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Disturbance and distributions: avoiding exclusion in a warming world
Douglas Sheil’

ABSTRACT. I highlight how disturbance determines species distributions and the implications for conservation practice. In particular,
T describe opportunities to mitigate some of the threats to species resulting from climate change. Ecological theory shows that disturbance
processes can often slow or prevent the exclusion of species by competitors and that different disturbance regimes result in different
realized niches. There is much evidence of disturbance influencing where species occur. For example, disturbance can lower the high
elevation treeline, thus expanding the area for high elevation vegetation that cannot otherwise persist under tree cover. The role of
disturbance in influencing interspecific competition and resulting species persistence and distributions appears unjustly neglected. I
identify various implications, including opportunities to achieve in situ conservation by expanding plant species ranges and reducing
species vulnerability to competitive exclusion. Suitable frequencies, scales, intensities, spatial configurations, and timings of the right
forms of disturbance can improve the persistence of targeted species in a wide range of contexts. Such options could reduce the
extinctions likely to be associated with climate change. More generally, these mechanisms and the resulting realizable niche also offer
novel insights to understanding and manipulating species distributions.
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INTRODUCTION

Disturbance, a temporary reduction in competition, influences
where species can persist. Conservationists use grazing, mowing,
weeding, biomass removal, clearing, burning, and cutting to
generate the conditions required to maintain plant communities
and species that might otherwise be displaced. Such interventions
provide a powerful and flexible means to manipulate plant
communities and species distributions. Controlled burning, for
example, has long been used to generate and maintain desirable
vegetation by controlling the location, frequency, scale, timing,
and intensity of burns (Bell 2001, Parr and Andersen 2006).
Grazing and mowing are used in the restoration and maintenance
of native vegetation: examples include chalk grassland (Bobbink
and Willems 1993) and tidal marshes in the Netherlands (Bakker
1978), coastal dune grasslands in Wales (Hewett 1985), tall grass
prairie in Kansas (Collins et al. 1998), and native California
grasslands (Menke 1992). Similarly, conservation-oriented forest
management emphasizes interventions that seek to replicate
natural disturbance processes and outcomes (see for example,
Kuuluvainen 2009, Long 2009, Perera and Cui 2010). Such
interventions appear distinct from those required under rapid
climate change.

Climate change is among the world’s most urgent conservation
problems. Mass extinctions may be imminent (Thomas et al. 2006,
Colwell et al. 2008, Urban et al. 2012, Cahill et al. 2013) and even
the most common species are at risk (Warren et al. 2013). Rather
than simulating natural conditions, any in situ conservation will
likely require species to be maintained within novel communities
under the conditions resulting from climate change (see Urban et
al. 2012).

Conservationists have identified few practical interventions to
maintain species in a rapidly warming climate. Most in situ
proposals focus on minimizing other (nonclimatic) day-to-day
threats as well as on facilitating dispersal by improving large-scale
connectivity (Loarie et al. 2009, Mawdsley et al. 2009). Such

efforts are unlikely to prevent the majority of extinctions. Many
species appear unlikely to move to cooler (higher) elevations or
latitudes at the rate needed to track temperature changes (Wright
etal. 2009, Corlett and Westcott 2013). Along with ex situ options,
moving threatened species to new locations, i.e., translocation,
managed relocation, or assisted colonization, is increasingly
proposed despite associated costs and risks (Hoegh-Guldberg et
al. 2008, Ricciardi and Simberloff 2009). As Minteer and Collins
(2010:1804) noted: “we have a rapidly shrinking set of options
for saving many species threatened by a warming world. The
biological stakes are high. If we value wild species and wish to
bequeath a significant fraction of global biodiversity to future
generations, radical strategies like managed relocation may well
be our last best chance.”

My goal is to highlight some neglected options for understanding
species distributions and for achieving conservation. The terms
defined in Table I clarify their use here. I first introduce and review
some established ecological concepts. The implications of these
concepts are important. These implications are often overlooked
though they offer opportunities for conservation. I highlight how
disturbance can expand species’ distribution limits on a
temperature gradient. I show that, despite neglect, there is
evidence supporting these ideas. I then consider how competitive
exclusion can be reduced and the options this provides for
conservation practice. Finally, I examine the further integration
of disturbance ecology into distribution science and the practice
of conservation.

CONCEPTS AND THEORY

This section outlines some basic ecological concepts. These
concepts provide the theoretical foundations for the subsequent
proposals, evaluations, and discussions. Readers already familiar
with these topics should skip to the following section.

Competition limits species’ persistence in plant communities
(Connell 1978, Tilman 1990, Amarasekare 2003, Silvertown
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Table 1. Glossary of concepts used in the main text.

Concept Explanation
Coexistence The ability of species to persist in the presence of each other.
Competition An interaction between organisms in which the fitness (survival and reproduction) of one, or

more, is reduced.

Occurs when a species cannot persist within some part its fundamental niche because of
competition with one or more other species (see competitive exclusion).

Occurs when a species cannot persist because of competition with one or more other species.
A set of competing species with overlapping fundamental niches that segregate along a
gradient.

