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Summary

 

1.

 

The stress-gradient hypothesis (SGH) predicts that the frequency of facilitative and competitive
interactions will vary inversely across abiotic stress gradients, with facilitation being more common

 

in conditions of  high abiotic stress relative to more benign abiotic conditions. With notable
exceptions, most tests of the SGH have studied the interaction between a single pair or a few pairs
of species, and thus have evaluated shifts in the magnitude and direction of pair-wise interactions
along stress gradients, rather than shifts in the general frequency of interactions.

 

2.

 

The SGH has been supported by numerous studies in many ecosystems, has provided a crucial
foundation for studying the interplay between facilitation and competition in plant communities,

 

and has a high heuristic value. However, recent empirical research indicates that factors like the
variation among species and the nature of the stress gradient studied add complexity not considered
in the SGH, creating an opportunity to extend the SGH’s general conceptual framework.

 

3.

 

We suggest that one approach for extending the SGH framework is to differentiate between the
original idea of how ‘common’ interactions might be along stress gradients and the ubiquitous

 

empirical approach of  studying shifts in the strength of  pair-wise interactions. Furthermore,
by explicitly considering the life history of the interacting species (relative tolerance to stress vs.
competitive ability) and the characteristics of the stress factor (resource vs. non-resource) we may
be able to greatly refine specific predictions relevant to the SGH.

 

4.

 

We propose that the general pattern predicted by the SGH would hold more frequently for some
combinations of life histories and stress factor, particularly when the benefactor and beneficiary
species are mostly competitive and stress-tolerant, respectively. However, we also predict that other
combinations are likely to yield different results. For example, the effect of  neighbours can be
negative at both ends of the stress gradient when both interacting species have similar ‘competitive’
or ‘stress-tolerant’ life histories and the abiotic stress gradient is driven by a resource (e.g. water).

 

5.

 

Synthesis.

 

 The extension of the SGH presented here provides specific and testable hypotheses to
foster research and helps to reconcile potential discrepancies among previous studies. It represents
an important step in incorporating the complexity and species-specificity of potential outcomes
into models and theories addressing how plant–plant interactions change along stress gradients.
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Introduction

 

The majority of facilitation research over the last two decades

 

has been stimulated by the ‘stress-gradient hypothesis’ (SGH),

 

a general conceptual model predicting that the relative frequency

 

of  facilitation and competition will vary inversely across
gradients of physical stress or ecosystem productivity (Bertness
& Callaway 1994). The basic idea of the SGH is that facilitation
‘should be particularly common in communities developing
under high physical stress and in communities with high
consumer pressure’ and ‘where the physical environment is
relatively benign and consumer pressure is less severe, positive
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interactions should be rare; as a result competitive inter-
actions should be the dominant structuring forces’ (Bertness
& Callaway 1994).

The SGH has been widely supported in the literature (see
Callaway 2007), but some recent research has shown that
results from studies within the same system may vary (e.g.
Tielbörger & Kadmon 2000; Holzapfel 

 

et al.

 

 2006), that
facilitative effects may decrease or cease with extreme stress
(Michalet 

 

et al.

 

 2006), that their magnitude and direction
may change through the ontogeny of the interacting species
(Miriti 2006), and that transitions from competition to
facilitation depend to a large degree on the characteristics of
the species being tested (Choler 

 

et al.

 

 2001), the nature of the
stress gradient involved (Kawai & Tokeshi 2007), and the
performance measure considered (Maestre 

 

et al.

 

 2005). This
variation within the general context of the SGH provides an
opportunity to refine this key conceptual model to make it
capable of predicting the complexity of potential outcomes
when studying biotic interactions along stress gradients.

The SGH initially proposed that positive interactions
should be ‘particularly common’ or increase in ‘frequency’
under stressful conditions. But frequency does not necessarily
translate to the ‘intensity’ of interactions and only qualitatively
addresses the ‘importance’ of interactions (see Brooker 

 

et al.

 

2005). The focus of the latter is on the effect of neighbours on
a particular species, either relative to the effect of the abiotic
environment (importance) or not (intensity). Furthermore,
most of the experimental studies aiming to test predictions
from the SGH have studied the interaction between a single
pair of species (e.g. Greenlee & Callaway 1996; Maestre &
Cortina 2004), a few pairs of species (e.g. Donovan & Richards
2000), or one benefactor and a suite of  beneficiaries (e.g.
Callaway 

 

et al.

