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abstract

General rules are rare in community ecology, although the relationship between stress and the dis-
tribution of species interactions is a notable exception. Negative interactions predominate at low levels
of stress and interactions shift toward being more positive at higher levels of stress. Facilitation resulting
from habitat amelioration and associational resistance are common where abiotic and consumer stress,
respectively, are high. Situations with both high abiotic stress and consumer pressure are uncommon
and these two stresses are often negatively correlated. A similar pattern between stress and outcome of
interactions also applies for species experiencing nutritional deficiencies. The relationship was initially
noticed for plants, but also applies to bacteria and some animals and has received more support for
survival rather than growth or reproduction. The pattern holds over many levels of stress, but positive
interactions become less strong at very high stress levels, producing a hump-shaped relationship. Range
limits are extended by facilitative interactions where stress is strong. The pattern is best supported for
interspecific rather than intraspecific interactions. Positive interactions under stress were initially envi-
sioned as arising from greater available resources at lower densities. In addition, phenotypic change
(due to plasticity, evolution, or species turnover) can also alter the outcome of interactions.
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Introduction

I N AN influential paper, John Lawton
concluded that “community ecology is

a mess, with so much contingency that use-
ful generalisations are hard to find” (Lawton
1999:178). He viewed community ecology as
being “unworkably complicated” (Lawton
1999:180) so that “we have no means of pre-
dicting which processes will be important in
which types of system” (Lawton 1999:181).
He was referring to efforts to understand “the
ecology of sets of coexisting species inter-
acting at local scales” (Lawton 1999:180). In
other words, he was attempting to explain the
organisms and interactions that we can ex-
pect to find at a given field site. While regret-
fully acknowledging that we have no universal
laws in any areas of ecology, he viewed popu-
lationecology andmacroecology asmore trac-
table fields. Lawton argued that those levels
of ecological investigation have fewer axes
for important contingencies and therefore
are better able to yield repeatable patterns.
As an example of one such useful general
pattern, he cited Robert Whittaker’s figure
that categorizes the biomes of the world
along two axes, precipitation and tempera-
ture (Whittaker 1975:167, Figure 4.10). The
figure represents a pattern or correlation be-
tween climate and vegetation that Whittaker
viewed as causal; he considered the growth
forms as convergent adaptations visible at the
scale of communities. The figure accurately
predicts the distribution of biomes based on
these two environmental variables, although
both Whittaker and Lawton acknowledged
that boundaries among the biomes cannot
be located exactly because other variables
may alsoplay important roles. It is worthnot-
ing that Whittaker’s valuable contribution
described a repeatable ecological pattern, al-
though the mechanisms that produce this
pattern are less well understood.

In contrast to Whittaker’s tidy categoriza-
tion of communities along two axes, Lawton
cited Schoener’s attempts to catalog species
interactions that involved 12 distinct axes
(Schoener 1986). Lawton concluded by cau-
tioning that community ecologists interested
in species interactions should not expect
even simple general rules because of the un-

manageably numerous contingencies that
exist at this level of study. Interactions and
their outcomes are likely to be more contin-
gent when they are indirect and involvemore
than two species, and when they are density-
dependent or affected by spatial proximity
(Bronstein et al. 2006); unfortunately, eco-
logical systems commonly exhibit these
conditions (Thompson 2013; Mathis and
Bronstein 2020).

We believe that community ecology is in
muchbetter shape thanLawton’s bleak char-
acterization. It is certainly true that we have
no universal laws, a failing that is shared by
other fields in ecology (e.g., population ecol-
ogy, macroecology) and other largely de-
scriptive sciences (e.g., geology and many
fields in biology; Waters 1998). However,
community ecologists have been collecting
generalizations that have been useful guides
for some time, even if these generalizations
have exceptions and context dependencies.
In fact, the promise of laws in ecology lies
in context dependencies.

Species interactions are thought to organ-
ize communities. Some of these interactions
(e.g., interspecific competition, risk of being
eaten) can have strong negative effects on
the species involved. Other interactions (e.g.,
mutualism or facilitation) can be beneficial
or even essential for survival. These species
interactions occur within the context of local
climatic and abiotic conditions and are em-
beddedwithinbroader communitiesof vary-
ing populations and species, many of which
change over time (Thompson 2013). These
abiotic and living components have the
potential to influence the outcomes of spe-
cies interactions. Are there general rules
about the effects of abiotic andbiotic drivers
on the occurrence or outcomes of species
interactions?

Our goal in this paper is to highlight pat-
terns in the distribution of species interac-
tions. We focus on abiotic and biotic stresses
and how they predictably shape species inter-
actions. Associations between stress and the
distribution of species interactions have been
noted for decades (e.g., Menge and Suther-
land 1976), with amajor advance put forward
by Bertness and Callaway (1994). In the cur-
rent paper, we first review the hypothesis that
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they suggested. Next, we consider what we
have learned about this pattern since it was
described. Where is there support for this
generalization, and what are the limits of
that support? What are areas that should re-
ceive more research attention in the future?