An event involving a loss or rapid redistribution of biomass that releases space and/or other
resources that species require (thus reducing some aspects of competition).

The pattern of disturbance events in time and space that characterize a given area (typically
with predictable elements). If the pattern cannot be predicted, or includes unique events (on
the time scale used), this would be part of the description.

Competitive displacement

Competitive exclusion
Competitive hierarchy

Disturbance

Disturbance regime

Fugitive species
Fundamental niche

A species that will be eliminated by other species if competition is sustained.
The environmental conditions under which a given species can survive and sustain

population growth in the absence of other species.

Niche space
Occurrence
persist.
Realizable niche
Realized niche

The range of available conditions (where organisms could occur).
When species are observed without necessarily inferring anything about their ability to

The degree to which the realized niche can be made broader by interventions.
The environmental conditions under which a given species can survive and sustain

population growth in the presence of other species.

Source-sink dynamics

Processes permitting the occurrence of a species in one location (the sink) to depend on

dispersal from other locations (the source).

Stabilizing mechanism
density.
Trade-off

A process increasing the ability of a population to recover following deviations even to low

When the presence of, or investment in, one species trait, behavior, or ability implies the loss

of, or decreased investment in, another. For example, if the ability to withstand lower
temperatures implied a reduced ability for rapid growth at higher temperatures.

2004). When the population growth of more than one species is
limited by space, light, or any resource, competition is inevitable.
When a species cannot persist with a competitor, it may be
eliminated locally, a process known as competitive exclusion. All
species are vulnerable to exclusion by superior competitors.

Species distributions observed in nature generally encompass a
narrower range of environmental conditions than implied by the
species’ physiological tolerances. This is a result of competitive
displacement, i.e., realized niches tend to be narrower than
fundamental niches (Vandermeer 1972, Colwell and Fuentes
1975, Soberdn 2007).

The species that are competitive dominants under the most benign
conditions are seldom the same as those that dominate in less
benign conditions (Keddy and Shipley 1989, Wisheu 1998). Often,
these latter species will also become established and grow well in
more benign sites if the other species are absent. Thus, what
appear to be colonizing species in some locations seem to behave
as late successional species in less hospitable environments (van
Steenis 1958, Budowski 1965, Oldeman 1990). Competitive
displacement has also been invoked to explain why species are
often most abundant under environmental conditions that appear
suboptimal for their growth (Cabral and Kreft 2012, McGill
2012). In any case, the species that dominate in marginal sites can
often become established, grow, and persist in better sites only if

they don’t have to compete with species that can otherwise
displace them under these conditions.

Study of such context-dependent competition has led to the
recognition of sequential displacement patterns, or competitive
hierarchies, in which species segregate along gradients (Keddy
and Shipley 1989, Smith and Huston 1990, Silvertown and Dale
1991, Wisheu 1998). Such patterns suggest some trade-off in
which species can have superior tolerance of certain situations or
superior competitive abilities in other situations, but cannot have
both. Many species possess adaptations conferring tolerance of
conditions without being dependent on them, for example, plants
that tolerate saline (Barbour 1970, Gilbert and Fraser 2013) or
metal rich soils (Maestri et al. 2010, Serrano et al. 2015) can
usually grow without these salts and metals. Similar patterns
occur for temperature: for example, frost tolerance does not imply
frost dependence.

Disturbance can be defined in many ways even by ecologists (see
for example, Sheil 1999). In the present context, I propose a
definition that implies reduced competition. Such events thus
modify each species’ competitive environment and influence the
realized niches and resulting distributions. In Appendix 1, I select
a range of examples that show that disturbance often permits
species to range beyond their more typical environmental
conditions.
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Various aspects of ecological theory address disturbance and the
mechanisms that permit species coexistence. I am concerned with
how competition can be reduced, thus reducing the threat to a
given species, rather than with the formal requirements of
sustained coexistence. Nonetheless, ecological theory offers useful
insights. Elimination by competition can be avoided through
opportunities in time and typically relies on life stages that avoid
competition, e.g., seeds that only germinate in open sites (Grubb
1977, Martorell and Freckleton 2014). Elimination by
competition can also be avoided through opportunities in space,
such as in “between-patch” models in which species can become
extinct in one patch, but recolonization can occur from
asynchronous-successional patches (Warner and Chesson 1985,
Tilman 1990, Levine and Rees 2002). Intensity, extent, pattern,
and frequency of disturbance can be tuned to maintain, or
eliminate, species depending on their attributes (Connell 1978,
Miller 1982, Malanson 1984, Shea et al. 2004, Banitz et al. 2008,
Miller et al. 2011). Low levels of disturbance favor slow-growing
species with high resilience to competition. Increasing
disturbance frequency favors species with more rapid life cycles.
Large-scale disturbances favor good colonization abilities. Even
the composition of a highly disturbed community can be
influenced by additional disturbance (Chesson and Huntly 1997,
Violle et al. 2010).