 

 1991; Pugnaire & Luque 2001; Tewksbury &
Lloyd 2001; but see Choler 

 

et al.

 

 2001, Callaway 

 

et al.

 

 2002
and Gómez-Aparicio 

 

et al.

 

 2004). Thus, most experimental
studies have actually evaluated how the magnitude and
direction of pair-wise interactions change along stress gradients.
A number of studies have substituted experimental manipu-
lations for broad measurements of spatial associations, which
include virtually all species in the community, and found clear
patterns consistent with the SGH (e.g. Gutiérrez 

 

et al.

 

 1993;
Tewksbury & Lloyd 2001; Arroyo 

 

et al.

 

 2003; Holzapfel 

 

et al.

 

2006). However, differentiating between the original idea of
how ‘common’ interactions might be along stress gradients
and shifts in the strength of pair-wise interactions is a good
starting point to explore how we might make the conceptual
framework of the SGH more explicit.

Subsequent modifications of the SGH since its formulation
(Callaway & Walker 1997; Brooker & Callaghan 1998;
Dormann & Brooker 2002) have proposed variation on its
general theme, but retained the fundamental underlying
conceptual principles. Recent syntheses and discussions on
facilitation have also reviewed the strengths and limitations of
the SGH (Maestre 

 

et al

 

. 2005, 2006; Lortie & Callaway 2006;
Callaway 2007), provided clear guidelines on the issues that
should be tackled by future field studies to overcome them
(Brooker 

 

et al.

 

 2008), and proposed ideas for revising the

 

SGH in ways that might increase its conceptual usefulness
(Cheng 

 

et al.

 

 2006; Callaway 2007). However, none of these
studies has significantly expanded the conceptual framework
of the general SGH. With this essay we aim to do so by explicitly
considering the effects of the type of stress gradient and the
life-history characteristics of the interacting species when
predicting the outcome of the interaction among two plant
species along abiotic stress gradients. With this exercise, we
provide a set of clear predictions that can be tested in the field
and modelled.

 

The need to account for species and stress 

features when refining the SGH

 

‘Stress’ is not a precise concept, and therefore it is difficult to
apply quantitatively to communities or ecosystems (Körner
2003; Lortie 

 

et al.

 

 2004). However, it is a term that allows
us to scale from reductionist, strictly quantifiable levels of
analysis to broader concepts (Lortie 

 

et al.

 

 2004). One of the
most successful efforts to quantify stress as an ecological
factor was made by Grime (1977). He argued that stressful
environments are best defined as those in which producers are
limited by the environment in their ability to convert energy to
biomass, and it is under this focus on productivity that most
community ecologists examine stress (Lortie

 

 et al.

 

 2004;
Brooker 2006; Callaway 2007). The SGH was in part derived
from Grime’s hypotheses about the relative importance of
competition in plant communities (see Callaway 2007, p. 194),
and therefore the concept of  ‘stress’ when testing the SGH
is the same as defined by Grime. There are other approaches
to the role of  stress and competition in structuring plant
communities; that of Taylor 

 

et al.

 

 (1990) is different, but not
incompatible, and our aim is not to reconcile them, but to
start from an easy characterization of species according to
their tolerance to stress.

Since stress measured at the ‘plant’s eye view’ is relative to
a particular species (Körner 2003), the outcome of biotic
interactions along productivity-based stress gradients may
vary depending on the stress tolerance and competitive ability
of the interacting species (see Choler 

 

et al.

 

 2001; Liancourt

 

et al.

 

 2005; Wang 

 

et al.

 

 2008). The SGH, which makes a broad
prediction for general patterns across species and systems,
might be refined by incorporating species traits to explain why
co-occurring species may not show the same response, either
in magnitude or direction, to a common neighbour under the
same environmental conditions (e.g. Callaway 1994; Choler

 

et al.

 

 2001; Maestre 

 

et al.

 

 2001; Callaway 

 

et al.

 

 2002).
Another crucial issue not considered in the SGH is how

different categories of  stress may affect shifts between
competition and facilitation. Abiotic stress may come from
either non-resource-related conditions such as heat, cold,
wind, salinity or soil structure, or resource-related conditions
such as water, light and nutrients. Where stress is induced by
precisely the same resource needed by both the ‘facilitator’
and the ‘facilitated’ species (hereafter denoted as benefactor
and beneficiary, respectively), the general conceptual paradigm
of the SGH may not hold (Callaway 2007). In water-limited
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environments plants generally improve soil fertility and
microclimate under their canopies (Cortina & Maestre 2005),
but these changes do not always translate into increased water
availability in their immediate vicinity (for examples see
Sala 

 

et al.