There have been several excellent quan-
titative meta-analyses of the hypothesis dur-
ing the intervening years (e.g.,He et al. 2013;
Adams et al. 2022). Meta-analyses are useful
because they provide a quantitative assess-
ment of patterns that may be obscured by
the biases of individual researchers and sys-
tems. They also suggest generalities that av-
erage over the specific details of individual
studies and organisms. For example, a meta-
analysis revealed that the hypothesis that
stress can predictably alter species interac-
tions was well supported for plants and bac-
teria, although studies involving bacteria
were not explicitly designed to test this hy-
pothesis (Adams et al. 2022). The hypothesis
was not supported generally by studies in-
volving animals, fungi, and chromists as fo-
cal species. Nonetheless, this averaging can
also make some patterns harder to detect
if relevant details and mechanisms are not
explicitly included in the analysis. The con-
clusions of meta-analyses are also dependent
on the particular response variables that are
considered (Aschwanden 2015). Although
we report some of the generalities that have
emerged from these meta-analyses, our ap-
proach is different. We summarize the con-
ceptual ideas about the distribution of species
interactions and evaluate where we expect
those ideas tobewell-supportedby empirical
studies. We have attempted to understand
the messy biological details producing the
patterns and we consider the possible mech-
anisms that could be driving them. Although
decidedly less quantitative, and subject to the
examples we choose, our goal is to provoke
advances that embrace the ecological contin-
gencies that are not yet sufficiently replicated
for meta-analyses.

The Stress-Gradient Hypothesis

In contrast with Lawton’s appraisal, the
stress-gradient hypothesis has been success-
ful at predicting the net outcomes of inter-

actions between pairs of species (Bertness
and Callaway 1994; Maestre et al. 2009). Low
levels of abiotic stress lead to biotic interac-
tions that are more negative, often because
competitors clamor for resources and con-
sumers feed unfettered. As conditions be-
come more stressful, positive interactions
(facilitation and mutualism) between spe-
cies become more frequent and stronger
compared to less stressful conditions. Inter-
specific facilitation occurs when the presence
of one species improves the performance or
numbers of another species; mutualism oc-
curs when both species facilitate each other.

Conditions favoring greater facilitation
include both high levels of abiotic stress and
high consumer pressure. As such, this hypoth-
esis presents a simple two-dimensional repre-
sentation of species interactions, not unlike
the one developed by Whittaker for biomes
(Figure 1). At high levels of abiotic stress,
neighbors often ameliorate that stress by im-
proving conditions (e.g., by providing shade,
moisture, thermal insulation). For example,
the presence of Juncus neighbors changed
levels of soil salinity and oxygen in a coastal
marsh allowing other plants to succeed in
those habitats (Bertness and Hacker 1994).
At high levels of consumer pressure, neigh-
bors often reduce risk by physically protecting
more vulnerable individuals or by making
them harder for consumers to detect, a
phenomenon that is termed associational

Figure 1. The Distribution of Species Interactions

Predicted by the Relative Strength of Abiotic

Stress and Consumer Pressure

DISTRIBUTION OF SPECIES INTERACTIONSDecember 2023 205



resistance (Atsatt and O’Dowd 1976; Calla-
way 2007).

Whittaker’s figure included precise val-
ues for his axes (mean annual precipitation
and temperature) while Figure 1 leaves the
scale of the axes ambiguous. At the very least,
we can try to define stress precisely; Grime
(1977) defined stress for plants as a factor that
limited an organism’s ability to convert energy
to biomass. This definition includes both abi-
otic and consumer stress and seems applica-
ble to animals as well as plants. Abiotic stress
can be evaluated by calculating community-
level productivity—organisms facing more
stress will be less productive. Consumer pres-
sure can be quantified as the percentage of
biomass (e.g., leaf area) that is removed over
some period of time. We can expand Grime’s
definition of stress to include factors that re-
duce anorganism’s expectedfitness, although
fitness loss is harder to quantify than biomass.
It is important to recognize that this defini-
tion is inherently species-specific. Plant spe-
cies adapted to high light environments will
experience different levels of stress than those
adapted to forest understories. This makes it
lessmeaningful (and potentiallymisleading)
to characterize habitats asmore or less stress-
ful for all organisms. Despite the lack of quan-
titative predictions in Figure 1, it is still possible
for empiricists to test the relative changes in
the frequency and strength of the positive
and negative interactions along gradients
of relative levels of abiotic and consumer
stress.