Exclusion is well studied in simple diversity-disturbance models
in which all but the most competitive species are considered
fugitive species; these persist only by avoiding the sustained
competition that would otherwise eliminate them. Under some
disturbance regimes species coexist in a stable manner, whereas
in others species are lost. The theory of such coexistence
mechanisms have been rigorously examined elsewhere (e.g.,
Chesson 2000). Persistence for the fugitives requires both
sufficient opportunities to avoid competition and a stabilizing
mechanism to ensure small populations can grow. Often this
stabilizing mechanism involves a trade-off between competitive
abilities and each species’ colonization and dispersal abilities,
which confer a short-term advantage to the fugitive in terms of
access to low competition sites (Amarasekare 2003).

Abstract theories are challenging to apply in the real world. For
example, an observation that a species occurs somewhere says
relatively little about its ability to persist in that location. The
occurrence may represent a relic, a chance ephemeral occurrence,
or a sink population (see source-sink dynamics in Table 1). Such
fundamental challenges explain why ecological-coexistence
theory has had little influence on conservation practice. Despite
its focus on species persistence, such theory is hard to apply in
practice. Demonstrations that species coexist in a persistent
manner, rather than simply noting their occurrence in the same
location, remain rare even in formal ecological studies (Siepielski
and McPeek 2010). Despite its intuitive appeal, achieving
demonstrable coexistence as ecologists might define it, is neither
a practical nor a realistic conservation goal. Nevertheless, given
that conservation can use any cost-effective combination of
actions that can slow or prevent species loss, there is value in
recognizing the conditions under which competitive exclusion is
more or less probable or rapid. Coexistence theory thus offers
some potentially useful insights about the role of disturbance.

Unlike simplified theoretical models in which disturbance
involves uniform clearing of space ready for colonization, real
disturbances are usually complex, messy, partial, and selective.
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For example, the form and intensity of the disturbance can have
strong discriminating effects, e.g., the effects of drought, fire,
elephant damage, and wind on forest trees are not uniform, but
depend among other things on the traits of species and individuals
(Everham and Brokaw 1996, Sheil and Salim 2004, van
Nieuwstadt and Sheil 2005, Keeley et al. 2011, Webb et al. 2014).
Disturbance type can also be selective in other ways, such as
species responding to fire for seed release (He et al. 2011) and to
smoke for germination (Tormo et al. 2014). Subtle differences
within processes can also be selective, as in grazing, browsing, and
trampling in which different animals influence vegetation in
distinct ways (see Stebbins 1981, Spear and Chown 2009). Of
course many additional ecological processes, contingencies, and
legacies influence outcomes (Pickett et al. 1987, White and Jentsch
2001, Nuttle et al. 2013, Supp and Ernest 2014, Zobel and Opik
2014). The point is that disturbance can slow or prevent exclusion
in multiple ways. For a given species in a given setting (competing
species included), there will generally be some optimal regime,
whereas too much or too little disturbance will result in loss. I
focus on choices slowing or preventing the loss of targeted species,
noting that the principles also have potential for the control and
elimination of undesirable species. Key processes include freeing
up space and resources, a reduction in the competitively superior
species, and a sufficiently greater payoff for the competitively
inferior species.

Although climatic tolerances limit potential species ranges
(Somero 2011, Huey et al. 2012), interactions among species
determine many actual distributions (Sexton et al. 2009, McCain
and Colwell 2011, Wisz et al. 2013, Kubisch et al. 2014, Svenning
et al. 2014). These interspecific interactions are considered a
proximate cause of distribution change with climate change
(Keeley et al. 2011, Urban et al. 2012, Cahill et al. 2013). This is
another way of concluding that competition modifies the realized
niche. Realized niches play a central role in modern distribution
modeling. Although much has been said concerning the
shortcomings of such approaches, such as dispersal barriers and
biotic dependencies (see, e.g., Davis et al. 1998, Guisan and
Thuiller 2005, Trivedi et al. 2008, Wiens et al. 2009, Araujo and
Peterson 2012), and the need to investigate and understand
fundamental niches has been highlighted (e.g., Guisan and
Rahbek 2011), disturbance processes appear neglected in this
context.

A species’ realized niche depends on interactions with other
species. When competition is strong, the niche will be smaller;
when competition is weaker it will be larger. What is realizable
depends not only on the other species present but also on
disturbance regimes. A schematic model for one species with and
without some specific disturbance intervention is shown in Figure
1. Such interventions can expand the habitat available to the
species or increase persistence in a modified climate, if the
situation in Figure 1b became that in Figure 1c. I shall not explore
every complexity of plant community ecology, but I note that
some ecological phenomena, such as positive interactions (as in
Bronstein 1994, Brooker et al. 2008) and density dependent life-
history parameters (Petermann et al. 2008, Mangan et al. 2010),
can reduce competitive exclusion and expand realized niches. The
principle that different disturbance regimes result in different
realized niches still applies. The implication is that, to the extent
that distributions can be reduced by competitive exclusion, these
distributions might be increased by suitable interventions such as
burning, grazing, mowing, or tree cutting.
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Fig. 1. Hypothetical example of a niche space defined for two
variables. The conditions that can support the species when
growing alone define its fundamental niche space (yellow). The
conditions that can support the species when growing in a
community define the actual or realized niche (dark green).
However, the extent of this range can be modified by
interventions (i.e., modifications to the disturbance regime and
related processes such as weeding) that modify the competitive
environment to generate a different realized niche (light green);
both realized niches cover different portions of the larger
fundamental niche (a). Figures (b) to (¢) conform to the labels
in Figure (a) and illustrate different scenarios in terms of
locally available habitat (range of environments bounded by the
dotted line; for simplicity we assume that the actual physical
area is evenly distributed across the environmental space within
the bounded areas). In (b), available habitat matches well to the
species’ needs and the intervention offers little benefit. In (c) the
intervention improves the use of the available habitat. In (d),
even though much of the habitat lies within the fundamental
niche of the species, the intervention has only a marginal
chance of maintaining the species, although it may nonetheless
slow losses. In (e), neither prevailing conditions nor the
intervention allow the species to persist although it may slow
species loss; translocation is needed to an area with the
properties within the red dotted line.
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ELEVATION AND SUCCESSION

