged plant performance (survival or growth) per species in the presence (P+N)
or in the absence (P2N) of neighbours before computing the
indices described below.
We calculated the importance of interactions using Seifan
et al.’s (2010) index ‘Iimp’: Iimp ¼ Nimp/(|Nimp| + |Eimp|),
where Nimp and Eimp are the neighbour and environmental

Induced mowing
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We applied the mowing treatment by clipping 3 cm above
ground and exporting mown biomass outside the plot three
times during the experiment (November 2008, June 2009
and March 2010), thus simulating a more intensive management than usual in calcareous grasslands, to ensure significant
changes in a short-term experiment.
We assessed the responses of the four selected target species
to neighbours (biotic interactions) in all treatments using a
neighbour removal procedure. We selected eight short and
young individuals of each species (i.e. juveniles in the case
of K. vallesiana and S. montanum and young ramets in the
case of Te. chamaedrys and Th. serpyllum) within each plot
in April 2009. Plant individuals are more likely to be facilitated when they are juveniles or suffer from competition for
light when they are short. We regularly hand-weeded (completely removed) the above-ground biomass of neighbouring
plants in a 10-cm-diameter circle around half of the targets
and severed roots of neighbouring plants around each
removal area. Thus, in each plot, we tagged individuals with
and without neighbouring plants. There were a total of 1024
targets [8 communities × 2 blocks × 2 levels of mowing × 2
neighbouring levels × 4 species × 4 replicates].
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contributions to plant performance, respectively: Nimp ¼ P+N –
P2N and Eimp ¼ P2N – Pmax+N, where Pmax+N is the
maximum value of species performance in all of the 32 plots.
We calculated the intensity of interactions using the Relative
Interaction Index (‘RII’, Armas et al., 2004): RII ¼ (P+N –
P2N)/(P+N + P2N).
Iimp and RII are limited in their range [ –1,1] and are symmetrical around 0. Negative values for Iimp and RII indicate
competition whereas positive values indicate facilitation.

We tested the interactive effects of the stress gradient (covariate), the mowing treatment (two-level factor) and species
identity (four-level factor) on the Iimp and on the RII indices
computed for both plant survival and growth using mixed analysis of covariance (ANCOVA) models. Blocks were included
as a random variable in the models. The mowing treatment
was nested within blocks. We used restricted maximum likelihood (REML) to estimate model parameters because this procedure allows us to deal with unbalanced data (Corbeil and
Searle, 1976), which was the case of our growth data as there
were a few subclasses (species × mowing) with no survival.
We tested intercept significance at both ends of the gradient
for each factor combination (species × mowing). We logtransformed soil moisture data to homogenize the gradient
(i.e. to avoid aggregated point patterns) and to meet parametric
model assumptions. Data analyses were performed using the R
software for statistical computing (2.10.1).
RES ULT S
Survival was high for all species (K. vallesiana: 0.92, s.d. ¼
0.15; S. montanum: 0.87, s.d. ¼ 0.20; Te. chamaedrys: 0.71,
s.d. ¼ 0.33; Th. serpyllum: 0.67, s.d. ¼ 0.33) and there were
no significant effects of our treatments on the indices of
both intensity (RII) and importance (Iimp) for survival. The
only significant result for survival was the occurrence of globally positive RII for Te. chamaedrys (F3,42 ¼ 2.95, P ,
0.05), but with no significant changes in both indices (RII
and Iimp) along treatments (data not shown). Below, ‘RII’
and ‘Iimp’ always refer to indices measured on growth.
In summary, indices measured on growth show that interactions were strong in intensity and importance in the wettest
part of the moisture gradient and mostly competitive in
unmown plots and positive (or null) in mown plots, and collapsed in the driest plots whatever the mowing treatment or original interaction type (Fig. 1). The impact of plant interactions
on growth was predominantly negative, as shown by the
highly significant intercept effect for both RII and Iimp indices
(Table 1, Fig. 1). Because results were quite similar for both
indices, we comment on them simultaneously. There was a significant mowing effect, because the intensity and importance of
competition globally decreased with mowing (Table 1, Fig. 1).
In addition, there was a significant species effect because the
general mean of RII and Iimp differed according to species,
and S. montanum was particularly affected by competition as
compared with the other species (Table 1, Fig. 1). However,
there was a highly significant moisture × mowing interaction
(in particular for RII), because the decrease in the intensity