Broadening the Stress-

Gradient Hypothesis

It is useful to consider where the hypoth-
esis has beenwell supported andwhere it has
not predicted the outcome of interactions or
not received much testing. The hypothesis
was developed with plants and sessile marine
invertebrates inmind and the early evidence
to support it came from these taxa (Bertness
and Callaway 1994). An early global meta-
analysis that included 727 studies of inter-
actions between plant species revealed that
interactions affecting survival became more
positive as physical, consumer, or resource
stress increased and interactions involving

growth and reproduction became less nega-
tive over this same gradient (He et al. 2013).
A more recent meta-analysis that was more
taxonomically inclusive found strong sup-
port for the hypothesis among bacteria and
plants but failed to find support among ani-
mals and other taxa, although these latter
groups have been less commonly examined
(Beaudrot et al. 2020; Adams et al. 2022).
The pattern received more support when
survival and abundance were the response
variables and less support when growth,
reproduction, or biomass were considered
(Adams et al. 2022).

Studies that explicitly manipulated stress
found better support for the hypothesis,
although this criterion excluded many obser-
vational studies (Adams et al. 2022). Obser-
vational studies along elevational gradients
have often been used to evaluate the hypoth-
esis. Elevational gradients are useful since
abiotic conditions (such as temperature and
length of the growing season) becomemore
stressful for many species at higher eleva-
tions. Comparisons of plant communities
along elevational gradients offered some
of the strongest support for the hypothesis.
Interactions between neighboring plant spe-
cies were found to be more competitive at
lower elevation sites and more facilitative at
higher elevation sites (Duarte et al. 2021).
For example, in a replicated study at 11mon-
tane sites around the world, removing neigh-
bors hadmore positive effects on focal plants
at lower elevations (less abiotic stress, stron-
ger competition) and less positive effects at
higher elevations (more abiotic stress, weaker
competition; Callaway et al. 2002). In these
cases, changes in species composition (and
hence traits) were associated with altered
abiotic tolerances and species interactions.
In other words, under high stress conditions
both the identities of the species that were
present and the sign and strength of inter-
specific interactions changed.

At very high levels of stress, the positive
effects of facilitating species may be unable
to ameliorate conditions sufficiently to out-
weigh negative effects (Holmgren et al. 1997;
Holmgren and Scheffer 2010). This lim-
itation has been noted for amelioration of
extreme abiotic stresses (e.g., Michalet
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et al. 2006) and for extreme levels of con-
sumer pressure (e.g., Brooker et al. 2006;
Levenbach 2009). At very high levels of stress,
densities of the affected species may be suffi-
ciently reduced so that resource limitation
becomes negligible, and the benefits of fa-
cilitation also become negligible. When fa-
cilitation is based on procuring a limiting
resource (e.g., water), the relationship may
become competitive at extreme levels of stress
because the “facilitator” is no longer able to
increase resource acquisition (Maestre et al.
2009). As a result, the relationship between
net benefits of interactions and stress be-
comes hump-shaped (Figure 2). This hump-
shaped relationship is reminiscent of the
intermediate disturbance hypothesis (Grime
1973; Connell 1978). According to this hy-
pothesis, competition dominates at low lev-
els of stress (Grime’s model) or disturbance
(Connell’s model). At very high levels of
stress or disturbance, only those few species
that were specifically adapted to stressful sit-
uations could prosper but at intermediate
levels, and competitive interactions were
diminished or became less important than
dispersal. It should be noted that this hump-
shaped intermediate dispersal hypothesis has
not been well supported by empirical studies
(Mackey and Currie 2001; Fox 2013). In sum-
mary, responses to a gradient of stress may
be better represented by nonlinear or thresh-
old models than by linear models; when this
is the case, responses to moderate levels of
stress that are observed under many condi-

tions and times cannot predict the effects of
extreme stressors (Reyer et al. 2013). These
observations beg the questions: How often
in nature do species find themselves dealing
with stresses that are sufficiently severe as to
cause the net outcome of interactions to be-
come negative? Will extreme stresses become
more common in the future as the result of
anthropogenic influences?

Patterns associated with stress and species
interactions have been described to play out
over relatively restricted spatial scales. Never-
theless, species interactions and abiotic fac-
tors that occur locally can potentially scale
up to determine species’ ranges. Many nat-
uralists have observed that range limits in
stressful conditions are set primarily by abi-
otic conditions while those in less stressful
conditions are set by species interactions
(Figure 3). Darwin (1859) noted this phe-
nomenon as he described traveling north
toward the Arctic or approaching dry de-
serts. More recently, many studies from a va-
riety of systems have found support for this
interpretation (see Gaston 2003; Sexton et al.
2009; and Louthan et al. 2015 for reviews).
One of the earliest andmost convincing tests
of this idea was Connell’s study involving
microenvironmental distributions of barna-
cles off the coast of Scotland (Connell 1961).
In the less stressful lower intertidal zone, the
limit to the distribution of a focal species was
set by competition for space,while in themore
stressful upper zone the limit to the distribu-
tion was set by the ability to tolerate heat and
desiccation. Subsequent studies indicated
that predation could also limit the distribu-
tion of intertidal species in zones with less
abiotic stress (Paine 1974). It is worth noting
that these studies considered zonation, range
limits over very small spatial scales.