Environmental conditions play a more direct role in determining
the upper than the lower elevation boundaries for many species.
For example, frost tolerance determines the upper-elevation
limit of numerous plant species (Ohsawa 1995, Ricklefs 2005,
Preston and Sandve 2013). Climatic limits can also be inferred
from the inability of species to maintain positive population
growth above their high-elevation limits even in the absence of
competitors (e.g., HilleRisLambers et al. 2013). At the lower
elevation limits, interspecific competition appears more
influential (Urban et al. 2012, HilleRisLambers et al. 2013).
These generalizations are supported by various studies; one
recent review of species transplant studies has noted that high-
elevation range limits are more likely to be determined solely by
abiotic factors than are low-elevation limits (82% of 38 tests and
45% of 20 tests, respectively; Hargreaves et al. 2014). Similar
patterns have also been inferred for the elevation ranges of
bryophytes (Cleavitt 2004). These results do not mean that biotic
processes play no role in defining upper elevation limits (Brown
and Vellend 2014), only that these tend to be weaker and harder
to detect.

The implication is that upper elevation limits depend more on
environmental tolerance and lower elevation limits depend more
on competition. This indicates a prevalent trade-off in which a
species’ tolerance of colder (higher elevation) conditions implies
a cost in terms of reduced competitive abilities under warmer
(lower elevation) conditions. Such trade-offs generate a
competitive hierarchy.

Consider a mountain supporting three model species with
overlapping elevation ranges (Fig. 2a, b). Sustained competition
narrows the range of conditions under which the species occur
but a suitable disturbance regime can counteract this effect and
permit all three species to become established over a broader
range of environments (Fig. 2c). At higher elevation, only the
species tolerant of low temperatures can become established
(Fig. 2d), but all three species can become established, grow, and
compete following sufficient disturbance at some lower
elevations (Fig. 2e, f). The first plants to become established at
a site gain an advantage over competitors and may persist long
enough to reproduce (see, e.g., Weiner 1990, Belyea and
Lancaster 1999). Thus, if they are present, higher elevation
species may occur transiently and may dominate (Fig. 2e) or not
(Fig. 2f).

Disturbance determines distributions. At sufficiently low levels
of disturbance, succession proceeds and less competitive species
are locally excluded. At sufficiently high levels of disturbance,
species are unable to persist at any elevation. Then there is an
intermediate level of disturbance in which upper and lower
species boundaries, and overall elevation range, are maximized;
these peaks do not necessarily align within or among the species
involved (Fig. 2g, h).

A simple illustration of the overall processes by which higher
elevation species might persist for longer under a warming
climate in a more disturbed versus a less disturbed system is
provided in Figure 3. The finite elevation in the mountain
scenario illustrates a more general situation in which species
cannot disperse to a more suitable environment, and persistence
depends on enduring a changed climate rather than on dispersal.
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Fig. 2. Schematic distribution, succession, and disturbance relationships of three idealized species on a
temperature (reverse elevation) gradient. Their fundamental niches (a) are broader than their realized niches (b),
but with disturbance, species cover a broader range of conditions and competition is reduced (c), peaks are
lower because limited space and more species implies reduced mean likelihood of any one species occurring at
any one location. At high elevation, only one of the three species can tolerate the low temperatures (d); at lower
elevation all three species can become established and competition subsequently leads to exclusion and thus
succession (e and f). If there is no competition, disturbance has little impact on species distributions until high
frequency and/or intensities interfere with species being able to complete their life cycle (g); species occur only
within the concave lines of their color. When species compete as a competitive hierarchy, moderate disturbance
leads to a less constrained distribution and to improved persistence at both higher and lower elevations than
would otherwise occur (h). Figures (e) and (f) highlight that there may be a trade-off in which high elevation
species are better colonists (a pattern observed in many tropical mountains (e), or not (f), but in both cases there
is a period in which high elevation species can establish and pre-empt space at low elevations). This assumes
dispersal but note that under climate change, reaching warmer sites is a matter of persistence over time. The
arrows in (a) labeled with a red (d), (e), and (f) indicates the approximate location on the elevation of the
succession shown in figures (d), (e), and (f), respectively. It is important to note the limitation of presenting
disturbance on a single axis and uniformly for an entire gradient. In reality, we can modify many aspects of
disturbance and decide whether such changes are uniform or targeted more locally.

