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Nous avons trois moyens principaux: l’observation de la nature, la réflexion et 
l’expérience. L’observation recueille les faits ; la réflexion les combine, 

l’expérience vérifie les résultats de la combinaison…

 Denis Diderot
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ABSTRACT

Facilitation among plants in dry ecosystems is

crucial for diversity and ecosystem functioning and

stability. However, the importance of facilitation in

extremely stressful conditions is highly debated.

We attempt to separate the effects of direct non-

resource and resource stress factors on plant–plant

interactions by assessing changes in facilitation and

competition along salinity gradients at two con-

trasting levels of aridity. We selected eight saline

depressions (hereafter sebkhas) in the wet and dry

Mediterranean arid climate of North Africa, from

central Tunisia to the Libyan border 500 km south-

eastward. In each sebkha, we transplanted at four

positions along the salinity gradient induced by

topography, both in open areas and below domi-

nant shrubs, three target species with contrasting

tolerances to salinity stress. Target plant survival,

soil electrical conductivity and moisture were re-

corded before and after the dry summer season in

all treatments. Shrubs decreased salinity and

drought stresses in all treatments, and facilitation

was the dominant interaction. However, we found

a strong collapse of facilitation along the salinity

gradient, due to a dramatic mortality of the three

target species both with and without neighbours

above their threshold of salinity tolerance.

Increasing aridity induced an earlier collapse of

facilitation along the gradient. The three target

species had contrasting responses to neighbours,

with the least stress-tolerant species being facili-

tated and the two most stress-tolerant ones nega-

tively affected by neighbours. Our study shows that

disentangling resource and non-resource stresses

along gradients and controlling for target species

effects help understanding variation in plant–plant

interactions under highly stressful conditions.

Key words: Collapse of facilitation; competition;

drought; Mediterranean climate; non-resource

factors; resource factors; salinity.

HIGHLIGHTS

� Regional experiment manipulating neighbours

along salinity gradients in arid climate.

� Facilitation collapses in the most saline condi-
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tions.

� Increasing aridity induces a stronger collapse of

facilitation.

INTRODUCTION

Facilitation, the positive effect of an organism on

another one (Callaway 2007), is widely recognized

as an important biotic interaction occurring fre-

quently in stressful environmental conditions from

a variety of terrestrial and coastal marine ecosys-

tems (Bruno and others 2003; He and others 2013;

Soliveres and Maestre 2014; Michalet and Pugnaire

2016; Bulleri and others 2018). Facilitation might

be due to the direct amelioration of abiotic condi-

tions (salinity, cold, drought or oligotrophy) or to

indirect positive effects, through reduced herbivory

or competition (Callaway 2007). Facilitation is

crucial in severe environments since it enhances

local diversity by allowing stress-intolerant species

to live in extreme habitats (Bruno and others 2003;

Liancourt and others 2005a; Michalet and others

2006). Facilitation also affects the diversity of other

organisms (Lortie and others 2016), enhances

ecosystem functioning (Soliveres and others 2015;

Wright and others 2017) and ecosystem stability

(Kéfi and others 2007). Additionally, facilitation

can be used as an engineering tool for restoring

degraded habitats (Gómez-Aparicio and others

2004; Padilla and Pugnaire 2006).

However, changes in the intensity and impor-

tance of competition and facilitation along envi-

ronmental gradients in water-stressed conditions

are a highly debated issue (Maestre and others

2005, 2009; Michalet 2007; He and Bertness 2014;

Michalet and others 2014a, b; Soliveres and others

2015). The pioneer stress-gradient hypothesis

(SGH) facilitation model, considering that compe-

tition should switch to facilitation with increasing

environmental severity (Bertness and Callaway

1994), was first supported by a number of experi-

ments in water-stressed systems (Gómez-Aparicio

and others 2004; Sthultz and others 2007; Mu-

hamed and others 2013). However, other studies

showed that competition may conversely increase

with increasing water stress in dry systems (Tiel-

börger and Kadmon 2000; Maestre and Cortina

2004; Armas and Pugnaire 2005, a process now

called the switchback to competition, Michalet and

others 2014a, b). Additionally, facilitation may

collapse (that is, decrease until neutral interactions)

at the extreme of environmental gradients (Kitz-

berger and others. 2000). Thus, several authors

have argued that the relationship between plant–

plant interactions is not linear, as proposed by the

pioneer SGH model, but unimodal, with a maxi-

mum of facilitation at intermediate position along

environmental gradients (Michalet and others

2006; Holmgren and Scheffer 2010; Verwijmeren

and others 2013). Additionally, Michalet and oth-

ers (2014a) stressed the importance to separate two

alternatives to the SGH, namely the collapse of

facilitation and the switchback to competition, be-

cause they are likely to be due to different pro-

cesses, a decrease in facilitative effects for the

former and a change in the response of the target

species in particular environmental conditions for

the latter.

Recent research conducted since the beginning

of that debate has provided conflicting results, with

either support of the SGH, in particular along cold

stress gradients (Cavieres and others 2014; Pug-

naire and others 2015, and see the meta-analysis of

He and others 2013) or of one of the other two

models proposing an unimodal facilitation curve

(Forey and others 2010; Le Bagousse-Pinguet and

others 2014; Michalet and others 2015; Butterfield

and others 2016; Noumi and others 2016; O’Brien

and others 2017; Zhang and others 2018; Berdugo

and others 2019). Thus, as suggested by Michalet

and Pugnaire (2016), it is time considering that

there is no unique model of facilitation–environ-

ment relationship and concentrating our research

efforts towards assessing under which environ-

mental and biotic conditions any of the three pro-

posed models is expected to occur. This is crucial for

understanding the role of facilitation for ecosystem

functioning and stability in dry environments.

Michalet (2007) and Maestre and others (2009)

proposed in particular, that non-resource direct

gradients (that is, factors that are directly affecting

the physiology of a plant species but that are not

consumable, sensu Austin and Smith 1989) that

should support the SGH and collapse of facilitation

models (that is, only facilitation and neutral inter-

actions in stressful and extremely stressful condi-

tions, respectively), whereas resource gradients (for

example, water availability gradients) were more

likely to show a switchback to competition at the

extreme of the stress gradient, consistent with the

McArthur and Wilson (1967) theory. Several au-

thors also highlighted the importance of the func-

tional strategy of the species involved in the

interactions (Liancourt and others 2005a; Michalet

and others 2006; Maestre and others 2009). Indeed,

stress-intolerant species are more likely to be

facilitated and stress-tolerant ones more sensitive to

competition (Forey and others 2010; Liancourt and

others 2017; Qi and others 2018).

G. Chaieb and others



Another crucial point is the necessity, when

possible, to assess variation in biotic interactions

along direct environmental gradients and to avoid

complex gradients involving several direct factors

interacting with each other (He and Bertness

2014). For example, Leong and others (2019) have

shown that isolating resource gradients provides

SGH support in pitcher plants. Several studies have

indeed shown that the interaction between

drought stress and disturbance induces a collapse of

facilitation (Forey and others 2010; Maalouf and

others 2012; Le Bagousse-Pinguet and others 2014;

Verwijmeren and others 2019). In arid ecosystems

subjected to high evaporation rates, salinity stress

also often interacts with water stress along complex

topography or elevation gradients, since salt accu-

mulates in soils with increasing climatic drought

(Fariña and others 2017; Chaieb and others 2019).

We suggest that discrepancies among studies on the

shape of the facilitation–environment curve in

water-stressed systems may in part be due to the

occurrence of an interaction between these two

direct stresses. In other words, studies conducted

along salinity gradients are more likely to support

the SGH or eventually the collapse of facilitation

model since salinity is a non-resource direct factor,

whereas studies conducted along water gradients

are more likely to support the switchback to com-

petition model because water availability is a direct

resource factor.

The overall goal of our study was to disentangle

the role of salinity and drought stresses in the

variation in plant–plant interactions along complex

environmental stress gradients in arid ecosystems.

Since salinity and drought stresses interact across

complex topographic and climatic gradients (Fariña

and others 2017; Chaieb and others 2019), we set

up an experimental design at the regional scale

where we assessed the effect of salinity on plant–

plant interactions along topographic gradients in

different climatic conditions. We selected eight

continental saline depressions (locally called seb-

khas) from both the upper and lower arid climates

(sensu Emberger 1958) of North Africa, from central

Tunisia to the Libyan border, 500 km south-east-

ward. Within each sebkha, we transplanted along

the salinity gradient induced by topography three

dominant species having contrasting tolerances to

salinity stress, both below the dominant shrubs and

in adjacent open areas. Electrical conductivity and

soil moisture were also measured in all treatments

in order to identify the effects of the dominant

shrubs on these two direct stress factors. We aimed

to answer the following questions: (1) what is the

relationship between facilitation and salinity? (2)

Are changes in facilitation with increasing salinity

due to changes in the effects of dominant shrubs on

salinity? (3) Does increasing water stress with

increasing aridity alter the relationship between

facilitation and salinity? (4) Does the tolerance to

salinity of the target species alter the relationship

between facilitation and salinity?