Results from several experimental studies
of plant distributions over larger scales have
also been consistent with this pattern. For ex-
ample, the lower range limits of several plants
onMountRainierweremore strongly affected
by competition while the upper limits were
more strongly affected by abiotic conditions
and perhaps mutualisms (HilleRisLambers
et al. 2013). At the range edge with strong
abiotic stress, the availability of pollinator mu-
tualists became more limiting to populations

Figure 2. A Hump-Shaped Relationship Between

Levels of Stress and the Frequency or Strength

of Species Interactions
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of Clarkia xantiana than in the climatically
favorable center of the range (Moeller et al.
2012). In this system, facilitative soil microbes
were also necessary to provide tolerance to
abiotic stress in order to expand the range
(Benning and Moeller 2021). Similarly,
Bromus laevipes was able to expand its range
into drier habitats when it co-occurred with
a fungal endophyte (Afkhami et al. 2014).
Thus, persistence under stressful conditions,
especially at range edges and beyond, often
requires positive interactions, althoughmost
of this support comes from studies at small
spatial scales (Bruno et al. 2003). In summary,
most studies of the effects of stress on species
interactions have measured a limited num-
ber of demographic parameters (e.g., growth,
survival) over small spatial scales and it is un-
clear whether these results will scale up to
shape larger scale properties (e.g., popula-
tion sizes, range limits).

The validity of the stress-gradient hypoth-
esis across different spatial scales has received
more consideration than its relevance at dif-
ferent temporal scales, a bias that has been re-
peated for many processes in ecology. Most
experiments and observations that support
the hypothesis are of relatively short duration
andwe have less information about outcomes

over longer time periods. Individuals that ex-
hibited net competitive effects during times
when conditions were less stressful had more
positive effects during more stressful times
(Veblen 2008; Biswas and Wagner 2014).
This scenario is consistent with observations
of stronger facilitative effects early in suc-
cession when soil nutrients such as N are
relatively scarce and stronger competitive
effects later when nutrients are more avail-
able (Vitousek et al. 2013; Koffel et al. 2018).

One component of timing that affects the
outcome of species interactions is the in-
crease in body size over an individual’s de-
velopment. As such, effects of stress may be
stage-dependent. Many naturalists have ob-
served that small individuals are more vul-
nerable to both abiotic and consumer stress
than larger, older individuals of the same spe-
cies (e.g., Darwin 1859:Chapter III; Zalucki
et al. 2002; Barton andKoricheva 2010;Quin-
tero et al. 2013). Small individuals are at
more risk of desiccation and are less buffered
against heat and cold. Larger individuals gain
a size refuge against many potential predators
and defenses other than size are better ex-
pressed in older, larger individuals. Many ex-
amples of facilitation involve a relatively large
benefactor anda relatively smallerbeneficiary.

Figure 3. Range Limits for Species as a Function of the Relative Levels of Abiotic Stress

At high levels of abiotic stress, amelioration of stress due to facilitation allows expansion of range limits. At
low levels of abiotic stress, consumer pressure is often higher and associational resistance to consumers facilitated
by interactions allows expansion of range limits.
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Large individuals are able toprovide resources
such as shade and protection from consum-
ers to smaller individuals with little cost to
themselves.

Abiotic and Consumer Stress

Are Negatively Associated

The stress-gradient hypothesis considered
two sources of stress—difficult abiotic condi-
tions and high consumer pressure. Ecolo-
gists have noted a trend for organisms to
be able to cope with environments that chal-
lenge themwith high levels of either physical
or consumer stress, but typically not both
(Menge and Sutherland 1976). In other
words, species are well represented on the
upper left or lower right of Figure 1, but not
in the upper right. The two types of stresses
are often negatively correlated. For exam-
ple, predation in rocky intertidal habitats
was found to be weak where abiotic stress was
strong, and strong where abiotic stress was
reduced (Menge 2003). Similarly, an exami-
nation of morphological defenses of diverse
marine organisms suggested that predation
pressure decreased as physiological stress
increased over longer time frames (Vermeij
1978). Conversely, marine systems character-
ized by productive upwelling experience very
high levels of consumer pressure (Thomp-
son et al. 2012). Most researchers who docu-
mentedanegativecorrelationbetweenabiotic
stress and consumer pressure have assumed
that abiotic stress is the driver of this relation-
ship. In stressful habitats, if consumers are
more sensitive to abiotic stress than their
prey, this could lead to a spatial refuge from
predators, which could be reinforced by se-
lection for stress tolerance at the cost of de-
fense against predators.