Distribution
4 a) No competition

”~

f’

9

Succession
A d) At higher elevation

see point d in figure (a)

——
-

Disturbance response
g) No competition

_ - am— > mn o
—— e e— -

species occur within -~ s
the convex shape “v%

A €) At lower elevation 1

see point e in figure (a)

4 c) Disturbed

-------- Abundance --------

<= Elevation

---- Likelihood of persistence ----

A f) At lower elevation 2

see point f in figure (a)

\
\
» |
i
1
1
1
=
2 >
(]
>
<@
L
1
> | [
i
1
i
i

- >
Temperature

Analogous situations arise in which coastlines, deserts, or other
barriers to migration occur, and species have to persist in a
modified climate. Furthermore, whenever environmental change
occurs more rapidly than a given species can track through
dispersal, similar disturbance-based interventions may prove
useful to reduce species losses due to exclusion.

EVIDENCE

The significance of competition for species persistence under
climate change has long been recognized (e.g., Woodward 1992).
Various reviews have concluded that competition among species
often determines climate-induced extinctions (Jankowski et al.
2010, Sinervo et al. 2010). Notably, the handful of well-
documented extinctions already attributed to climate change have
all involved interspecific interactions (Cabhill et al. 2013), whereas

Disturbance 4

Time

simulation studies also report increased rates of extinction when
competition is explicitly included (Urban et al. 2012).

Fewer studies have examined the impact of disturbance on how
species are distributed with respect to elevation or temperature.
Nonetheless, relevant observations show that disturbance permits
species to occur in both cooler and warmer conditions than
otherwise (see Appendix 1 for a more detailed account of such
observations). Some of these cases appear well established: for
example, there is recognition that disturbance has lowered the
treeline in many highland regions, thereby permitting nonforest
communities to occur at lower elevations than otherwise
(Hamilton and Perrott 1981, Smith and Young 1987, Korner 1998,
Hemp 2006, Olivera et al. 2009, White 2013).
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Table 2. Seven conditions for which violation will slow or prevent competitive exclusion among species with potential violations and
options provided through disturbance or other interventions (based on Palmer 1994).

Conditions

Example violation option(s)

Time has been sufficient to allow
exclusion

The environment is temporally
constant

The environment has no spatial
variation

Growth is limited by one resource

Rare species are not
disproportionately favored in terms
of survivorship, reproduction, or
growth

Species have the opportunity to
compete

There is no immigration

Interruptions to prevent sustained competition. Examples include any frequent opening up
of habitat, such as might be maintained by frequent burning or cutting.

The environment is regularly changed. This can be achieved by changing any process over
time, such as might be achieved by allowing periods of grazing and recovery.

Spatial heterogeneity generated. Any process that can be implemented unevenly in space
qualifies. With burning, it could, for example, require the use of firebreaks to protect some
areas or the gathering of fuel in some areas to burn more intensely and leave more ash.
Multiple key resources need to be limited. Applications would be context specific but the
redistribution of biomass and associated nutrients can lead to local gradients in multiple key
resources.

Selective reduction of more common or more competitive species. This can be achieved by
selecting the type of disturbance that has an impact on dominant species; for example, fire
against thin barked species, browsing against palatable species. Selective cutting or weeding
is also a way to favor certain species over others.

Species can be segregated (in time and/or space). Individuals or subpopulations can be
maintained in small unmixed patches. This requires control of unwanted regeneration, i.e.,
cutting, weeding, mulching.

Assisted dispersal, enrichment planting, intensive maintenance of viable source populations,
connectivity maintained. Spatial configuration can be developed to favour effective
dispersal.

Fig. 3. Schematic illustration of vegetation zones on a
mountain determined by an elevation temperature gradient
(green lower, darker purple mid, and grey upper) with minor
(above) and major (below) disturbances. A greater frequency of
disturbance increases the elevation range covered by the
vegetation zones (in so far as dispersal allows). If disturbance
was increased sufficiently, the three species would, one by one,
be eliminated entirely (not illustrated).

AAAA

minor

open locations, i.e., small seeds, good dispersal, rapid maturity,
and shade intolerance. There are exceptions, such as the African
forest tree Ocotea usambarensis (Lauraceae), which occurs at
lower elevations as part of secondary regrowth, but would
generally be judged to be late successional, i.e., slow growing, long
lived, large seeded, dense timbered, and shade tolerant. Lovett
(1996:664) examined vegetation-elevation relationships in the
Tanzanian highlands and commented that O. usambarensis, and
by implication other species, are “restricted to higher elevations
because of competitive community dynamics, and not as a result
of physical factors such as temperature.” Additional observations
and evidence are provided in Appendix 1.