MATERIALS AND METHODS

Study Sites and Target Species

The study was conducted in eight sebkhas from

central Tunisia in the Mediterranean arid climate

(Figure 1 and Appendix 1 of ESM). The Mediter-

ranean arid and Saharan climates occupy about

75% of the total surface of Tunisia, in the central

and southern parts of the country, at the northern

edge of the Sahara Desert (Figure 1). In the arid

climate of Tunisia, mean annual precipitation is

between 100 and 300 mm and mean annual tem-

perature is 19.0�C with 4.6�C in winter (December

to February) and 37.0�C in summer (June to Au-

gust). Following the bioclimatic classification of

Emberger (1958), the Mediterranean arid climate

has been divided in two sub-climates, upper and

lower arid (hereafter wet and dry arid, respec-

tively), with mean annual precipitation between

200 and 300 mm and 100 and 200 mm, respec-

tively. The year of our experiment, climate was

wetter in the winter, and drier in the spring and

summer than average years, but these anomalies

were approximately the same in the wet and dry

arid climates (winter: + 92% and + 78%, spring -

31% and - 41% and summer - 53% and -

100%, for the wet and dry arid, respectively, see

Appendix 2 of ESM). Thus, the climate treatment

applied during our experiment was representative

of average differences in aridity occurring in Tuni-

sia between these two sub-climates. In contrast,

differences in humidity between the wet and dry

seasons during the course of our experiment were

higher the year of our experiment than average in

both the wet and dry arid.

All sebkhas, whose size ranges between 10 and

300 km2, had similar lentil-like shapes and habitat

organization. The most important central part, with

no vegetation, can be inundated during the wetter

winter season during very wet years. The central

part is surrounded at the edge of the sebkhas by

several circular belts of shrubby halophytic vege-

tation. Chaieb and others (2019) distinguished four

habitats in relation to elevation and salinity stress,

from the central part to the edge of the sebkhas at

the ecotone with crop fields. Soil texture is highly
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influenced by the presence of sand throughout the

sebkhas, although there is a slight but significant

increase in clay from the upper most habitat (H4) to

the lowest one (H1) (from 6.25 ± 0.8% of clay,

12.25 ± 0.7% of silt and 81.5 ± 1.2% of sand in

H4, that is, loamy sand texture, to 18 ± 1.5,

14.5 ± 0.5 and 67.5 ± 1.2 in H1, respectively, that

is, sandy loam texture, n = 8). Habitat 1, the most

saline and lowest habitat, has very low vegetation

cover (< 20%) and is occupied by only one spe-

cies, Halocnemum strobilaceum (Amaranthaceae), a

C3 shrub present from the Mediterranean area to

western Asia (Liu 1985) and known as a highly

salinity-tolerant species (Redondo-Gómez and

others 2010). Habitat 2, also only occupied by H.

strobilaceum, has higher cover (20–50%) and bio-

mass. Habitat 3 is dominated by Arthrocnemum

macrostachyum (Amaranthaceae), a C3 shrub,

known as a salt-accumulator (Redondo-Gómez and

others 2010). Other shrub species associated with

A. macrostachyum are Suaeda mollis, Limoniastrum

monopetalum and Atriplex halimus. Habitat 4 is co-

dominated by several shrub species (Salsola tetran-

dra, Zygophyllum album, Reaumuria vermiculata and

Nitraria retusa) and Lygeum spartum (Poaceae), a

widespread rhizomatous perennial grass native of

the Mediterranean region and known to be toler-

ant to salinity. Human disturbance due to agricul-

ture is very low in sebkhas because of the very low

soil fertility and palatability of halophytic shrubs,

which make them an excellent natural system for

studying the effects of stress in arid climates, in

particular in developing countries like Tunisia

where disturbance is overall very high. Only low

grazing by sheep can be observed at the upper edge

of habitat 4 (Chaieb and others 2019), but we dis-

regarded those grazed areas.

Experimental Design

Late August 2016, we selected for the climate

treatment four sebkhas (blocks) in the wet arid

climate and four sebkhas in the dry arid climate

(Figure 1). Each block was separated from each

other by at least 50 km, as shown in Figure 1. Each

block was split into four main plots for the habitat

treatment, with four levels of salinity along an

increasing gradient of salinity stress from H4 to H1.

Figure 1. Geographical distribution of the eight sebkhas in the arid climate of Tunisia.
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Each plot had a size of approximately 500 m2, and

plots were separated from each other by 10–20

metres in average, since the whole topographic

gradient was in general not longer than 200 metres

(Chaieb and others 2019). Thus, there was a total of

32 main plots (2 climates 9 4 blocks 9 4 habitats).

We applied a target and a neighbour treatment

within each main plot, with three individuals of

each target species planted with and without

neighbours. For the target treatment, we selected

three dominant species of the four habitats for

transplantation in the whole experimental design.

The three target species have increasing tolerances

to salinity stress from L. spartum to A. macrostachyum

and H. strobilaceum (Chaieb and others 2019). In

each of the 32 main plots, we randomly selected

nine subplots in open areas without vegetation

(with at least 1 m distance from the centre of the

open plot to the nearest shrub) and nine subplots

covered by a dominant shrub individual. Subplots

were separated from each other by a minimum

distance of two metres. Thus, in each main plot,

there were three replicates of each target species,

transplanted with and without neighbours in 18

subplots. The selected neighbour species were H.

strobilaceum in H1 and H2, A. macrostachyum in H3

and S. tetrandra in H4. Transplanted individuals

were grown from rooted cuttings of the three spe-

cies, collected in early September 2016 from their

own habitats in at least two sebkhas of each climate

condition. Collected individuals had an average

above-ground height of 15 cm and were harvested

in mesh bags 20 cm deep and 10 cm diameter filled

with the soil of each corresponding habitat. Indi-

viduals in mesh bags were first transplanted in the

common garden of the Tunisian Ministry of Envi-

ronment at Sfax, the main town at the vicinity of

our sites. Transplants were grown there until mid-

November 2016 with irrigation every 15 days with

20 mm of tap water per transplant. Mid-November

2016, all species had formed roots in the nursery.

Thus, they were transplanted at this date in all

treatments, after removing the mesh bags but not

the soil surrounding roots, and the experiment

lasted until late September 2017. Transplants with

neighbours were transplanted beneath northern

edge of the shrub canopy, and each transplant was

watered after transplantation with 1 l of tap water.

The results of Appendix 3 of ESM show that salinity

level around the roots of the transplants of the

three target species was similar at time of trans-

plantation in the plots, since salinity strongly de-

creased in the common garden due to watering of

the transplants with tap water during 2.5 months.

Data Collection and Interaction Index
Calculation

We recorded survival of all target individuals early

April 2017, at the end of the wet season and late

September 2017, after the dry season (Appendix 2

of ESM). Although transplants were measured at

the beginning of the experiment, we did not record

biomass nor measured them at the end of the

experiment, since survival was too low, in partic-

ular in the most saline habitats of the dry arid cli-

mate. Survival rates were calculated in each

subplot, in terms of per cent of the three individuals

transplanted per treatment combination and per

block.

Soil water content and soil salinity were mea-

sured at 5 cm distance from each transplant indi-

vidual, early April and late September 2017, using

a Wet Sensor HH2 moisture meter (Delta-T De-

vices, Cambridge, England). Only soil salinity data

in the spring and soil water content in the summer

are shown here since soil salinity was too high in

the most saline plots in the summer for our probe

and soil water content similarly high in all plots in

the spring.

We used the relative interaction index (RII)

(Armas and others 2004) to assess the effect of the

dominant shrubs on the target species in all treat-

ments. This index is based on the comparison of

target performance with and without neighbours:

RII = (A - B)/(A + B).

A is the per cent survival with neighbours in a

main plot and B the per cent survival without

neighbours in the same plot. Values of RII vary

between - 1 and 1, with negative values indicating

competition and positive ones facilitation.

Statistical Analyses

We used a generalized linear mixed-effects model

(GLMM) to test the effects of the climate, salinity,

target, neighbour treatments and their interactions

on spring survival. Salinity, the continuous vari-

able, was log-transformed before analyses to meet

parametric model assumptions and to homogenize

the gradient to avoiding aggregated point patterns.

We used two forms of salinity in this analysis (log

(salinity) and (log salinity)2) to eventually detect

nonlinear relationships (Maalouf and others 2012).

Since only linear effects were significant in the

GLMM, nonlinear ones are not shown in Table 1.

To test the effects of the climate, habitat, target

treatments and their interactions on RII survival

calculated at the two seasons, we used a split–split-

plot mixed ANOVA model with blocks as a random
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effect, climate as main treatment, habitat as sub-

treatment and target as sub-sub-treatment. We also

used a split–split-plot mixed analysis of variance

(ANOVA) to test the effect of the climate, habitat,

neighbour treatments and their interactions on

salinity in spring season and soil moisture in sum-

mer season, with blocks as a random effect, climate

as main treatment, habitat as sub-treatment and

neighbour as sub-sub-treatment. Soil moisture and

salinity variables were log-transformed to meet

normality before ANOVAs.

Data analysis was done in Rversion 3.3.3 (R Core

Team 2017). The GLMM model used for survival

was performed with the function glmer and the

package ime4. The split–split-plot mixed ANOVAs

used for RIIs, salinity and soil moisture variables

were performed with the function AOV and the

package agricolae (De Mendiburu 2017) for linear

mixed effect models. We used Tukey HSD tests after

ANOVAs when necessary. In addition, sample t

tests were used to test if RII values were different

from zero.

RESULTS

Climate, habitat and neighbour treatments all had

highly significant effects on spring salinity, with

higher values in dry arid climate, towards the

centre of the sebkhas and in the open subplots than

in wet arid climate, at the edge of the sebkhas and

in the shrub subplots, respectively (Figure 2 and

Table 1). However, there was a highly significant

habitat by neighbour interaction, because in both

climates the neighbour effect was not significant in

H4 only (see Tukey tests, Figure 2). Additionally,

the neighbour effect was stronger towards the

centre of the sebkhas in the dry arid climate (highly

significant climate by habitat by neighbour inter-

action, Figure 2 and Table 1). Overall, these results

show that effects on salinity did not collapse in the

most severe environmental conditions (centre of

the sebkhas in dry arid climate).