 

 1989; Valladares & Pearcy 2002; Bellot 

 

et al.

 

 2004;
Ludwig 

 

et al.

 

 2004a). Therefore, when a limited resource is
the only fundamental abiotic stress factor, facilitation can
only occur when neighbours increase the availability of this
resource (Maestre & Cortina 2004). There are at least three
circumstances where one might expect this to occur. Firstly, a
plant in arid systems with the capacity for hydraulic lifting
can provide water to a neighbour, likely at a cost to itself,
but to the advantage of the neighbour (Ludwig 

 

et al.

 

 2004b).
Secondly, shade from canopy shrubs and trees can retain
soil moisture at the soil surface and facilitate neighbours
with shallower roots (Maestre 

 

et al.

 

 2003), although again
probably to the detriment of the benefactor. Finally, shade
can indirectly facilitate the water-relations of understorey
neighbours by decreasing the vapour pressure difference
between the leaf of the beneficiary and ambient air. This can
occur without a substantial resource cost to the benefactor.
However, if  the below-ground spatial niches of interacting
species overlap substantially, and the lack of a soil resource is
the predominant driver of stress 

 

−

 

 situations potentially found
in environments such as arid and semi-arid areas (e.g. Reynolds

 

et al.

 

 2000; Carrick 2003; Hipondoka 

 

et al.

 

 2003; Ludwig

 

et al.

 

 2004b) 

 

−

 

 shifts in the balance of net interactions from
competition to facilitation with increasing stress are less
likely. However, we want to emphasize that it is difficult to be
certain soil water stress is occurring without the concomitant
effect of high temperature stress, and in this situation facilitation
might be expected to commonly increase with stress. This
differentiation between resource and non-resource stress
factors may explain why studies conducted in alpine environ-
ments and salt marshes generally support predictions of the
SGH (e.g. Callaway 1998; Bertness & Ewanchuck 2002; Callaway

 

et al.

 

 2002), while more studies in arid environments have not

 

(e.g. Tielbörger & Kadmon 2000; Maestre & Cortina 2004;
Barchuk 

 

et al.

 

 2005; but see Callaway 2007).

 

The SGH refined

 

Focusing on a species or a chosen suite of species, a simple
way to illustrate how differences in life history and physiology
among co-existing species can influence the outcome of their
interaction might be to classify them as either ‘competitive’ or
‘stress-tolerant’ (following the CSR classification of Grime
1977, 2001). While many species have been found to primarily
follow these broad strategies in different habitats (e.g. Grime

 

et al.

 

 1997; Pierce 

 

et al.

 

 2007; Wellstein 

 

et al.

 

 2007; Zelnik &

 

C

 

arni 2008), most of them usually share attributes of different
strategies. For the sake of simplicity, we consider that when a
competitive and a stress-tolerant species interact, the former
has greater competitive ability, while that the later species has
greater tolerance to stress, irrespective of where they are
placed along the CSR continuum (Fig. 1). Stress is taken here
according to Brooker and Callaghan (1998) as a combination
of both stress and disturbance. Stress includes all phenomena
limiting photosynthesis either directly (e.g. extreme temperatures)
or indirectly (e.g. low water availability), and disturbance
includes all phenomena leading to biomass loss (e.g. herbivory).
Levels of environmental severity vary not only over space but
also over time, and this variation can be random, episodic,
cyclic or exhibit a monodirectional trend, as discussed by
Brooker and Callaghan (1998). To simplify our predictions
and make them tractable, we do not consider time as a gradient
for stress since we are aimed at the net plant–plant interaction
occurring over an ecologically relevant unit of time: the growth
season. By integrating these two broad functional categories
with variation in the nature of the stress factor (i.e. resource
and non-resource stress factor) and by distinguishing among
the types of responses expected of beneficiary species, we can
begin to establish categorical differences in how species are
predicted to respond along stress gradients (Table 1).