OPTIONS
Conservationists seeking to protect species threatened by
competition, whether due to climate change or other factors, are

Disturbance

major

interested in how exclusion can be reduced rather than the specific
conditions allowing species to coexist in a formal sense.
Nonetheless, coexistence theory offers various options for
combating competitive exclusion. Palmer (1994) identified seven
conditions that, if strictly met, permit competitive exclusion; all

of these conditions may be influenced by disturbance regimes

Increasing temperature and time

(Table 2, first column). Violation of these conditions can delay,
reduce, or prevent competitive exclusion (Table 2, second
column). For example, we might selectively remove the most
competitive species, thus violating conditions five and six. An

Other examples also indicate that, following disturbance, species
are observed at lower elevations. For example, observations in
Costa Rica show that the regrowth, which develops following
forest clearance near the high elevation treeline, includes many
nonforest species from higher elevations (Kappelle et al. 1995).
In many such observations, the species possess the early
successional characteristics required to disperse to and colonize

example is the weeding required to maintain native vegetation in
Mauritius in the presence of competitively superior alien species
(Monty et al. 2013). Or, to give a nondisturbance example, we
might sustain a population by active seeding, enrichment
planting, or translocation (violating condition seven). Put simply,
competitive exclusion may be reduced in multiple ways, and
disturbance processes can contribute to many of these.
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DISCUSSION

Theory shows that modification of a disturbance regime may
permit species to occur, persist, or decline less rapidly, beyond
their normal environmental range, e.g., outside the elevation and
temperature conditions in which they occur and persist when
observed in relatively pristine habitats. There is also evidence of
such effects (Appendix 1). The realized niche of a species is
malleable and depends on the species present and the disturbance
regime.

Consider where highland treelines occur at lower elevations
because of disturbance. This increases the habitat available to
nonforest species, which cannot persist under tree cover and
would be vulnerable to elimination by forest advance under a
warming climate. Both the distribution and local persistence of
these cover-sensitive species and the trees that would displace
them depend on disturbance. Such examples illustrate how
distribution ecologists and conservationists could benefit from a
fuller understanding of disturbance processes.

Implications for distribution ecology

Whenever it has been studied, disturbance has been seen to
influence plant distributions: for example, at local scales when
facilitating the invasion of one species of Californian tarweed
(Asteraceae) into the habitat of others (Harrison et al. 2010) or
at larger scales when modeling plant distributions in dryland
Australia (Fordham et al. 2012). Disturbance histories are also
recognized as key to understanding vegetation patterns worldwide
(Johns 1986, Clark 1996, Chiarucci et al. 2010, Gennaretti et al.
2014). Furthermore, theory shows that disturbance can determine
whether or not species coexist in ecological communities or are
eliminated. Focusing on elevation patterns, we can find
observations showing that disturbance influences local
distributions (e.g., Virtanen et al. 2010, Grytnes et al. 2014), yet
disturbance is often ignored in reviews of what determines
elevation patterns (e.g., McCain and Grytnes 2001). If the role of
biotic interactions in determining distributions along
environmental gradients requires investigation, as argued by Wisz
et al. (2013), then greater attention to disturbance is essential.

Why have disturbance-induced elevation shifts in species
distribution not been reported and investigated more
systematically? Perhaps such patterns are obscured by other
processes and interactions (e.g., mutualistic interactions;
Bronstein 1994, Stanton-Geddes et al. 2012) or are hidden by the
distribution of the disturbance processes (e.g., Sassen and Sheil
2013, Zhang et al. 2013). Perhaps the effects appear trivial.
However, if a species can become established 800 metres lower
than would be the case without disturbance, e.g., Helichrysum
vegetation on Kilimanjaro (Hemp 2006), such a range extension
implies a shift of around 5°C or a latitudinal shift in the order of
700 km ignoring dispersal barriers (Jump et al. 2009). Rather than
being trivial, such a shift could avoid the extinctions likely with a
4°C increase in temperature. Neglect of such possibilities, once
noted, is perplexing.

A focus on disturbance offers new hypotheses in distribution
ecology as well as new tools for manipulating distributions.
Observations show some species shifting down elevation gradients
(Crimmins et al. 2011). Such shifts are generally viewed as
puzzling in the context of warming trends and are interpreted as
caused by a change in moisture availability, but disturbance

Ecology and 8001ety 21(1) 10
ds /vol2

provides an alternative explanation. Disturbance might also help
explain why downslope shifts are common among alpine species
onmountains frequented by people (see, e.g., Grytneset al. 2014).

An improved appreciation of disturbance ecology may also
illuminate biogeography (Rozendaal et al. 2010). For example,
the arrival of many temperate species into Africa’s highlands
during the quaternary remains enigmatic because despite
prolonged glacials, temperatures were never low enough to permit
dispersal via the intervening lowlands (Morley 2000, Olago 2001,
Wu et al. 2007, Gehrke and Linder 2009). Perhaps at some point
during the drought- and fire-prone glacials, disturbance provided
competition-free corridors or steppingstones through the
lowlands (see, e.g., Daniau et al. 2010). In Europe, some alpine
species appear to have persisted at low elevations since the last
glacial (Pigott and Walters 1954). Others have highlighted the role
of thin soils in maintaining suitable locations for these alpines
(Birks and Willis 2008), but again I suggest that disturbance
regimes, i.e., grazing, burning, and forest clearance, have likely
played a significant role.