Climate, habitat and neighbour treatments had

all highly significant effects on summer soil mois-

Table 1. Results of the Split–Split-Plot ANOVAs on the Effects of the Climate, Habitat, Neighbour
Treatments and Their Interactions on Soil Salinity in Spring and Soil Moisture in Summer.

Effects df Salinity in spring Soil moisture in summer

F p F p

Climate 1 17.3 < 0.001 80.4 < 0.001

Error (block) 7

Habitat 3 268.1 < 0.001 458.7 < 0.001

Climate 9 habitat 3 4.8 0.006

Error (block/subplot) 21

Target 2 747 < 0.001 105.6 < 0.001

Climate 9 target 2 9.5 0.003 0.3 0.020

Habitat 9 target 6 54.9 < 0.001 5.5 < 0.001

Climate 9 habitat 9 target 6 10.2 < 0.001 1.1 0.003

Residual error 448

Significant (p < 0.05) effects are indicated in bold.

Figure 2. Means (n = 4, ± SE) of spring soil salinity

(electrical conductivity) with and without neighbour in

the four habitats of the two climate conditions. Letters

show the results of the HSD Tukey test for the

climate 9 habitat 9 neighbour interaction (p < 0.001,

Table 3) in the split–split-plot ANOVA.
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ture, with higher values in wet arid climate, to-

wards the centre of the sebkhas and in the shrub

subplots, than in dry arid climate, at the edge of the

sebkhas and in open subplots, respectively (Fig-

ure 3 and Table 1). However, there was a weakly

significant climate by habitat interaction, because

the climate effect was not significant in H3 (see

Tukey test). There was also a significant habitat by

neighbour interaction, because differences in soil

moisture between shrub and open subplots in-

creased from the edge towards the centre of the

sebkhas (results of Tukey test not shown).

In spring, salinity strongly decreased survival in

all treatments (highly significant salinity effect in

Table 2 and Figure 4 and see Appendix 4 of ESM

for results for each species). There was a highly

significant climate effect due to overall higher

survival in wet arid than dry arid climate. There

was a highly significant climate by neighbour

interaction, with over all targets, lower survival

with neighbours than in the open in wet arid cli-

mate, but higher survival with neighbours than in

the open in dry arid climate (Figure 4). However,

there was a weakly significant climate by neigh-

bour by salinity interaction, because the negative

effect of neighbours on survival in wet arid climate

occurred only in low saline conditions and swit-

ched to positive in high-saline conditions, while the

positive effect of neighbours in dry conditions tends

to vanish with increasing salinity (Figure 4). There

was also a highly significant salinity by target

interaction because the decrease in survival with

increasing salinity was stronger for L. spartum than

for the two shrubs, with almost no survivors for the

grass at the highest salinity level (Appendix 4 of

ESM). Finally, there was a significant climate by

salinity by neighbour by target interaction because

the positive effect of neighbours on survival in dry

arid climate was only observed for the two shrub

species, while there was no effect of neighbours in

dry arid climate for the grass species whose survival

was only affected by salinity (Appendix 4 of ESM).

In spring, habitat had a significant effect on RII

survival, for the three targets and in both climates,

with higher RII values at mid positions along the

topography gradient than in the two extreme

habitats (Table 3, Figure 5 and results of the Tukey

test for the habitat effect). However, there was a

highly significant climate by habitat interaction

because the highest RII value was observed in H2 in

wet arid climate but in H3 in dry arid climate (see

the results of the Tukey test in Figure 5). In addi-

tion, the results of sample t tests show that facili-

tation was only significant in H2 in the wet arid

climate and in H3 in the dry arid one. Overall, these

results show evidence that facilitation peaked at a

Figure 3. Means (n = 4, ± SE) of summer soil moisture with and without neighbours in the four habitats of the two

climate conditions. Letters show the results of the HSD Tukey test for the climate 9 habitat interaction (p = 0.012,

Table 3) in the split–split-plot ANOVA.
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medium position along the topography gradient

and collapsed towards the centre of the sebkhas,

and in particular in the dry arid climate, consistent

with results of Figure 5. The absence of a significant

three-way interaction suggests that this interaction

between the climate and habitat treatments was

valid over all species at that date.

In late summer, only the target treatment had a

(weakly) significant single effect on RII survival,

with higher RII values for L. spartum than for the

two shrub species (Table 3, Figure 6 and result of

the Tukey test not shown). There was a highly

significant habitat by target interaction because

over all climate conditions, RII decreased from the

edge to the centre of the sebkhas for L. spartum, but

rather peaked at intermediate position for the two

shrub species. However, this effect was particularly

strong only in H4 of the wet arid climate, with

significant facilitation for the grass and significant

competition for the two shrub species (significant

climate by habitat by target interaction, Table 3 and

results of Tukey and t tests in Figure 6). Overall,

these results highlight that the collapse of facilita-

tion increased and became more species-specific

from the spring to the summer seasons.

DISCUSSION

In response to our first question, we found that the

relationship between plant–plant interactions and

salinity was unimodal with maximum facilitation

at intermediate salinity levels and a collapse of

facilitation at extreme salinity levels. In response to

our second question, this collapse was not due to a

decrease in the facilitative effect of the shrubs, but

rather occurs because salinity stress exceeded the

threshold tolerance of the target species even below

shrubs. Increasing aridity did not change the shape

of the curve of plant–plant interaction along the

Table 2. Results of Generalized Linear Mixed-Effects Models (GLMM) on the Effects of the Climate,
Salinity, Neighbour and Target Treatments and Their Interactions on Survival in Spring.

Effects Survival

df Chisq P

Climate 1 34 < 0.001

Salinity 1 174.8 < 0.001

Neighbour 1 0.3 0.551

Target 2 0.4 0.807

Climate 9 salinity 1 1.4 0.422

Climate 9 neighbour 1 26.5 < 0.001

Salinity 9 neighbour 1 9.0 0.678

Climate 9 target 2 13.2 0.967

Salinity 9 target 2 5.2 < 0.001

Neighbour 9 target 2 9.8 0.007

Climate 9 salinity 9 neighbour 1 5.5 0.021

Climate 9 salinity 9 target 2 4.1 0.289

Climate 9 neighbour 9 target 2 1.8 0.472

Salinity 9 neighbour 9 target 2 3.23 0.235

Climate 9 salinity 9 neighbour 9 target 2 8.1 0.008

Significant (p < 0.05) effects are indicated in bold.

Figure 4. Spring survival of the three target species (H.

strobilaceum, A. macrostachyum and L. spartum) along the

soil salinity gradient in the two climate conditions and

with and without neighbours. Linear curves show

variation in survival for the three pooled target species

along the salinity gradient in the two climate and

neighbour conditions, with R2 and p values of

regressions close to curves (significant

salinity 9 climate 9 neighbour interaction in the

GLMM, Table 1: p < 0.01). See ‘‘Appendix 4 of ESM’’

for species curves.
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salinity gradient, but it does induce an earlier col-

lapse of facilitation along the gradient. Finally, the

three target species had contrasting responses to

neighbours, in particular after the summer drought

and in the least saline habitat. Separating direct

non-resource and resource gradients and control-

ling for species effects, as in our study, may cer-

tainly help unifying facilitation theories, which is

crucial for understanding the role of facilitation for

diversity, ecosystem functioning and restoring de-

graded ecosystems in water-stressed countries in a

global change context.

The Collapse of Facilitation Along
the Salinity Gradient

In our study, we attempt separating the effects of

direct non-resource from direct resource stresses on

plant–plant interactions, by assessing changes in

plant–plant interactions along a salinity gradient in

similar climatic conditions. Separating drought

from salinity stress for plants is not easy, since it is

known that a major consequence of NaCl stress is

the loss of intra-cellular water and both stresses

have in common to induce an osmotic stress (Ma-

hajan and Tuteja 2005). Thus, when salinity stress

is increasing in constant climatic conditions,

drought stress may increase as well for plants.

Additionally, we are aware that drought stress also

varied within each climate condition since the

salinity gradient was set up along a complex gra-

dient of topography. Thus, an experiment con-

ducted in controlled conditions of salinity and

moisture availability might certainly be useful to

really separating both stresses. However, increasing

drought stress along the topography gradient

within each climate cannot explain the negative

effect of increasing salinity on plant survival since

Table 3. Results of the Split–Split-Plot ANOVAs on the Effects of the Climate, Habitat, Target Treatments
and Their Interactions on RII Survival Calculated in Spring and Summer.

Effects df RII in spring RII in summer

F p F p

Climate 1 1.3 0.2 0.3 0.5

Error (block) 7 7

Habitat 3 4.5 0.005 1.9 0.1

Climate 9 habitat 3 6.8 < 0.001 4.9 0.031

Error (block/subplot) 21

Target 2 1.3 0.2 3.6 0.030

Climate 9 target 2 0.4 0.6 3.9 0.020

Habitat 9 target 6 0.7 0.6 5.4 < 0.001

Climate 9 habitat 9 target 6 0.2 0.9 3.5 0.003

Residual error 448

Significant (p < 0.05) effects are indicated in bold.

Figure 5. Means ± SE (n = 4) of relative interaction index (RII survival) calculated in spring for the three pooled target

species in the four habitats of the two climate conditions. Letters show results of the HSD Tukey test for the

climate 9 habitat interaction (p < 0.001, Table 2) in the split–split-plot ANOVA. Results of one-sample t tests are shown

below bars: *, p < 0.05.
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the most saline habitat where survival was the

lowest was also the wettest.

We did not find a switchback to competition in

the most saline habitats likely because salinity is

not a direct resource gradient, consistent with re-

fined facilitation theory (Michalet 2007; Maestre

and others 2009; Michalet and others 2014a).