D IS C US S IO N
Consistent with our first hypothesis, our results clearly showed
that plant interactions – whether positive or negative – were
globally more intense and more important at the benign end
of the soil moisture gradient, and collapsed when stress conditions became too severe. The responses to mowing were more
complex and species-specific. For two species, mowing
decreased the intensity and importance of competition at the
benign end of the soil moisture gradient, inducing an early collapse of interactions along the stress gradient, consistent with
our second hypothesis. However, for the two other species,
competition switched to facilitation (either in intensity for
one species or in importance for the other one) with mowing
at the benign end of the stress gradient, but these new interactions did not collapse more rapidly along the stress gradient,
thus contradicting our second hypothesis. Overall, results
were very similar using either the index of intensity or importance of interactions.
Variation in plant interactions along the stress gradient
in the absence of disturbance

In unmown plots at the wettest end of our stress gradient,
plant – plant interactions measured on target biomass production
as either intensity or importance were significantly negative for
three of the four investigated species (S. montanum, Te. chamaedrys and Th. serpyllum). There was a similar tendency for the
fourth species (K. vallesiana), but this pattern was marginally
significant and only for the importance of interactions.
Competition intensity and importance both linearly decreased
with increasing water stress to become null at the severe end
of the gradient.
Michalet et al. (2006) and Malkinson and Tielbörger (2010)
proposed that biotic interactions should collapse at the extreme
end of stress or disturbance gradients because the effects of
neighbours should vanish with decreasing performance and
size, as originally proposed by Grime in his triangular strategy
model (Grime, 1974). This theoretical prediction has been supported by mathematical simulations (Travis et al., 2006; Xiao
et al., 2009) and several experiments conducted along biotic or
physical disturbance gradients (Brooker et al., 2005; Smit
et al., 2007; Forey et al., 2010). Fewer experiments have confirmed this hypothesis along stress gradients (Kitzberger et al.,
2000; de Bello et al., 2011). Thus, our study including four
target species brings additional support to the theoretical prediction that biotic interactions are not important for
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Statistical analyses

and importance of competition with mowing only occurred in
the wettest part of the moisture gradient. Additionally, the significant three-way interaction (marginally significant for Iimp)
between the moisture, mowing and species treatments indicates
that this decrease in the intensity and importance of competition
with mowing in the wettest part of the gradient was particularly
strong for some species, and in particular Te. chamaedrys for RII
and K. valesiana for Iimp (Table 1, Fig. 1). These two species
were significantly facilitated, in intensity and importance, respectively, in the wettest plots but only when mown, as shown
by the significantly positive intercepts of the corresponding
curves at this side of the gradient (Fig. 1).
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I imp

RII
Seseli montanum

1·0
mu = –0·25, s.d. = 0·28

mu = –0·28, s.d. = 0·32

0·0

Unmown
Mown

*
**

*

–1·0

Koeleria vallesiana

mu = –0·02, s.d. = 0·17

mu = –0·04, s.d. = 0·33
*

0·0

Teucrium chamaedrys

–1·0
1·0

mu = –0·05, s.d. = 0·46

*
0·0
**

*
–1·0
1·0

Thymus serpyllum

mu = –0·02, s.d. = 0·29

mu = –0·03, s.d. = 0·25

mu = –0·07, s.d. = 0·34

0·0
*

*

–1·0
–5·0 –4·5 –4·0 –3·5 –3·0 –2·5 –2·0
Stress gradient = –log(soil moisture)

–5·0 –4·5 –4·0 –3·5 –3·0 –2·5 –2·0
Stress gradient = –log(soil moisture)

F I G . 1. Variation in the intensity (Relative Interaction Index, RII) and the importance (Iimp index) of biotic interactions measured on growth along a water stress
gradient (x-axis) for four target species and with and without mowing disturbance, as indicated in the key. Global mean (mu) and s.d. of each index and for each
species are shown at the top right of each graph. Significant line intercepts at both gradient extremes are shown (*P , 0.05; **P , 0.01). Note that in all cases,
there are no significant intercepts at the harsh extreme of the gradient.