Fig. 1. Graphical representation of the probability of survival (left) and growth (right) along an abiotic stress gradient of a stress-tolerator (solid
line) and a competitor (dashed line).
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RESPONSES

 

 

 

WHEN

 

 

 

ABIOTIC

 

 

 

STRESS

 

 

 

IS

 

 

 

RESOURCE

 

 

 

DRIVEN

 

When both the benefactor and beneficiary species are ‘com-
petitive’ (per Grime 1977), facilitation may become dominant
at moderate stress levels, when a resource like water becomes
more abundant in the vicinity of a benefactor species through
mechanisms such as reduced evapotranspiration and improved
water retention capacity of the soil (Raffaele & Veblen 1998;
Maestre 

 

et al.

 

 2003). Although the evidence for this is limited,
competition may become important under high stress levels
because amelioration of microclimate and soil conditions
cannot make up for the water consumption of the benefactor
(Kitzberger 

 

et al.

 

 2000; Maestre & Cortina 2004). The low
competitive ability of the stress-tolerant species makes its
effects on the competitor to be null or slightly positive under
low stress levels.

When the benefactor is competitive, the growth of  the
beneficiary may be inhibited as we move along the abiotic
stress gradient because of the shortage of the limiting resource.
However, since a stress-tolerant plant should be able to survive
until resource levels are very low (e.g. Vilagrosa 

 

et al.

 

 2003),
facilitative interactions should be expected to be prevalent
until these levels are reached. Thus, when both interacting
species are stress tolerant, facilitation can be expected to be
the dominant net outcome at moderate stress levels, but
competition may occur at both low and high stress levels, as
found in the field by Maestre & Cortina (2004; see Callaway
2007, pp. 216–217), who studied the interaction between the
stress-tolerant species 

 

Stipa tenacissima

 

 and 

 

Pistacia lentiscus

 

along a rainfall gradient. Similar patterns were also found
with rhizomatous perennial plants along a nutrient gradient
by Rebele (2000).

When the beneficiary and benefactor species are stress
tolerant and competitive, respectively, competition should be
intense at low abiotic stress because of the increased resource
uptake rates of the benefactor compared to the beneficiary
species (Grime 2001). The magnitude of this net outcome may
be reduced concomitantly with the increase of abiotic stress,
and facilitation should become apparent at intermediate stress
levels. As the competitor will die at stress levels at which the

stress-tolerant species will still be alive (e.g. Sánchez-Gómez

 

et al.

 

 2006), the beneficiary is likely to continue benefiting
from the effects of the benefactor on microclimate and from
its legacy on soil properties (Facelli & Brock 2000), and thus
the magnitude of net facilitation will increase at high stress
levels.

 

RESPONSES

 

 

 

WHEN

 

 

 

ABIOTIC

 

 

 

STRESS

 

 

 

IS

 

 

 

NON

 

-

 

RESOURCE

 

 

 

BASED

 

Facilitation should be particularly evident at intermediate
stress levels when the interacting species are competitive. This
can be the situation in arctic and alpine ecosystems where
amelioration of  harsh environmental conditions by the
benefactor, frequently driven by architecture-mediated
protection from winds and low temperatures (e.g. Carlsson &
Callaghan 1991; Baumeister & Callaway 2006), offsets resource
competition with it. As competitors sustain high rates of
resource uptake under stress (Grime 2001), the magnitude of
facilitation will be sharply reduced at high stress levels, when
the maximum tolerance of the beneficiary species growing
without neighbours is reached, but net facilitative interactions
should still be observed.

The outcome of the interaction probably follows the general
pattern predicted by the SGH, that is, increases in facilitation
with increases in abiotic stress, when the beneficiary and
benefactor species are competitive and stress tolerant,
respectively. However, as the benefactor has lower competitive
ability than the beneficiary, its positive effects should increase
until a plateau is reached, which is defined by the stress levels
at which plants growing without neighbours die. It is inter-
esting to note that similar responses to these predictions have
been suggested by Callaway 

 

et al.

 

 (2002), who conducted a
world-wide assessment of  the effects of  elevation on the
outcome of plant–plant interactions in alpine environments,
and by Badano 

 

et al.

 

 (2007), who evaluated the effect of stress-
tolerant native cushion plants on the growth of the potentially
more competitive (and exotic) 

 

Taraxacum officinale

 

 and

 

Cerastium arvense

 

 at different altitudes in the Chilean Andes.
When both species are stress tolerant, they are likely to

compete for resources all along the abiotic stress gradient.