Facilitation vanished in the most saline habitat, at

both seasons, in both climatic conditions and for

the three target species, consistent with the collapse

of facilitation theory (Michalet and others 2006).

However, facilitation did not collapse because of a

decrease in the facilitative effects of shrubs on

abiotic conditions, as predicted by Michalet and

others (2006, 2014a). Our measurements of soil

electrical conductivity showed that shrubs still

strongly decreased salinity stress in the most saline

habitats. Additionally, results on survival rates

showed that all target plants (even below shrubs)

died in the spring above a threshold of salinity that

was observed in the most saline habitat of both

climatic conditions. Thus, our study highlights that

the collapse of facilitation along a direct non-re-

source gradient can occur even when nurses still

ameliorate the environment, as shown by Qi and

others (2018) for two target species along an

intertidal salinity gradient.

He and Bertness (2014) argued that SGH excep-

tions occur when weak stress gradients or stresses

outside of species’ niches are examined, multiple

stresses co-occur cancelling out their effects, tem-

porally dependent effects are involved, or results

are improperly analysed. Indeed, Qi and others

(2018) showed with modelling and field results

that weak gradients are unlikely to support the

SGH and Leong and others (2019) that isolating

resource gradients provide SGH support in pitcher

plants. As argued above, our gradient was not

complex since we could separate salinity from

drought stresses. Additionally, our salinity gradient

was not weak, with electrical conductivity varying

from less than 5 ms cm-1, where target spring

survival was close to 100%, to close to 80 ms cm-1,

where most plants died. Third, we did not examine

the effect of salinity outside species’ niches, since

our most saline habitat was naturally colonized by

the most stress-tolerant target species, H. strobi-

laceum, whose facilitative response also vanished at

this stressful end of its niche. Fourth, life-history

stage of our target species did not shift across our

salinity gradient since we used transplants of sim-

Figure 6. Means ± SE (n = 4) of relative interaction index (RII survival) calculated in summer for the three target species

in the four habitats of the two climate conditions. Letters show results of the HSD Tukey test for the

climate 9 habitat 9 target interaction (p = 0.003, Table 2) in the split–split-plot ANOVA. Results of one-sample t tests

are shown above or below bars: *, p < 0.05.
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ilar stages in all habitats. Thus, the collapse of

facilitation found in our study could not be ex-

plained by any of these four reasonable exceptions.

It is likely that alternatively supports of the SGH

might result from assessing gradients that exclude

the most extreme portions of the stress gradient or

complex gradients involving stress factors that may

cancel each other (Pugnaire and others 2015). Fi-

nally, studies assessing intraspecific interactions

along gradients with abrupt end, as often occurring

in intertidal systems (for example, mussel beds or

chord grass communities, Figure 1B, C in He and

Bertness 2014) and some terrestrial ones (for

example, tree lines, Fajardo and McIntire 2011),

cannot detect a collapse of facilitation since the

nurse and target die at the stressful end of their

niche in close association.

One can also argue that the important mortality

that occurred early in the experiment might have

impeded to straightforwardly test the collapse of

facilitation. It is true that a higher number of

replicates of transplants or an early replacement of

dead individuals would have strengthened our

conclusions. However, it should be noted that

mortality was only high for Lygeum spartum, the

species least tolerant to salinity, in particular in the

most saline habitats. In contrast, the two halophitic

shrubs, and in particular Halocnemum strobilaceum,

survived well in the early spring in the wet arid

climates even in the most saline habitats, due to the

facilitation of the shrub (see Appendix 4 of ESM).

This was likely due the high winter rainfall that

occurred right after transplantation (see Appendix

2 of ESM). In addition, most facilitative experi-

ments have shown that increasing facilitation in

stressful environments is due to the high mortality

of target plants in no-neighbours plots, a process

called environmental severity effect (Michalet and

others 2014b). Thus, a high mortality in open plots

is not a condition impeding the test of facilitation

models. Finally, an increasing mortality occurring

with neighbours at extreme of environmental

gradients is specifically the evidence of a collapse of

facilitation, as early found in Argentina by Kitz-

berger and others (2000) for natural seedlings of an

austral conifer.

Other soil properties than salinity might have

influenced the survival of transplants in interaction

with the effect of neighbours. There were in par-

ticular significant differences in soil texture across

the topography gradient due to erosion, with slight

increase in clay content from the upper most

habitat (H4) to the lowest one (H1, see methods).

However, soil texture is overall sandy in Tunisian

sebkhas (from loamy sand in H4 to sandy loam in

H1, Chaieb and others 2019). In addition, L. spar-

tum, the species which survived the least in the

lowest habitats, could not have been negatively

influenced by an excess of clay since it is known to

occur on soils of contrasting soil textures (including

clay soils) throughout the Mediterranean Basin

(Spampinato and others 2018).

The Effect of Increasing Aridity

Our design was not set up in order to straightfor-

wardly assess the effect of increasing water stress

since we had only two points along the drought

gradient in similar conditions of low salinity, the

H4 position from the two climate conditions.

Additionally, the increase in aridity from wet to dry

arid climate was likely too low to test facilitation

models as argued above. However, it is interesting

to notice that the increase in water stress from wet

to dry arid climate at the H4 position did not induce

an increase in competition, but a decrease in

competition or an increase in facilitation, depend-

ing on the season and the target species. Since the

dry arid climate in central Tunisia is very dry (less

than 200 mm per year) as compared to other

facilitation studies, we can consider that this habi-

tat is close to the stressful end of the water stress

gradient. Thus, this increase in RII from wet to dry

arid climate at the H4 position does not support the

switchback to competition model (Michalet 2007;

Maestre and others 2009; Malkinson and Tielbörger

2010) and the results of many experiments con-

ducted in dry environments (Tielbörger and Kad-

mon 2000; Maestre and Cortina 2004; Armas and

Pugnaire 2005; Noumi and others 2016). We argue

that this might be explained by two main reasons.

First, we did not measure growth due to low sur-

vival in most treatments and several studies have

shown that competition for water is more likely to

be observed for growth than for survival (Liancourt

and others 2005b; Forey and others 2010). Second,

we assessed plant–plant interactions only with the

observational method, comparing the performance

of a target with neighbours to that of a target

transplanted in naturally open areas. Several au-

thors have shown that using the observational

method rather than the removal method in the

same system exacerbates facilitative interactions,

due to including long-term positive effects of

neighbours in the former only (Maestre and others

2003, 2005; Michalet 2006; Michalet and others

2015; Noumi and others 2016). Indeed, our soil

water measurements showed that in all treatments

there was more available water below shrubs than

in open areas. This might also suggest that shrubs
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from arid saline depressions are not good com-

petitors for water, in contrast to grass neighbours

(Maestre and others 2003; Maestre and Cortina

2004).

However, our system allows us to assess the

interactive effects of increasing aridity and salinity,

comparing the curve of interactions along the

salinity gradient, either spatially in the two climates

or temporally before and after the summer

drought. Both of these comparisons showed that

increasing aridity induced an earlier collapse of

facilitation along the salinity gradient, with no

more facilitation in H1 and H2 for all target species

after the summer drought in the dry arid climate,

whereas in the wet arid climate, facilitation was

still present in H1 before the summer drought and

in H2 after the summer drought. Several experi-

ments have shown that the interaction between

drought stress and disturbance induced collapses of

plant–plant interactions (Forey and others 2010;

Soliveres and others 2011; Maalouf and others

2012; Le Bagousse-Pinguet and others 2014; Ver-

wijmeren and others 2019), consistent with models

(Kéfi and others 2007). We showed that the

interaction between two stresses also induced a

collapse of facilitation.

Plant–plant interactions in arid systems are

known to be also highly dependent on the climate

of the year of the experiment (Kitzberger and

others 2000; Gómez-Aparicio and others 2004).

Thus, one limitation of our study is certainly its

short duration and further experiments conducted

in the same system during years with contrasting

climates would certainly allow a better under-

standing of changes in interactions along salinity

gradients. The year of our experiment was ex-

tremely wet during winter (that is, the beginning of

our experiment) but drier than average during

spring and summer seasons (Appendix 2 of ESM).

We may expect less contrasts between interactions

measured in early spring and late summer in years

with drier winter and wetter spring and summer

seasons. Thus, as observed by Kitzberger and others

(2000) in the Andes of Argentina, a drier winter

would have certainly induced in spring an earlier

collapse of facilitation along the salinity gradient

than the year of our experiment.

The Effect of Species Tolerances
to Salinity Stress

There were weak target species effects on RII before

the dry season but contrasting responses to neigh-

bours after the dry season, in particular in the wet

arid climate. The strongest target species effect was

observed in the least saline habitat, where the two

shrubs dominating the most saline habitats had

negative responses to neighbours and the grass

naturally occurring in the least saline habitat a

positive response to neighbours. Thus, there was a

trade-off between species tolerance to salinity and

competitive responses, consistent with experiments

showing that stress-tolerant species are more neg-

atively affected by neighbours than stress-intoler-

ant species, which are generally facilitated in the

same environmental conditions (Liancourt and

others 2005a, 2017; Forey and others 2010; Qi and

others 2018). Thus, this effect has been taken into

account in most refined facilitation theories (Mi-

chalet and others 2006; Maestre and others 2009).

However, this species effect did not change the

fundamental shape of collapse of facilitation, but

just induced an earlier collapse along the salinity

gradient for L. spartum, the grass target least toler-

ant to salinity stress than for the two most tolerant

shrubs.