A dearth of species in the upper right of
Figure 1 has also been reported for terres-
trial systems. For example, where herbivore
pressure was strong and abiotic stress was high
onMount St. Helens, few plants were able to
recolonize (Fagan and Bishop 2000). Com-
parisons along elevational gradients have
also been consistent with negative associa-
tions between abiotic stress and consumer
pressure. Recent work suggests that consumer
pressure is greater at lower elevation sites that

provide weaker abiotic stress (correspond-
ing to the upper left in Figure 1). Consumers
exhibited higher population sizes and spe-
cies richness at lower elevations and these
conditions were associated with higher levels
of herbivore pressure (Moreira et al. 2018).
Similarly, a largemeta-analysis indicated that
herbivory was greater at lower elevations for
woody plants (Figure 1, upper left), but not
for nonwoody species (Galmán et al. 2018).
These authors speculated that smaller her-
baceous plants experienced relatively low
levels of herbivory by being ephemeral and
less apparent to potential herbivores (sensu
Feeny 1976).

In a study of 20 Amazonian trees species,
Fine et al. (2004) reported that protection
from herbivores for species on resource rich
soils resulted in increased plant growth,
while the same treatment for phylogeneti-
cally paired species on poor soils did not.
Thus, the negative impact of herbivory was
weaker in communities that experienced
more abiotic stress. In general, plants grow-
ing in situations with less abiotic stress are
better able to regrow and tolerate tissue loss
to consumers compared to plants in more
stressful conditions with access to fewer re-
sources (Endara and Coley 2011). In addi-
tion, high levels of defense in stress-adapted
plants may contribute to lower impacts of
herbivores under stressful conditions. Thus,
differential impacts of stress on interacting
species, aswell as their evolved traits,maypro-
mote the negative association observed be-
tween stresses. As discussed below, when
comparing more or less stressful communi-
ties, measuring densities and traits of the
species involved is likely to provide insight
into why or why not results follow expected
patterns.

The generality of the negative association
between abiotic stress and consumer pres-
sure has been questioned in a meta-analysis
that found that abiotic stress and consumer
pressure could interact antagonistically, syn-
ergistically, or independently (Silliman and
He 2018). Nonetheless, many of the studies
that failed to find this negative association
were short-term pulse experiments manipu-
lating one of the stressors. Short-term exper-
iments that are sufficient to affect individual
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performance may or may not scale up to af-
fect persistent differences in species inter-
actions. In particular, we argue that there is
a fundamental difference between commu-
nities that are somewhat equilibrated to dif-
ferential stresses (e.g., along elevational
gradients, in distinct habitat types, or at dis-
tinct times in a successional trajectory) com-
pared to those that receive one-time acute
stresses (e.g., in response to severe climatic
events or the outbreak of an invasive pest).
The former comparisons of longer-term,more
consistent stresses test predictions about the
community outcomes we are interested in
here, where densities and traits of species
have been exposed to directional selection.
The latter (short-term effects) are important
for understanding issues related to acute
stresses, but may be less predictive of patterns
in community ecology.

Nutritional Stress

The stress-gradient hypothesis originally
considered abiotic stress and high consumer
pressure; a third type of stress that organisms
commonly encounter is insufficient or in-
complete nutrition. For many autotrophs,
abiotic conditions will determine the nutri-
ents that are available and nutritional stress
may be considered as a subset of abiotic stress.
This is less often the case for heterotrophs.
Stress caused by insufficient nutrients has re-
ceived less attention than abiotic and con-
sumer stresses, although it is widespread and
could be considered as a third axis in Fig-
ure 1. Associations with other species can
potentially alleviate nutritional deficiencies,
but these associations arenot necessarily ben-
eficial and range from negative to positive.
For example, plants have sophisticated de-
fenses that recognize anddefendagainstmost
fungi. However, these plants may allow the
colonization and exchange of nutrients with
mycorrhizal fungi that extract carbohydrates
from plants, but provide their hosts with wa-
ter and minerals. In these cases, the plants
and fungi monitor the costs and benefits
of their respective contributions, adjusting
them to increase the net benefits they re-
ceive (Kiers et al. 2011). Similarly, in legume-
rhizobia interactions, mutual benefits to the

partners and investment in the mutualism
are the strongest when soil nutrients are lim-
iting (Elias and Agrawal 2021). Indeed, when
nutritional stress has been included in tests
of the stress-gradient hypothesis, it has pro-
vided some of the strongest support for shifts
to facilitation with increasing levels of stress
(Adams et al. 2022).