TA B L E 1. Mixed ANCOVA effects of soil moisture (covariate), mowing (factor) and species (factor) on the Relative Interaction Index
(RII) and the Iimp index computed on the growth data
RII

Intercept
Moisture
Mowing
Species
Moisture ×mowing
Moisture × species
Mowing × species
Moisture × mowing × species

Iimp

d.f.

den d.f.

F

P

F

P

1
1
1
3
1
3
3
3

58
13
13
58
13
58
58
58

14.40
2.42
9.14
5.81
15.55
1.45
1.37
6.17

***
n.s.
**
**
**
n.s.
n.s.
***

15.30
5.25
6.14
5.09
9.25
1.91
0.76
2.28

***
*
*
**
**
n.s.
n.s.
†

d.f., numerator degrees of freedom; den d.f., denominator degrees of freedom; n.s., not significant; †P , 0.1; *P , 0.05; **P , 0.01; ***P , 0.001.
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Interactive effects of the water stress gradient and the mowing
factor on biotic interactions

At the benign end of our moisture gradient, mowing increased
both the RII and Iimp indices and for all species, but the magnitude of this increase and subsequent changes in direction of
interactions with mowing were species-specific. Plant interactions switched from competition to neutral (intensity) and

from competition to weaker competition (importance) for
S. montanum. Competition switched to neutral, both in intensity
and in importance, for Th. serpyllum. These results are consistent with classic ecological theory (Grime, 1973; Huston, 1979)
linking disturbance to a release from competition (Grubb, 1977).
In mesic calcareous grasslands, vascular plants have been shown
to suffer from competition by bryophytes (Otsus and Zobel,
2004; Ingerpuu and Kupper, 2007; Jeschke and Kiehl, 2008).
In our wettest plots, the bryophytes layer was thicker and was
damaged by the mowing treatment. This might explain why disturbance induced a collapse of competition earlier along the gradient for three species, consistent with our second hypothesis
and with other studies showing the high dependency of biotic
interactions on the interaction between physical stress and disturbance (Crain, 2008; Veblen, 2008; Bulleri et al., 2011;
Soliveres et al., 2011).
For the two other species, mowing rather changed the direction of interactions, at least for either the intensity or importance. K. vallesiana had neutral interaction intensity all along
the gradient with and without mowing treatment, but the importance of interactions switched from neutral to facilitation
with mowing in the wettest conditions. In contrast, Th. chamaedrys switched from competition to facilitation with mowing
when considering interaction intensity and from competition
to neutral when considering importance. The occurrence of facilitation with disturbance is a process widely described along
biotic disturbance gradients [i.e. associational defences, which
are a case of indirect facilitation; Smit et al. (2007),
Vandenberghe et al. (2009) and Anthelme and Michalet
(2009)], consistent with the model of Bertness and Callaway
(1994). To our knowledge no studies have found this result
along a mowing disturbance gradient, where it is very unlikely
that neighbours protect potential beneficiaries from the mechanical constraint induced by the mower, which is the case in
the associational defences’ interactions. However, we suggest
that mown targets may suffer more from drought and thus
may be more demanding of stress mitigation by neighbours
than unmown targets, as shown in physically disturbed communities (Choler et al., 2001; Kawai and Tokeshi, 2007).
Intensity versus importance of interactions