CONCLUSIONS

Assessing the impact on plant–plant interactions of

salinity along topographic gradients in two condi-

tions of aridity allowed us to disentangle effects of

direct non-resource and resource stresses on vari-

ation in facilitation along complex environmental

gradients, a highly debated issue in ecology. Con-

sistent with refined facilitation theories, we found a

strong collapse of facilitation along the salinity

gradient. However, this decrease in facilitation was

not due to a collapse of the mitigating effects of

shrub nurses on salinity stress, but to exceeding the

threshold of salinity tolerance of target species even

in the presence of neighbours. Increasing aridity

through space or time induced an earlier collapse of

facilitation, as rather observed when disturbance

and stress interact along complex environmental

gradients. Although we could assess with our de-

sign the direct effect of water stress in absence of

salinity stress only at two positions along the

drought gradient, we did not observe a switchback

to competition at the extreme end of this resource

stress gradient as predicted by refined facilitation

theories. This is likely due to the observational

method exacerbating long-term facilitation and/or

the low negative effect of halophytic shrubs on soil

water availability. Finally, we found contrasting

target species responses to neighbours, mostly after

the summer drought in the wet arid climate, con-

sistent with refined facilitation theories. Our results

are consistent with studies showing that the col-

lapse of facilitation at extremes of drought and

G. Chaieb and others



disturbance gradients threatens diversity and

ecosystem functioning and stability (Kéfi and oth-

ers 2007; Verwijmeren and others 2013, 2019;

Berdugo and others 2019, 2020).
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Berdugo M, Maestre FT, Kéfi S, Gross N, Le Bagousse-Pinguet Y,

Soliveres S. 2019. Aridity preferences alter the relative

importance of abiotic and biotic drivers on plant species

abundance in global drylands. J Ecol 107:190–202.

Berdugo M, Delgado-Baquerizo M, Soliveres S, Herńandez-
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Schöb C. 2017. The shift from plant–plant facilitation to

competition under severe water deficit is spatially explicit.

Ecol Evol 7:2441–8.

Padilla FM, Pugnaire FI. 2006. The role of nurse plants in the

restoration of degraded environments. Front Ecol Environ

4:196–202.

Pugnaire FI, Zhang L, Li R, Luo T. 2015. No evidence of facili-

tation collapse in the Tibetan plateau. J Veg Sci 26:233–42.

Qi M, Sun T, Xue S, Yang W, Shao D, Martı́nez-López J. 2018.
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Disentangling short- and long-term neighbour effects, using both removal and obser-
vational methods within a single experiment, has strongly improved our understand-
ing of the driving mechanisms of plant–plant interactions. However, there has been no 
attempt to assess two important underlying processes of their changes along gradients, 
either environmental-severity (changes in target performance without neighbours) or 
neighbour-traits (changes in performance with neighbours) effects, the former previ-
ously shown in alpine communities to be involved in competition and the latter in 
facilitation. We addressed this goal in an experiment conducted in continental saline 
depressions (sebkhas) from the Mediterranean arid climate of central Tunisia. We 
quantified short- and long-term effects of dominant shrubs, transplanting three target 
grass species in open, nurse and removed-nurse microhabitats of two habitats of differ-
ent salinity levels in height sebkhas. The design extended greographically from central 
Tunisia to the Libyan border, 500 km southeastward. We used the relative interaction 
index to calculate short- and long-term effects before and after the dry summer sea-
sons and environmental-severity and neighbour-trait effects. Short-term effects were 
slightly negative and long-term effects strongly positive before the dry summer season 
in the two habitats. Short-term effects switched to positive with increasing drought 
stress, due to an environmental-severity effect, whereas long-term effects decreased due 
to a neighbour-trait effect. Salinity did not affect neither short- nor long-term shrub 
effects. Soil moisture measurements showed that both changes were due to vanish-
ing shrub soil engineering-effects during the summer drought. We conclude that an 
increase in short-term facilitation with increasing drought stress through time, appar-
ently supporting the stress gradient hypothesis, might be due to a decrease in long-
term facilitation. Thus, we recommend using, as much as possible, both the removal 
and observational methods in experiments assessing changes in plant–plant interac-
tions along stress gradients to avoid wrong conclusions.

Keywords: competition, drought, environmental-severity effects, facilitation, long-
term effects, Mediterranean climate, neighbour-trait effects, salinity, short-term 
effects
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Introduction

Facilitation, the positive effect of an organism on another one 
within a trophic level (Callaway 2007), is now widely rec-
ognized as an important biotic interaction occurring more 
frequently in stressful or disturbed environmental condi-
tions (Bruno et al. 2003, Brooker et al. 2008, He et al. 2013, 
Soliveres and Maestre 2014, Bulleri et al. 2018). Facilitation 
is crucial in severe environments since it allows species 
untolerant to stress or disturbance to persist in extreme 
habitats, thus increasing diversity (Hacker and Gaines 1997, 
Liancourt et al. 2005, Michalet et al. 2006, Xiao et al. 2009, 
Le Bagousse-Pinguet et al. 2014a, Cavieres et al. 2014). In 
addition, facilitation within plant communities can scale-
up to interactions at other trophic levels, such as pollinators 
or soil microbes, ultimately shaping ecological networks, 
the diversity of dependent communities and ecosystem 
functioning (Losapio and Schöb 2017, Lozano et al. 2017, 
Losapio et al. 2019, Wang et al. 2020). Another key prop-
erty of facilitation in water-limited systems is its potential use 
as engineering tool for restoring degraded habitats (Padilla 
and Pugnaire 2006, Ibáñez and Rodríguez 2020). However, 
variation in facilitation and competition at the stressful end 
of drought gradients is a highly debated issue in plant com-
munity ecology (Maestre et al. 2005, 2009, Michalet 2007, 
He and Bertness 2014, Michalet et al. 2014a, Soliveres et al. 
2015). Understanding under which biotic and environmental 
conditions facilitation is more likely to prevail in extremely 
stressed conditions is crucial for predicting the mediating 
role of facilitation in species responses to climate change and 
using facilitation for ecological restoration of degraded arid 
systems (Michalet and Pugnaire 2016).

The stress gradient hypothesis pioneer theory proposed 
that facilitation should increase monotonically with increas-
ing either stress or disturbance (Bertness and Callaway 1994, 
Brooker and Callaghan 1998) and that competition should 
dominate in undisturbed and not stressed conditions, follow-
ing Grime’s model (1973). In cold terrestrial environments 
and coastal systems, the SGH theory has been supported 
by several experiments (Callaway  et  al. 2002, reviewed by 
Michalet  et  al. 2014b, Bulleri  et  al. 2018). In contrast, in 
dry systems contrasting results have been found, either sup-
porting the SGH (Gómez-Aparicio et al. 2004, Sthultz et al. 
2007, Muhamed  et  al. 2013) or finding a switchback to 
competition (Tielbörger and Kadmon 2000, Maestre and 
Cortina 2004, O’Brien et al. 2017) or collapse of facilitation 
(Kitzberger  et  al. 2000, Le Bagousse-Pinguet  et  al. 2014b, 
Zhang et al. 2018, Berdugo et al. 2019) at the stressed end of 
environmental gradients. Thus, facilitation theory has been 
refined by several authors (Michalet  et  al. 2006, Michalet 
2007, Maestre  et  al. 2009, Holmgren and Scheffer 2010, 
Malkinson and Tielbörger 2010, Verwijmeren  et  al. 2013) 
and there is almost a consensus to consider that different 
relationships between biotic interactions and environmental 
severity may exist depending on species strategies, stress fac-
tors and methods (reviewed by Michalet et al. 2014a, but see 
He and Bertness 2014).

In this paper, we focus on the importance of the method 
used to quantify neighbours effects and of the type of stress 
(resource versus non-resource). As originally shown by 
Maestre et al. (2003, 2005), results of experiments in dry sys-
tems provided contrasting results depending on the method 
used to quantify interactions, with dominant positive effects 
of neighbours, when using an observational method (com-
parison of target performances with neighbours and in natu-
rally occurring open areas between neighbours) and dominant 
negative effects of neighbours, when using a removal method 
(comparison of target performances with neighbours and 
in removed-neighbours conditions). This apparent discrep-
ancy has been explained by within-community differences 
in microhabitats between vegetated and open patches, due 
to ecosystem-engineering effects or conversely disturbance 
and erosion and the time-scale of the quantified interactions 
(Michalet 2006, Schöb et al. 2012, but see Steinbauer et al. 
2016). Michalet et al. (2015) and Noumi et al. (2016) pro-
posed two different indices for disentangling short- from 
long-term effects of neighbours in experiments associat-
ing both the observational and removal procedures in the 
same community. Short-term effects (canopy effects in 
Michalet  et  al. 2015) were quantified using the removal 
method (with neighbours versus removed-neighbours con-
ditions) and long-term effects (soil effects in Michalet et al. 
2015) comparing target responses in removed-neighbours 
versus open conditions (Noumi et al. 2016). Thus, the net 
neighbour effects (i.e. the sum of short- and long-term 
effects) were quantified in both studies with the observational 
method. Consistent to Maestre  et  al. (2005) and Michalet 
(2006), most field experiments found more negative short- 
than long-term effects. However, the direction of changes of 
both effects with increasing stress seems highly dependent on 
systems, species and stress type (Michalet et al. 2015, 2017, 
Noumi et al. 2016, Pistón et al. 2018).

In this study, we aim assessing the role of the type of stress 
in driving changes in direction of short- and long-term effects 
of neighbours along stress gradients in dry systems. Michalet 
(2007), Maestre et al. (2009) and Michalet et al. (2014a) have 
argued that stress gradients related to resource factors (e.g. 
water or nutrient) should rather show an increase in com-
petition with increasing stress, consistent to the McArthur 
and Wilson (1967) theory and Taylor et al. (1990) strategy 
model, whereas stress gradients related to non-resource fac-
tors (e.g. cold or salinity) were more likely to show an increase 
or a collapse of facilitation with increasing stress depending 
on the level of stress. Specifically, we aim to disentangle the 
effects of water and salinity stresses in a dry system and to test 
the hypothesis that increasing drought stress should increase 
negative short-term effects, due to increase in competition 
for water, whereas increasing salinity stress should increase 
or induce a collapse of positive long-term effects, because of 
variation in soil-engineering effects.