Effects of Interactions at Different

Ecological Levels of Organization

The stress-gradient hypothesis was devel-
oped for interactions between species, and
this is the most common level of study for
much of community ecology (and the level
that Lawton was most discouraged about).
Among pairs of species, positive interactions
aremore often noted among distantly related
species and less likely among more closely
related species (Valiente-Banuet and Verdú
2013; Verdú et al. 2021). This relationship
likely arises because phylogeny reflects phe-
notypic similarity and similar species are
likely to respond similarly to stresses and to
use similar niches. This may be particularly
important for establishment of immature in-
dividuals (e.g., Valiente-Banuet and Verdú
2007). Many of the examples of facilitation
that reduce the impacts of stress can be con-
sidered by-products of the normal activities
of the facilitator species (sensu Connor 1995).
This is especially important for distantly re-
lated pairs of species where a by-product for
one species can be a limiting factor for an-
other. This situation is often true for amelio-
ration of stressful abiotic conditions (e.g.,
shade provided by a neighbor), tolerance
of partial consumption (e.g., tissue loss to
herbivory; Agrawal 2000), and nutrients pro-
vided to species growing in resource-poor
environments (e.g., plant-mycorrhizal con-
tributions; Kiers and van der Heiden 2006).
When the resources or services provided by
facilitators in stressful situations are by-prod-
ucts of their normal activities, they are less
costly to provide; reduced cost makes these
net positive interactionsmore likely to be sta-
ble (Agrawal 2000).

The stress-gradient hypothesis could po-
tentially apply to interactions among individ-
uals of the same species or to those among
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clades of related species. Individuals that are
more similar are more likely to compete for
resources, mates, and so on, as noted above.
This has given rise to the general pattern that
intraspecific competition is usually stronger
than interspecific competition (Darwin 1859;
Hardin 1960). Negative competitive effects
between conspecifics have been best docu-
mented for survival, but interactions with
conspecifics can also be positive in terms of
opportunities for mating and cooperating.
For example, Allee effects, which are posi-
tively density-dependent at least at low pop-
ulation sizes, can be critical for population
growth (Angulo et al. 2018). Nonetheless,
in a meta-analysis, interspecific interactions
were often positive while intraspecific inter-
actions weremore strongly negative (Adams
et al. 2022). In summary, although intraspe-
cific interactions can be positive under some
conditions, this outcomeoccurs less frequently
compared to interspecific interactions.

The stress-gradient hypothesis also predicts
patterns at higher taxonomic levels. Positive
interactions between ancestral species may
have allowed those species to be successful
and radiate. As a result, we now see entire
clades of species that engage in similar facil-
itative interactions. Many clades of animals
that subsist solely on food regimes that lack
a full complement of nutrients engage in ob-
ligatemutualistic relationships with digestive
microbes that make their dietary regimes
possible. For example, many species of ter-
mites that feed on cellulose (Brune 2009),
heteropterans that feed on xylem fluid (An-
krah et al. 2018), and tsetse flies that feed on
blood (Hirose et al. 2012) all form obligate
mutualistic relationships with bacteria that
supplement their diets. Similarly, lichens,
which consist of associations between diverse
species of fungi that live with algae or cyano-
bacteria, are successful under more condi-
tions than these species would be without
their symbiotic partners. When living in ex-
treme environments (or on extreme diets),
positiveinterdependencies(“metaorganisms”)
appear as common strategies (Bang et al.
2018).

Clades of organisms also engage in mutu-
alistic relationships that provide protection
from potential consumers. Many terrestrial

invertebrates associate with ant species that
actively defend them (Bronstein 1998). For
example, caterpillars that facehigh consumer
pressure produce nectar rewards that attract
ant bodyguards (Agrawal and Fordyce 2000).
Adult periodical cicadas of several species
emerge synchronously in extraordinarily high
numbers; individuals that emerge alone or
in smaller groups are less likely to satiate pred-
ators and leave fewer offspring as a result
(Karban 1982). Cicada species that have
evolved with less risk of predation have not
adopted this strategy (Lloyd and Dybas
1966a,b).

At an ecosystem scale, facilitation under
stress may form the basis of persistent com-
munities. For example, biological soil crusts
are mutualistic associations of cyanobacteria,
algae, fungi, and plants that are found in the
most stressful hot deserts and tundra (West
1990; Pointing and Belnap 2012). Biocrusts
facilitate soil formation, prevent erosion, and
regulate water and nutrient cycles; establish-
ment of vascular plants is enhanced by their
presence in these extreme habitats. Similarly,
in freshwater systems, facilitators that mod-
ify habitats often produce positive effects on
other species under stressful conditions (Al-
bertson et al. 2021). For example, beavers act
as ecosystem engineers that reconfigure eco-
systems and facilitate many other species that
would otherwise find conditions too stressful
to survive during drought years (Hood and
Larson 2014).

The stress-gradient hypothesis can also in-
formour understanding of patterns of diver-
sity. Many studies have found that positive
interactions that ameliorate stress ultimately
increase species richness (e.g., Hacker and
Gaines 1997; Michalet et al. 2006; Angelini
et al. 2011; Cavieres et al. 2014; Duarte et al.
2021), although other outcomes have also
been noted (e.g., Bulleri et al. 2016; Albert-
son et al. 2021).When positive effects on spe-
cies richness were observed, the facilitators
were often foundational species that caused
large habitat modifications and increases in
heterogeneity, allowing less competitive spe-
cies to coexist. Positive effects that increase
diversity are often critical for recruitment and
establishment of younger individuals. For
example, nurse plants were associated with
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increased richness under stressful conditions
(Valiente-Banuet and Verdú 2007; Soliveres
et al. 2012).