Results were not very different using either the intensity or
the importance index, at least in unmown plots. In the mown
plots there were subtle differences in interaction with the
species effects but the collapse of plant interactions with increasing stress was also observed with the two indices. This
weak difference between those indices is not in accordance
with Welden and Slauson’s (1986) predictions that competition intensity should be stable along productivity gradients,
while competition importance should increase with decreasing
stress. However, Brooker et al. (2005) showed that comparisons between interactions importance and intensity along productivity gradients are system-dependent. They re-analysed two
datasets, one from a productive environment (Reader et al.,
1994) and one from a semi-arid system (Pugnaire and
Luque, 2001). They validated Welden and Slauson’s predictions in the productive environment, but found results similar
to ours (decreasing importance and intensity along a water
stress gradient) in the semi-arid system. Thus, our results
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community structure under extreme stress conditions. At our
sites, the decrease in the intensity and importance of net
biotic interactions may be explained by the structure of
Xerobromion communities located in the dry part of our
water stress gradient, and in particular by the morphology
and functional strategy of the dominant species. These communities have a very low biomass and appear more like a
mat dominated by several short-sized forbs than a grassland
dominated by tall competitors or bunch grass benefactors.
Another explanation for the decrease of – mainly negative –
biotic interactions along the stress gradient is that competition
might have been progressively balanced by an increase in facilitation with increasing stress. The metrics we used estimate
the net effect of biotic interactions, which is no more than the
algebraic sum of facilitation and competition (Callaway and
Walker, 1997; Brooker and Callaghan, 1998). With decreasing
soil moisture, potential positive effects of the plant canopy on
soil water availability might have balanced its negative effects
on light availability, as proposed by the model of Holmgren
et al. (1997).
Our results are more consistent with Malkinson and
Tielbörger (2010), predicting that all interactions should
vanish under extreme stress conditions, than Michalet et al.
(2006) who rather proposed that competition should first
switch to facilitation at an intermediate position along an environmental severity gradient [consistent with Bertness and
Callaway’s (1994) model], before collapsing at the end of the
gradient. Indeed, in the absence of mowing we never found
any significant facilitation for growth, even in intermediately
water-stressed conditions. The decrease in competition from
the wettest end to an intermediate position along the water
stress gradient is consistent with previous experimental studies
conducted in calcareous grasslands (Corcket et al., 2003;
Liancourt et al., 2005), but Liancourt et al. (2005) also detected
facilitation in semi-dry conditions. We propose two explanations
for the observed absence of facilitation. First, our results were
observed for growth, and it is well known that in the same
system, a target species may be facilitated for survival while
suffering from competition for growth (Goldberg et al., 2001;
Liancourt et al., 2005). In our study, survival was high
and, although one species was facilitated for survival
(Te. chamaedrys), neither its intensity nor its importance significantly varied along the stress gradient. Second, the high survival
of our target species and subsequent insensitivity to potential
facilitative effects of neighbours might also be linked to their
drought-tolerant strategy. Several authors have shown that
stress-tolerant species are not good candidates for facilitation,
because of their low shade-tolerance and low sensitivity to
stress mitigation provided by neighbours as compared with
drought-intolerant species (Liancourt et al., 2005; Forey et al.,
2010).
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provide new evidence suggesting that the importance and direction of interactions are more likely to be positively related in
stressful environments.
Our study strongly supports models predicting a reduction of
the magnitude of net plant – plant interactions, whether positive
or negative, on an intermediate-to-high stress gradient because
of decreases in the potential of plants to be benefactors or competitors. It also shows that this reduction is likely to be accelerated by disturbance. Intensity and importance seem to be
correlated along stress gradients in unproductive environments.
Further studies questioning the combinatory effects of stress
and disturbance on plant –plant interactions should consider
other factors potentially influencing them (e.g. life-history
stages, Goldberg et al., 2001; performance proxy, Malkinson
and Tielbörger, 2010; seasons effect, Soliveres et al., 2011).
It would also be interesting to investigate potential differences
between the effects on biotic interactions of natural and experimental stress gradients combined with disturbance.
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