Another important conceptual and methodological prog-
ress recently made in plant–plant interactions studies for 
understanding the driving mechanisms of changes in facili-
tation and competition along environmental gradients is 
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decomposing the net effect of neighbours in neighbour-trait 
and environmental-severity effects (Michalet  et  al. 2014b). 
Plant–plant interactions experiments generally use indices 
of interactions, such as the relative interaction index (RII, 
Armas et al. 2004), to quantify effects of neighbours on target 
species or understorey communities. As many indices based 
on relative differences or ratios of performances, they cannot 
disentangle changes in interactions along gradients that are 
due to changes in the performance of targets growing in with- 
or without-neighbours conditions, the former being induced 
by changes in the effects of the nurse (neighbour-trait effects), 
whereas the latter being induced by a simple direct effect of 
increasing stress on the isolated target species (environmen-
tal-severity effect). This distinction is crucial for understand-
ing changes in plant–plant interactions along environmental 
gradients. For example, for temperate alpine communities, 
Michalet et al. (2014b) showed that increases in competition 
with decreasing cold stress towards lower subalpine elevations, 
were due to neighbour-trait effects, i.e. increase in neigh-
bours competitive ability, consistent to Grime’s model (1974), 
whereas increases in facilitation with increasing cold stress 
towards higher alpine elevations were due to environmental-
severity effects, i.e. higher strain for the target species when 
growing in removed-neighbours conditions (Liancourt et al. 
2017). Such differences are crucial for understanding the 
mediating role of competition and facilitation for species 
responses to climate change. Thus, we aim to apply these con-
cepts and methods to dry systems, with the hypothesis that 
an increase in negative short-term effects with drought stress 
should be due to neighbour-trait effects, whereas an increase 
or collapse in positive long-term effects with salinity stress 
should be due to environmental-severity effects.

To address these hypotheses we assessed changes in short- 
and long-term effects of dominant shrubs on three target grass 
species with increasing drought and salinity stresses in con-
tinental saline depressions from the Mediterranean climate 
of central Tunisia. The effect of drought stress was assessed 
through time from the wet spring to the dry summer sea-
sons, whereas the effect of salinity stress was assessed through 
space, comparing effects of neighbours in two habitats with 
low and high salinity levels across a topography gradient. We 
aim at answering three questions. 1) What are the directions 
of short- and long-term effects of dominant shrubs? 2) How 
vary short- and long-term effects with increasing drought 
stress through time and salinity stress through space? 3) Are 
variations in short- and long-term effects with increasing 
drought or salinity stresses due to neighbour-trait or environ-
mental-severity effects?

Material and methods

Study sites and target species

The study was conducted in continental saline depressions 
(locally called sebkhas) from central Tunisia, at the north-
ern edge of the Sahara desert (Supplementary material 

Appendix 1). In central and southern Tunisia the climate is 
Mediterranean arid, with mean annual precipitation included 
between 100 and 300 mm. Mean of annual temperatures 
is 19°C, with 4.6°C in winter and 37.0°C in summer. In 
the Mediterranean arid climate, summer is the driest season 
but precipitation is also very low during other seasons and 
unpredictable among years, due to high rainshadow effects 
(Michalet 1991).

Sebkhas are widely developed in central and southern 
Tunisia due to the occurrence of low-elevation depressions 
in an arid climate with important potential evaporation and 
low rainfall. All sebkhas have a lentil-like shape with sizes 
varying between 10 and 300 km2. The overall habitat distri-
bution of these sebkhas is similar, with an important central 
part with no vegetation inundated from early December to 
late February during the wet season and several surrounding 
belts of halophytic plant communities. Four main habitats 
and corresponding plant communities can be distinguished 
with increasing elevation and decreasing salinity from the 
central part with no vegetation to the edge of the sebkhas 
(Chaieb  et  al. 2019). In order to disentangle the role of 
salinity from drought stress on plant–plant interactions, we 
focused here on the two intermediate habitats of the transect, 
because the lowest habitat with very low vegetation cover and 
very high salinity can be inundated during the wet season and 
the highest one with very low salinity is highly disturbed by 
ploughing by local farmers.

The lower of these two intermediate habitats, hereaf-
ter called high saline habitat, is dominated by the shrub 
Arthrocnemum macrostachyum and has an electrical conduc-
tivity varying between 20 and 30 ms cm−1, depending on sea-
sons and microhabitats (Chaieb et al. 2019). Arthrocnemum 
macrostachyum (Amaranthaceae) is a C3 shrub present from 
the Mediterranean area to western Asia and known as a salt-
accumulator (Winter  et  al. 1976, Redondo‐Gómez  et  al. 
2010). Other species are mostly shrubs, such as Suaeda mollis, 
Limoniastrum monopetalum and Atriplex halimus. The upper 
habitat, hereafter called low saline habitat, is co-dominated 
by various shrub species (Salsola tetrandra, Zygophyllum 
album, Reaumuria vermiculata and Nitraria retusa) and 
Lygeum spartum (Poaceae), a widespread rhizomatous peren-
nial grass native of the Mediterranean region. S. tetrandra 
(Amaranthaceae) is a C3 shrub present in dry regions of 
Africa and Asia, which was used as nurse in our experiment. 
Electrical conductivity varies between 5 and 15 ms cm−1, 
depending on seasons and microhabitats (Chaieb et al. 2019).

Experimental design

In order to assess changes in short- and long-term effects 
of dominant shrubs with increasing drought and salinity 
stresses, late September 2018, we first selected height sebkhas 
(blocks) in the arid climate of central Tunisia. The eight seb-
khas were distributed from Mahdia in north-central Tunisia 
to the Libyan border, 500 km away in southeast direction, 
thus, representing a large range of climatic conditions within 
the Mediterranean arid climate (Supplementary material 
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Appendix 1). In each sebkha, we selected for the salinity 
treatment two main plots, one in the high and one in the 
low saline habitat, as explained above. Thus, there was a total 
of 16 mains plots (two habitats × eight blocks). Within each 
of the 16 main plots we applied a neighbour and a target 
treatment to assess short- and long-term effects of shrubs on 
target species. Following Michalet  et  al. (2015), the neigh-
bour treatment had three modalities, nurse, removed and 
open. In the nurse subplots target species were planted on 
the northern edge of the shrub patches, while in the removed 
subplots target were planted in a similar microhabitat where 
the shrub was cut at ground level with scissors. Open sub-
plots were chosen in naturally non-vegetated areas, at least at 
50 cm-distance from any shrub. The nurse shrub were differ-
ent species in the two habitats, A. macrostachyum in the high-
saline habitat and S. tetrandra in the low-saline habitat. The 
size of the individuals of the former species chosen as nurses 
was included between 1 and 2 m for canopy diameter and 
approximatively 1 m for height, whereas the other species was 
taller (approximately 2 m tall) and had a lower canopy diam-
eter (approximately 1 m). Three grass species were chosen as 
targets for the species treatment, Aristida adscensionis, Lygeum 
spartum and Hyparrhenia hirta. Since our main goal was not 
to assess the species-specificity of responses to the effect of 
neighbours, the three chosen species had close tolerances to 
salinity stress, although L. spartum can occur more frequently 
in the high-saline habitat than the other two species more 
restricted to the low-saline habitat (Chaieb et al. 2019).

Three individuals of each target species were transplanted 
in each of the three microhabitats of the neighbour treatment 
(nurse, removed and open) in each main plot, with one trans-
plant individual per subplot. Thus, there was a total of 432 
subplots (16 main plots × three species × three microhabitats 
× three transplant replicates). In early September 2018, tar-
get species individuals were harvested in their own habitats 
in three of the height sebkhas. Sampled target individuals 
had an average height of 15 cm and were grown from rooted 
cuttings of the three species. Cuttings were transplanted in 
meshed bags of 20 cm-deep and 10 cm-diameter filled with 
the soil of each corresponding habitat, that were placed in the 
common-garden of the Tunisian Ministery of Environment 
at Sfax, the main town at the vicinity of our sites. Transplants 
were grown there until mid-November 2018 with an irriga-
tion of 20 mm of tap water per transplant every 15 days. 
Mid-November 2018 all individuals were transplanted in all 
subplots during three days. Each transplant was watered right 
after transplantation with one litter of tap water.

Data collection and calculation of indices

The experiment lasted until late September 2019 and we only 
recorded transplant survival in spring (early April) and at the 
end of the summer (late September) since there was too low 
survival at the the end of the experiment for analyzing bio-
mass responses to treatments. Survival rate was calculated at 
the block level in all combinations of the habitat per species 
and neighbour treatments.

We used the relative interaction index (RII) (Armas et al. 
2004) to quantify both the short- and long-term effects of 
the shrubs on target species. This index is based on the com-
parison of target performance with and without neighbours:

RII X X Xneighbour with neighbour without neighbour with neigh= -( ) / bbour without neighbourX+( )

Values of RII vary between −1 and 1, with negative values 
for competition and positive ones for facilitation. In order to 
disentangle short- from long-term effects of the shrubs, fol-
lowing Michalet et al. (2015), we calculated two RIIneighbour, 
short-term RIIneighbour and long-term RIIneighbour, respectively. 
Short-term RIIneighbour quantifies the short-term effects of 
the shrub, calculating the relative difference in survival rate 
between targets from nurse and removed microhabitats

Short-term RII X X X Xneighbour nurse removed nurse removed= +-( ) ( )/

Long-term RIIneighbour quantifies the long-term effects of the 
shrub, calculating the relative difference in target survival rate 
between targets from removed and open microhabitats.