Different Responses

to Increasing Stress

As stress increases in a system, we can
imagine several different ecological processes
(mechanisms)occurring(Table1).First,when
comparing habitats with large and persis-
tent variation in levels of stress, the species
found in different locations (stress levels)
will likely turn over, and many aspects of
their ecologies will differ. The strong pattern
of greater facilitation in places with more
stressful habitats may reflect both differences
in densities and traits of the species present
(Callaway et al. 2002). This tendency was rec-

ognized by early ecologists who studied pri-
mary plant succession. Species interactions
that permitted the establishment of vege-
tation on dunes or following glacial retreat
often involved facilitation (Cowles 1899;
Crocker andMajor 1955). In addition to spe-
cies turnover, less stressful habitats tend to
support a greater diversity of species. For ex-
ample, the community of herbivores has of-
ten been noted to be more diverse in less
stressful situations and thismore diverse com-
munity is predicted to include one or more
species that can exert a strong negative im-
pact on their host plants (Menge and Suther-
land 1987), although this hypothesis has
met with mixed support in comparisons be-
tween tropical and temperate habitats (e.g.,
Novotny et al. 2006; Salazar and Marquis
2012).

TABLE 1
Mechanisms underlying the stress-gradient hypothesis that species interactions

are less negative as environmental stress increases

Mechanism Example Key comparison groups

1. Density is reduced by stress

1A. Density is strongly reduced
causing species turnover

Species identity (and thus traits of interacting
species) differs in communities with high
and low stress impacting the outcome
(e.g., Fine et al. 2004)

Assess the traits of species in communities
with different, but phylogenetically
related, species and relate these traits
to the outcomes of interactions

1B. Mean density is reduced—
competition is relaxed

Stress limits population density making more
resources available (e.g., Callaway 2007)

Remove neighbors in more and less stressful
communities and assess abundance of the
focal species

1C. Density of species in trophic
interactions differentially
affected

Predator abundance is more strongly
disrupted by stress than prey, thereby
reducing impacts of predators
(e.g., Menge and Olson 1990)

Assess effects of stress on each trophic
group’s abundance, as well as the
net outcome of the interaction

2. Traits are affected by stress

2A. Increased tolerance of
stress resulting from
phenotypic plasticity

Phenotypic response to stress in either
(or both) interaction partner impacts the
outcome (e.g., Agrawal and Fordyce 2000)

Assess effects of stress on phenotypes of
interacting species and relate this to the
outcome of the interaction

2B. Local adaptation that
changes interactions

Evolutionary response of either (or both)
interaction partner impacts the outcome
(e.g., Formenti et al. 2021)

Assess genetically differentiated phenotypes
from populations with different levels of
stress (e.g., in a common garden) and
relate these adaptations to outcomes
of interactions

In each case, more and less stressful communities are examined, typically by the removal of a focal community member to assess
the strength of the interactions between that focal species and others in the community.

212 Volume 98THE QUARTERLY REVIEW OF BIOLOGY



Reductions in density have been thought
to be the primary drivers of positive interac-
tions for comparisons of communities with
similar species present but with increasing
levels of stress. Fewer individuals will compete
less strongly for existing resources. Regardless
of the type of stress that limits densities, more
foodandmoreprotected refugesmaybeavail-
able to those individuals that can tolerate the
stress. Additionally, as discussed above, differ-
ential sensitivity to stress may alter densities of
some groupsmore than others (i.e., predators
more than prey), predictably altering the
frequency of interactions. These two density-
mediated effects (second and third rows of
Table 1) represent changes associated with
stress that alter interactions within a commu-
nity of the same species.

In addition to effects of stress on the den-
sities of interacting species, stress-induced
altered phenotypes within species may also
change the outcome of ecological interac-
tions. Whether phenotypic change is associ-
ated with phenotypic plasticity as discussed
above or with local adaptation (a more per-
manent change), both can impact the out-
come of species interactions. For example,
cold temperatures often force consumers to
capture and ingest more food, presumably
intensifying the effects of consumptive inter-
actions (Dell et al. 2011). Prior experience
may dampen the effects of stress on organ-
isms. For example, adaptive responses (plastic
or evolutionary) to prior stress may reduce
the positive effects of facilitation under stress
(Espeland and Rice 2007). Ultimately, both
the densities and traits of organisms that re-
spond to stress will determine the strength
and outcome of species interactions.