Table 1. The predicted relationship between abiotic stress and the outcome of a given plant–plant interaction. Stress gradients can be promoted
by resource and non-resource limitations. The traits of the interacting species are also incorporated, and generally include two broad categories
of species (C = ‘competitive’ or S = ‘stress-tolerant’). + = net facilitation, – = net competition, 0 = neutral interaction. Differences in the
magnitude of facilitative interactions within a given interaction and stress level are noted by the number of + symbols employed

Abiotic stress promoted by Stress level

C benefactor S benefactor

C beneficiary S beneficiary C beneficiary S beneficiary

Resource (e.g. water) Low – – 0 –
Medium + + + +
High – ++ – –

Non-resource (e.g. temperature) Low – – – –
Medium ++ + + 0
High + ++ ++ +
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However, facilitation should be mostly evident at high levels
of abiotic stress, where amelioration of harsh environmental
conditions by the benefactor offsets resource competition
with it. Therefore, as we move along the stress gradient the net
outcome of the interaction will shift from competition to
facilitation, being mostly neutral at moderate stress levels.
Similar responses have been reported by studies conducted in
coastal areas, where burial by sand is one of the main factors
limiting plant growth (Franks 2003; Franks & Peterson 2003).
When the beneficiary and benefactor species are stress tolerant
and competitive, respectively, the outcome of the interaction
is likely to range from strongly negative to strongly positive
along the stress gradient. Competition should be intense
when abiotic stress is low because of the increased resource
uptake rates of  the benefactor relative to the beneficiary
species. As the benefactor is likely to die at stress levels at
which the beneficiary species will survive, the beneficiary
should continue benefiting from the amelioration of stress
promoted by the benefactor well-beyond its death and until
the architecture-mediated protection provided by the latter is
maintained.

 

Concluding remarks

 

The general pattern predicted by the SGH has been widely
demonstrated (Callaway 2007), but for a number of reasons
the ‘commonness’ (

 

sensu

 

 Bertness and Callaway 1994) or
importance (

 

sensu

 

 Brooker 

 

et al.

 

 2005) of  facilitative inter-
actions may diminish in some exceptionally stressful conditions
(Michalet 

 

et al.

 

 2006; Callaway 2007). We cannot think of a
reason why the intensity (

 

sensu 

 

Brooker 

 

et al.

 

 2005) of facilitation
should diminish at any level of stress, but if  stress is high
enough, even intense facilitation may not suffice to allow a
stress-intolerant plant to survive or grow, and thus the
importance of facilitation (

 

sensu 

 

Brooker 

 

et al.

 

 2005) may
diminish. Therefore, to best test the refinements proposed in
this article for the SGH, empirical studies should incorporate
the fullest possible extent of  a stress gradient where the
beneficiary species is present, and include species with
different competitive-stress tolerance capacities. If  responses
relate to the type of stress (i.e. resource vs. non-resource), then
future studies should explicitly define the stressors and design
the experiment accordingly. This would also afford future
synthetic efforts the capacity to contrast the relative importance
of different types of stress gradients.

The predictions introduced in this article focus on pair-wise
interactions, but to be expressed in the terms of the original
formulation of the SGH, they must ultimately be extended to
communities through spatial pattern analyses and patterns of
association (e.g. Dullinger 

 

et al.

 

 2007; Valiente-Banuet &
Verdú 2008; Maestre 

 

et al.

 

 2008). By including an assessment
of the relative frequencies of species with particular competitive
abilities and stress tolerances within a community, these
predictions can be refined to specifically predict how certain
species respond to stress, or at the very minimum whether we
might expect net negative or net positive interactions within a
group of species at a certain point along stress gradients.

 

Detailed understanding of the mechanistic cause of stress
may increase predictive precision even further. However,
plants interact in groups, thus even detailed knowledge on the
ecology of species in pair-wise interactions may be confounded
by the intrinsically diffuse nature of interactions in natural
communities (Wilson & Keddy 1986) and indirect inter-
actions with third species (Miller 1994; Callaway & Pennings
2000; Callaway & Howard 2006).

Refinements of the SGH presented here are by no means
definitive, but we hope they will foster further empirical and
theoretical work in this field. This article also provides a
conceptual framework within which to develop new math-
ematical models for the role of facilitative interactions along
environmental gradients, and which is needed to accurately
understand the processes that organise plant communities
(Brooker 

 

et al.

 

 2008).
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