Long-term RII X X X Xneighbour removed open removed open= +-( ) ( )/

Additionally, in order to depict neighbour-trait and envi-
ronmental-severity effects during changes in both short- and 
long-term interactions with increasing drought stress from 
the spring to the summer seasons, we calculated a RIIseason 
by quantifying the relative difference in target survival rate 
between the summer and spring seasons:

RII X X X Xseason summer spring summer spring= +-( ) ( )/

Values of RIIseason vary between −1 and 0, with significant 
negative values indicating that the performance of the target 
decreased with increasing drought stress from spring to sum-
mer seasons. There are two RIIseason, one without neighbours 
and one with neighbours. When RIIseason, without neigh-
bours is significantly negative and RIIseason, with neighbours 
is equal to 0, this means that the change in RIIneighbour with 
increasing stress from spring to summer seasons is due to an 
environmental-severity effect (change in performance of the 
target without neighbours). In contrast, when the RIIseason, 
with neighbours is significantly negative and the RIIseason, 
without neighbours is equal to 0, this means that the change 
in RIIneighbour with increasing stress from spring to summer 
seasons is due to a neighbour-trait effect (change in perfor-
mance of the target with neighbours). Finally, when both 
RIIseason are significantly negative, this means that the change 
in RIIneighbour with increasing stress from spring to summer 
seasons is due to both an environmental-severity and a neigh-
bour-trait effect. Note that RIIseason can be calculated for both 
changes in short- and long-term RIIneighbour. The difference, 
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like for the two RIIneighbour, is that for short-term RIIseason with-
out neighbours the microhabitat without neighbours is the 
removed microhabitat, whereas for long-term RIIseason with-
out neighbours the microhabitat without neighbours is the 
open microhabitat. For short-term RIIseason with neighbours 
the microhabitat with neighbours is the nurse microhabitat, 
whereas for long-term RIIseason with neighbours the microhab-
itat with neighbours is the removed microhabitat.

In addition, soil salinity (electrical conductivity) and soil 
moisture were measured in all subplots in early April and late 
September 2018, using a Wet Sensor HH2 moisture meter.

Statistical analyses

We tested the effects of the habitat, neighbour and species 
treatments and their interactions on spring and summer 
survival, separately, using a generalized linear mixed-effects 
model (GLMM). A GLMM was also used to test the effects 
of soil moisture, habitat, neighbour and species treatments 
and their interactions on survival at the two season. We cal-
culated nonparametric 95% confidence intervals (CI) of RIIs 
by bootstrap sampling with 999 iterations (Kirby and Gerlanc 
2013). We tested two forms of soil moisture in this analysis, 
Log (soil moisture) and Log (soil moisture)2, to eventually 
detect non-linear relationships (Maalouf et al. 2012). Since 
only linear effects were significant in the GLMM, non-linear 
ones were not shown in Table 2. To test the effects of the 
season, habitat and neighbour treatments and their inter-
actions on salinity (electrical conductivity) and soil mois-
ture, we used a split–split-plot mixed analysis of variance 
(ANOVA), with blocks (sebkhas) as random effect, season as 
main treatment, habitat as sub-treatment and neighbour as 
sub-sub-treatment. Soil moisture and salinity variables were 
log-transformed to meet normality before ANOVA.

All analyses were done using R ver. 3.3.3 (<www.r-proj-
ect.org>). We used the function glmer for binomial family 
to perform generalized linear mixed-effects models (GLMM) 
on survival. The split–split-plot ANOVAs on salinity and soil 
moisture were performed with the package ‘agricolae’ (De 
Mendiburu 2017), using the function ssp.plot. Post hoc tests 
after GLMMs were performed with function lsmeans (Lenth, 
2016). LSD.test (agricolae package) was used after split–split-
plot ANOVAs when necessary. CIs were calculated with the 
bootES function (‘bootES’ package; Kirby and Gerlanc 2013).

Results

There were significant effects of the habitat, neighbour and 
species treatments on spring survival (Table 1), with lower 
survival in the high than low saline habitat, in the open 
than in the removed microhabitats (with intermediate val-
ues for the nurse microhabitat, see results of the Tukey test 
in Fig. 1A–C) and for Hyparrhenia hirta than for the other 
two species (Fig. 1 and results of Tukey tests for the spe-
cies treatment not shown). However, there was a significant 
neighbour by species interaction, with a similar survival in 

the nurse than removed microhabitats for Lygeum spartum 
only. In summer, results were similar for the species treatment 
(Table 1, Fig. 1D–F). In contrast, the habitat effect was not 
significant and the highest survival was found in the nurse 
microhabitats, since survival strongly decreased from spring 
to summer seasons only in the removed microhabitats.

In order to more clearly depict changes in shrub effects 
with increasing drought from spring to summer seasons and 
the underlying processes of these changes in interaction, we 
pooled survival for the two habitats and three species for cal-
culating short-term and long-term RIIneighbour at each season 
and RIIseason with and without neighbours (Fig. 2). For short-
term effects, RIIneighbour was weakly negative in spring and 
significantly shifted to positive in summer (non-overlapping 
CIs), with confidence intervals indicating significant compe-
tition and facilitation, respectively. RIIseason was strongly nega-
tive without neighbours and significantly shifted to neutral 
with neighbours (confidence interval overlapping 0 value). 
These results provide evidence that the shift from short-term 
competition to facilitation with increasing drought stress 
through time was due to an environmental-severity effect. In 
contrast, for long-term effects, RIIneighbour was strongly posi-
tive in spring and significantly decreased to weakly positive 
in summer, while RIIseason was weakly negative without neigh-
bours and significantly decreased to highly negative with 
neighbours. These results provide evidence that the decrease 
in long-term facilitation with increasing drought stress 
through time was due to a neighbour-trait effect. All together, 
these results show that the shift from short-term competition 
to facilitation with increasing drought stress through time 
was due a decrease in long-term facilitation.

In order to depict the underlying environmental processes 
driving these changes in short- and long-term effects of shrubs 
with increasing drought stress, we analyzed the relationships 
existing between target survival and soil moisture in the three 
microhabitats (Fig. 3). There was a highly significant neigh-
bour by soil moisture interaction in the GLMM (Table 2). 
Indeed, overall species and habitats, there was a highly signifi-
cant decrease in survival with decreasing soil moisture in the 
removed microhabitats (R2 = 0.41, Fig. 3), whereas there was 
no significant relationship for the nurse microhabitats and a 
weaker relationship for the open microhabitats (R2 = 0.11). 

Table 1. Results of generalized linear mixed-effects models (GLMM) 
on the effects of the habitat, neighbour and species treatments and 
their interactions on survival rates in spring and summer seasons. 
Significant (p < 0.05) effects are indicated in bold.

Effects df
 Spring  Summer

χ2 p χ2 p

habitat 1 7.3 0.007 2.6 0.104
neighbour 2 42.8 <0.001 41.2 <0.001
species 2 17 <0.001 27.3 <0.001
habitat × neighbour 2 0.7 0.704 0 0.992
habitat × species 2 1.6 0.460 3.3 0.186
neighbour × species 4 10.5 0.033 1.1 0.896
habitat × neighbour 
× species

4 1.4 0.838  0 1
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This result strongly suggests that the decrease in long-term 
facilitation and resulting shift from short-term competi-
tion to facilitation observed with increasing drought stress 
through time was primarily due to water evaporation in 
removed microhabitats during the summer season.

This suggestion was supported by changes in soil water 
contents observed from spring to summer seasons in the 
three microhabitats. Indeed, for the two habitats, the stron-
gest decrease in soil moisture during the dry summer season 
was observed in the removed microhabitats (highly significant 
season by neighbour interaction in Table 3 and see results of 
Tukey tests in Fig. 4A–B). The ANOVA on soil conductiv-
ity showed that there was a higher increase in salinity during 
summer in the removed microhabitat than in the other two 

microhabitats (highly significant season × neighbour interac-
tion in Table 3 and see results of Tukey test in Fig. 4C–D).

Discussion

In response to our first question, in spring before the dry 
season and in both habitats, short-term interactions were 
negative and long-term interactions positive. In response 
to our second question, increasing salinity stress through 
space across the topography gradient did not affect neither 
short- nor long-term interactions. In contrast, increasing 
drought stress through time from spring to summer seasons 
shifted short-term competition to facilitation and decreased 

Figure 1. Means ± SE (n = 8) of survival rate of the three target species (A. adscensionis, L. spartum and H. hirta), in spring and summer 
seasons and in the nurse, removed and open microhabitats of the two habitats (high saline and low saline). Letters show results of the HSD 
Tukey tests for the neighbour effect in the two analyses, separately for spring and summer seasons (p < 0.01, Table 1).
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Figure 2. Means ± 95% confidence interval (CI) of RIIneighbour at spring and summer seasons (left) and of RIIseason without and with neigh-
bours (right) for short- (upper panels) and long-term (lower panels) effects. An RII is statistically significant when the boot-strapped 95% 
CI does not overlap the solid line of zero, and is statistically distinct from other RIIs when 95% CIs do not overlap.

Figure 3. Survival rate of the three target species with increasing soil moisture (x-axis) in the three microhabitats of the two habitats and at 
the two seasons. Linear curves show variation in pooled survival for each microhabitat, with significances and R2 of regressions near legend 
and curves when significant, respectively (highly significant neighbour × moisture interaction in the GLMM, Table 2).
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long-term facilitation. In response to our third question, these 
shifts were due to environmental severity and neighbour-trait 
effects, respectively. Together these results show that a shift 
from competition to facilitation along a temporal stress gra-
dient, predicted by the SGH theory and evidenced with the 
removal method, might be induced by a decrease in long-
term facilitation due to neighgour-trait effects. Separating 
short- from long-term neighbour effects and neighbour-trait 
from environmental-severity effects in plant–plant interac-
tions experiments certainly improves our understanding of 
the driving mechanisms of changes in competition and facili-
tation along stress gradients.