Ecological theorists have helped identify how competitive
exclusion can be reduced; in return I propose disturbance and
competitive hierarchies on environmental gradients merit
attention from theorists. The simple theory advanced in Figure 2
and illustrated in Figure 3 has consequences for local and regional
species coexistence and diversity. Where fundamental niches
overlap, an intermediate disturbance-type behavior will operate.
This behavior refers to the intermediate disturbance hypothesis,
meaning that species coexist and richness is maximized at some
intermediate level of disturbance, i.e., too little allows exclusion
and too much prevents one or more species from maintaining
positive population growth (Connell 1978, Sheil and Burslem
2003, Shea et al. 2004). This deceptively simple idea involves many
complexities. Various aspects have been discussed in detail
elsewhere (see, e.g., Wilson 1994, Chesson 2000, Miller et al. 2011,
Fox 2013, Sheil and Burslem 2013, Huston 2014). Nonetheless,
the influence of extended gradients and competitive hierarchies
upon such relationships appears unexplored, although I speculate
that these may reflect significant aspects of many natural systems.
The gradient can help stabilize the presence of many species by
ensuring that each maintains population growth somewhere in
the wider landscape. As long as such populations persist, many
species may occur largely as sink populations in the wider
landscape (Pulliam 2000). The generation and persistence of such
source populations would be the focus of any conservation
interventions; this would be a topic in which theoretical ecology
again offers potential guidance (e.g., Chesson 2000, Siepielskiand
McPeek 2010) and would require more attention to spatial
processes (e.g., Acevedo et al. 2015, Zelnik et al. 2015) and to
temporal processes (such as seed persistence) than I have
attempted here.

The ideas in Figures 2g and 2h are speculative. The nature and
presence of other species and the optimal elevation for plant
growth will play a role in determining how elevation and
disturbance interact (see Fig. 4). The patterns of how species
might persist in relation to the intensity and frequency of
disturbance depend on whether the species are competitive
dominants at any elevation or are effectively fugitives everywhere
(Fig. 4a, b). The behavior will also depend on the elevation at
which the most benign growth conditions occur (Fig. 4c, d).
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Fig. 4. Schematic illustration of vegetation elevation zones
determined by an elevation-dependent temperature gradient
and influenced by a range of disturbance frequencies or
intensities (for explanation see Figs. 2 and 3). The behavior of
species and communities will depend on whether the species
involved are competitive dominants relative to the other species
present, persist at some location on the gradient without
disturbance (a), or are fugitives that require disturbance to
persist anywhere (b). The dotted lines show the boundary of
the fundamental niche and where species might be seen to
occur; the colored patches show where species can sustain
themselves in the presence of other community members.
Species may occur outside these boundaries as nonviable sink
populations or perhaps because of positive interactions among
species. In some situations the cold of high elevation may
constrain plant growth suggesting that increasing disturbance
will lead to most species having greater resilience to disturbance
at lower elevations (c). However, where temperatures are
sufficiently high to constrain growth, increasing disturbance
will lead to most species having greater resilience to disturbance
at higher elevations (d). Again, I highlight the artificial nature
of presenting disturbance on a single axis, and for an entire
gradient. In reality, we can modify many aspects of disturbance
and decide whether such changes are uniform or locally
targeted.

1 a) Competitive dominants ' c) Most benign elevation (low)

Elevation
Elevation

Disturbance frequency/intensity Disturbance frequency/intensity

b) Fugitives t d) Most benign elevation (high)

Elevation
Elevation

Disturbance frequency/intensify Disturbance frequency/intensi(y

The principles outlined are not limited to temperatures or
elevation gradients. They should apply whenever two or more
species comprise a competitive hierarchy over any gradient. For
example, we would expect a salt-tolerant species to occur more
frequently in nonsaline habitats, surrounding a saline source
population, when there is an optimal level and pattern of
disturbance in the surrounding matrix. Understanding the nature
of the realizable niche and the resulting determinants of range
boundaries offers rich material for further investigations.

Implications for conservation

Disturbance is often discussed as a threat to species and the
maintenance of conservation values (Turner 2010). Such concerns
may blind us to its positive attributes, including that many,
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possibly most, species depend on disturbance for their persistence.
Disturbance offers options for vegetation management: types,
intensities, scales, frequencies, timing, and patterns of disturbance
can be modified. Any given disturbance regime will favor some
species over others and, unless it is already optimal, can be tuned
or modified to better benefit targeted species.

Given the many variables involved, how can we devise a suitable
intervention? Systematic approaches are possible. For example,
viability analyses based on field-calibrated population models
have been used to optimize frequencies and timing for burning,
mowing, grazing, and sod cutting in herbaceous communities
(briefly reviewed in Volis et al. 2005). Such analyses show that sod
cutting every six to seven years is optimal for maintaining the rare
marsh gentian Gentiana pneumonanthe in Dutch heathlands (Volis
et al. 2005). However, given urgency and practical constraints, an
adaptive management, learning-by-doing approach may often be
appropriate (Keith etal. 2011, Moore et al. 2011). Choices should
be informed by science and by local observations and concerns.
Interventions need not involve only standard disturbance
processes, but could involve activities such as protecting seed trees,
creating firebreaks, weeding, and the targeted elimination of
competitors. Goals will vary. We may want to identify the
interventions that permit the lowest elevation in which a species
can persist, or the lowest-cost options that facilitate population
expansion at a given location. As long as we can judge among
outcomes, some options (inaction included) will yield better
results than others, and this can be clarified by local evaluations.