When designing and interpreting studies
that impose stress or remove neighboring
species, it is important to be aware of the time
frame involved. When possible, long-term
experiments are the ideal. Experiments that
are of short durationmay not allow sufficient
time for species to experience and respond
to the negative consequences of abiotic and
consumer stress. This temporal limitationmay
also be addressed by also including longer-
term natural comparisons with low repli-
cation and less confidence about causation

(e.g., comparing areas with and without ver-
tebrate predators). Advances in statistical
methods that consider joint species distri-
butions and include other variables such as
levels of stress can also be informative (War-
ton et al. 2015; Van Ee et al. 2022). As dis-
cussed above, when comparing sites in which
adaptationor species turnover have changed
the effects of stress on species interactions,
understanding the traits involved will aid in
developing a predictive framework. Multiple
mechanisms that affect the traits and inter-
action strengths of species in a community
along a stress gradient are possible; the pre-
dictability of eachmechanism, its relative im-
portance, and longer-term implications are
not well known and are worthy of attention.

Conclusions

Stress has been widely studied as a medi-
ator of ecological interactions and the stress-
gradient hypothesis has shown considerable
power inexplaining thedistributionof ecolog-
ical interactions. The original stress-gradient
hypothesis provides a useful generalization
that applies tomany taxa, inmany situations,
and at many scales (summarized in Table 2).
Net effects of species interactions tend to be
more positive under abiotic stress, high con-
sumer pressure, and nutritional limitations.
Most fundamentally, stress often results in
poor performance of some individuals, in-
duces phenotypically plastic responses, im-
poses natural selection, and causes species
turnover in communities. Stress may free
up resources, especially when some species
perform poorly, and there may be reduced
levels of competition or predation. Alter-
nately, whenphenotypes change (due to plas-
ticity, evolution, or species turnover), these
new phenotypes may shuffle the relative im-
portance of ecological interactions. Some
of these changes indicate that positive inter-
actions are necessary for survival and repro-
duction under stressful conditions. Other
changes result in muted negative species in-
teractions under stress. Thus, stress has the
potential to provide an explanation for both
short- and long-term ecological changes and
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outcomes, although the mechanisms vary.
Exceptions certainly exist, but exploring these
exceptions will strengthen our understand-
ing. Even with these exceptions, the relation-
ship between stress and the frequency and
strength of species interactions represents a
useful andwidespread pattern in community
ecology.

Other widespread patterns have also been
reported. For example, we can predict the
number of trophic levels in a system based
on levels of primary productivity (Oksanen
et al. 1981). It has also been observed that
predators and parasites often have cascading

effects that reverberate through ecological
webs, influencing the abundances and traits
of species at lower trophic levels (e.g., Strong
1992). These generalizations cannot be con-
sidered rules in the strict sense, but they do
indicate that community ecology is less of
an idiosyncratic mess than Lawton feared.
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TABLE 2
Summary of the original stress-gradient hypothesis (Bertness and Callaway 1994) that explained the
distribution of species interactions and an assessment of current evidence evaluating the hypothesis

Original hypothesis Support Limitations Explanation

Taxa: plants and sessile
marine invertebrates

Strong support for plants
and bacteria

Weak support for animals,
chromists, and fungi

Animals have a diversity of
strategies including movement

Types of stress: abiotic
and consumer stress

Strong support for abiotic stress
and for nutritional, resource
stress

Weaker support for consumer
stress

Effects associated with consumers
can be negative if neighbors
are attractive to consumers

Response assessed:
frequency of
interactions

Strength of interactions
(effect sizes)

Frequency and other response
metrics are less commonly
measured

Demographic response :
survival

Strong support for effects
on survival

Weaker support for growth
and reproduction

Growth is shorter term than survival;
reproduction occurs later in
development; aftereffects are
no longer visible

Scale of the pattern :
full range of stress
gradient

Strong support at intermediate
stress levels (Holmgren et al.
1997; Brooker et al. 2006)

Effect diminished at very high
levels of stress (Holmgren et al.
1997; Brooker et al. 2006)

Intermediate levels of stress
reduce competition or allow
facilitation without completely
suppressing the focal species

Scale : comparison
among species

Strong support in interspecific
comparisons

Weak support in intraspecific
comparisons

Intraspecific phenotypes may be
too close to allow for facilitation
without competition

Scale : individual species Species diversity is also
increased by facilitation
(e.g., Hacker and Gaines
1997; Duarte et al. 2021)

This pattern is likely saturating
and highly conditional

Changes in diversity will be
dependent on the species
pool and priority effects

Spatial scale : small scale
zonation

Prediction: facilitation can
also increase species’ ranges
(Figure 3; see also Afkhami
et al. 2014)

Range edges typically
have multiple altered
environmental factors

The net effect of facilitation may
depend (as always) on the
relative balance of benefits
versus other challenges faced
at the edges

Temporal scale : largely
unexplored

Prediction: more support early
in ontogeny of individuals
and early in succession

Unclear Costs of stress and benefits to
organisms may be dynamic
over time

Data from He et al. 2013 and Adams et al. 2022, unless otherwise noted.
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