The direction of short- and long-term interactions 
before the dry season

Early April before the dry summer season and in the two habi-
tats of this arid system, short-term interactions were negative 

and long-term interactions positive. This result is consistent 
with the prediction of Michalet (2006), the results of the pio-
neer meta-analysis of Maestre et al. (2005) and those of sev-
eral experiments using both the observational and removal 
methods in the same community (Maestre  et  al. 2003, 
Michalet et al. 2015, Tirado et al. 2015, Noumi et al. 2016). 
The effects of the neighbour treatment on soil moisture and 
soil salinity were both highly significant, with, before the dry 
summer season and in the two habitats, approximately 30% 
lower soil moisture in the open than in the other two micro-
habitats, and approximately 15% lower salinity in the latter 
two than in the former. This suggests that positive long-term 
effects were positive at that date, due to both higher water 
availability and less salinity for the target species in the soils 
of the removed than open microhabitats. Similar results for 
soil moisture were found by Maestre et al. (2003) in semi-arid 
Spain and explained by long-term soil-engineering effects of 
nurse species (Michalet 2006). Alternatively, in studies where 
long-term effects were negative, soils were drier in removed 
than open microhabitats, due to interference effects induced 
by thick slow-decomposing shrub litter (Kane  et  al. 2011, 
Michalet et al. 2017, Pistón et al. 2018) or deep water infiltra-
tion in galleries of facilitated burrowing animals (Noumi et al. 
2015). On the other hand, negative short-term effects were 
negative in spring in our study likely because of light com-
petition for the target species, since soil moisture was not 
significantly lower in the nurse than removed microhabitats 
and there were no differences in salinity. Maestre et al. (2003) 
showed that the nurse grass Stipa tenacissima outcompeted the 
shrub Pistacia lentiscus in semi-arid Spain due to short-term 
water competition (in addition of light competition), but this 
effect was not observed in our study.

Changes in interactions with increasing salinity and 
drought stresses

Although increasing salinity stress along the topography gra-
dient, from the upper low saline to the lower high saline habi-
tat, significantly decreased target survival, at least in spring, 
there were no effects of salinity stress on both short- and long-
term interactions (no significant habitat by neighbour inter-
actions in Table 1). The three species had weak differences 
in distribution along the salinity gradient and, thus, likely 
close tolerances to salinity, which may explain why they did 
not differ in their responses to the salinity stress (no signifi-
cant habitat by species interactions in Table 1). However, we 
expected either an increase or a collapse of long-term facilita-
tion with increasing salinity since several studies, at least from 
intertidal systems, have shown that facilitation is highly sen-
sitive to this non-resource direct stress factor (Bertness and 
Ewanchuk 2002, Pennings et al. 2003, Qi et al. 2018). The 
likeable explanations are that, in our study, the difference in 
salinity between the two habitats was too weak to significantly 
affect neighbour effects or that salinity level was below the 
threshold of tolerance of the target species (Qi et al. 2018).

In opposition to our hypothesis and the prediction of 
Michalet (2006), short-term negative effects did not increase 

Table 2. Results of the generalized linear mixed-effects model 
(GLMM) on the effects of the soil moisture, habitat, neighbour and 
species treatments and their interactions on survival. Significant (p 
<0.05) effects are indicated in bold.

Effects
Survival

df χ2 p

moisture 1 14.3 <0.001
habitat 1 19.3 <0.001
neighbour 2 23.2 <0.001
species 2 37.4 <0.001
moisture × habitat 1  1.4 0.229
moisture × neighbour 2 26.5 <0.001
habitat × neighbour 2  9.0 0.011
moisture × species 2 13.2 0.001
habitat × species 2  5.2 0.075
neighbour × species 4 16 0.003
moisture × habitat × neighbour 2  1.2 0.539
moisture × habitat × species 2  1.1 0.573
moisture × neighbour × species 4 7 0.136
habitat × neighbour × species 4  1.2 0.885
moisture × habitat × neighbour × 

species 
4  1.3 0.869

Table 3. Results of the split–split-plot ANOVAs on the effects of the 
season, habitat and neighbour treatments and their interactions on 
soil salinity and soil moisture. Significant (p < 0.001) effects are 
indicated in bold.

Effects df
Soil moisture Salinity
F p F p

season 1 123 <0.001 13.6 0.001
error (block) 7
habitat 1 99.4 <0.001 151 <0.001
season × habitat 1  3.4  0.070  0.7 0.395
error (block/subplot) 21
neighbour 2 69.8 <0.001 10.5 <0.001
season × neighbour 2 15.2 <0.001  3.9 0.028
habitat × neighbour 2  2.7  0.087 0 0.936
habitat × season × 

neighbour
2 0  0.983  0.3 0.714

Residuals 36
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with increasing drought stress during the summer because of 
presumed increased competition for water. Indeed, our GLMM 
analysis on the effect of soil moisture on survival clearly showed 
that target survival in nurse microhabitats was not significantly 
affected by the decreased in soil moisture that occurred mostly 
during the dry season. Michalet et al. (2014b) have shown for 
alpine communities that increases in competition are generally 
due to neighbour-trait effects, consistent to competition theo-
ries that predict that competition increases along environmen-
tal gradients due to changes in traits of the competitors (Grime 
1974, Tilman 1982). In contrast, in our study RIIseason was not 
significantly negative in the removed microhabitats, which is 
evidence that changes in short-term interactions with increas-
ing drought stress were not due to neighbour-trait effects. 
These results suggest that a switchback of facilitation to com-
petition in very dry conditions is more likely to occur, when 
nurses are grasses and targets ligneous species, as in the studies 
of Davis et al. (1998), Maestre et al. (2003) and Maestre and 
Cortina (2004). In contrast, when nurses are shrubs, like in 
the study of Sthultz  et  al. (2007) or ours, short-term effects 
are very unlikely to become more negative with increasing 
drought stress (Michalet 2007), likely because the increase 
in water competition does not outweighs the benefit of shad-
ing for microclimate stress mitigation (Holmgren et al. 1997, 
Gómez-Aparicio et al. 2005, Muhamed et al. 2013).

Thus, in our study short-term interactions shifted from neg-
ative to positive with increasing drought stress from spring to 
summer seasons, as found by other authors assessing the effects 
of drought stress on plant–plant interactions along temporal 
gradients (Greenlee and Callaway 1996, Sthultz  et  al. 2007, 
Delerue  et  al. 2015). This increase in short-term facilitation 
with increasing stress, supporting the SGH theory (Bertness 

and Callaway 1994), was due to an environmental-severity 
effect. This result is consistent with Michalet  et  al. (2014b) 
who found for alpine communities that increases in facilitation 
with increasing stress are generally due to a decrease in perfor-
mance of the target without neighbours, but not to an increase 
in performance of the target with neighbours (i.e. neighbour-
trait effect). Indeed, our GLMM analysis on the effect of soil 
moisture on survival showed that there was a highly signifi-
cant decrease in survival with decreasing soil moisture in the 
removed microhabitats. However, at the same time long-term 
positive effects strongly decreased and became weakly signifi-
cant and this change was only due to a neighbour-trait effect. 
Indeed, the same GLMM analysis showed that the decreased 
survival with decreasing soil moisture was much stronger and 
more significant in removed than open microhabitats and the 
ANOVA on soil moisture data that the strongest decrease in 
soil moisture from spring to summer season occurred in the 
removed plots. Thus, these results are evidence that in our 
study the shift from short-term competition to facilitation with 
increasing stress was due to a decrease in long-term facilita-
tion. In other words, our results show that the soil-engineering 
effects of the shrubs on soil moisture are the driving factors of 
the long-term facilitation observed before the summer drought 
and that their collapse during the summer due to intense evap-
oration has driven the increase in short-term facilitation.

Implications for experiments assessing changes in 
neighbour effects along stress gradients

Our results have important implications for studies assess-
ing changes in competition and facilitation along stress gra-
dients. First, they clearly show that a shift from short-term 

Figure 4. Means ± SE (n = 8) of soil moisture (A and B) and soil salinity (electrical conductivity, C and D) in the three microhabitats of the 
two habitats at spring (A and C) and summer (B and D) seasons. Letters show the results of the HSD Tukey tests for the season × neighbour 
interaction for soil moisture and salinity, respectively (p < 0.001 and p < 0.05, Table 3).
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competition to facilitation along a temporal stress gradient 
may provide a wrong support of the SGH model, as it can be 
induced as in our study by a decrease in long-term facilitation. 
Thus, we recommend using both the removal and observa-
tional procedures when possible to avoid such wrong dem-
onstration. Interestingly, the observational method has been 
recently strongly criticized because results can be confounded 
by the occurrence of within-community habitat heterogene-
ities independent on soil-engineering effects that are likely to 
overestimate facilitation (Steinbauer et al. 2016). Our results 
highlighted the reversal of the coin of rigorous experimental 
methods, such as the removal procedure, providing support 
of a theory despite hidden processes supporting an opposite 
theory. As argued by Körner (2003) for plant–plant interac-
tions experiments in alpine communities, we have to be aware 
that creating unrealistic experimental conditions, such as the 
removed microhabitats of the removal procedure, might lead 
to wrong biological and ecological conclusions. Thus, this is 
crucial when possible to also base on natural patterns occur-
ring in communities to complement a statistically rigorous 
method with a more natural observational method.
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