Disturbance can determine various aspects of competitive
exclusion even in novel communities and conditions, but it is not
a panacea. In practice, disturbance-based options would be
additional to other aspects of conservation practice required to
alleviate threats and would not replace assisted long-range
dispersal and translocation where that is practical and desirable.

I have focused on plants, but the principles can be applied more
broadly. This is clear when fauna are dependent on nonclimax
vegetation and/or when their distributions are largely determined
by intraspecific competition. An example of the first kind would
be Australia’s Mahogany glider Petaurus gracilis, which requires
open woodlands to be maintained (e.g., by fire) in a region
threatened by rainforest expansion (Jackson 1998). Examples of
the second kind would include many sessile organisms (Sousa
1979) and perhaps mountain birds (Terborgh and Weske 1975,
Jankowski et al. 2010).

I have focused on the prevention and slowing of species loss in a
fixed location as conditions change. However, competition can
influence other outcomes by having an impact on dispersal rates,
on sites available for establishment, and various aspects of the
biotic environment (Urban et al. 2012). There may also be
situations in which connectivity among sites could and should be
improved or in which the elimination of undesirable species
becomes necessary. Disturbance management can thus have wider
potential.

The use of disturbance involves risks. Any managed disturbance
is additional to natural processes, and most natural processes
cannot be readily controlled. A changing climate may intensify
extreme weather events and increase associated uncertainties
(Anderegg et al. 2013). All species have a limited tolerance for
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disturbance, and excessive disturbance is a threat to global
biodiversity (Turner 2010). Increasing levels of disturbance can
accelerate vegetation change (Loehle 1998, 2014), may create
feedbacks that increase the likelihood of switching from one
relatively stable ecological state to another (Beckage et al. 2009,
Tredennick and Hanan 2015), and may permit the establishment
of wundesirable persistent vegetation (Roos et al. 2011,
Douterlungne et al. 2013) or nonnative species (Moles et al. 2012,
Jaunietal. 2015). Our challenge is to identify and implement some
form of more optimal disturbance regime; I am not suggesting
we need more disturbance. Indeed often disturbance will need to
be reduced. However, reducing disturbance also involves risk
because vulnerable species may depend on the existing
disturbance regime. In any case, some disturbance regimes will
benefit targeted species more than others.

Some will be uncomfortable with using disturbance to generate
and maintain unnatural ecological systems. Such proposals
offend our instincts regarding the significance of pristine nature
(Sheil and Meijaard 2010). I share this reaction. But if we allow
climate change to advance so far as to threaten mass extinctions,
we must accept the ethical dilemmas that this entails. In a rapidly
changing climate, in which any reference to natural conditions
has become an anachronism, we need to be open to all possible
means to safeguard species. Any additional persistence of a
species outside of its normal range increases the opportunities for
adaptation, dispersal, or later intervention and reduces the risk
of ultimate extinction. Disturbance is an underappreciated
determinant of species distributions and persistence.

CONCLUSIONS

Disturbance provides a variety of means to modify a species’
realized niche and thus influence species distributions. Although
the relevant concepts are established, the broader implications
appear neglected. Both theory and evidence indicate that
disturbance processes permit many species to grow at lower
elevations (higher temperature) than might occur otherwise. In a
rapidly changing climate, any additional persistence of a species
outside of its normal climatic range reduces extinction rates and
increases opportunities for adaptation or interventions. The
ability to extend the range and improve the likely persistence of
selected species offers possible in situ alternatives to translocation
and ex situ options. The right frequencies, scales, intensities,
spatial configurations, and timings of the right forms of
disturbance can slow and reduce extinctions. Such opportunities
require evaluation.

Responses to this article can be read online at:
http://www.ecologyandsociety.org/issues/responses.

php/7920
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Appendix 1. An overview of evidence

Here | summarize observations and evidence relevant to the ideas presented in the
main text. This is not an exhaustive summary, but rather illustrates the nature and

limitations of such evidence.

My method was to define some hypotheses and identify relevant observations.

There are two fundamental hypotheses:

H1 — disturbance (reduced competition) permits species to occur at higher

temperatures (lower elevations) than with greater competition.

H2 — disturbance (reduced competition) permits species to occur at lower

temperatures (higher elevations) than with greater competition.

These hypotheses provide useful shorthand in classifying observations.

Distributions

Species common at high elevations in tropical mountains also occur locally, in
disturbed areas, at much lower elevations (consistent with H1, see previous section).
For example, the forest undergrowth around the Institute of Tropical Forest
Conservation field station (where | worked until recently) at 2,300 m above sea level
(a.s.l.) in the Bwindi Impenetrable National Park SW Uganda, burned in the late
1970s and now possesses vegetation typically associated with more pristine sites at
higher elevations elsewhere in the region (Owiuniji et al. 2005): e.g., tree heathers
Erica trimera (Engl.) Beentje (more typically found close to the tree line at 3000-4000
m), Hagenia abyssinica (Bruce) J. F. Gmel. (a tree recorded up to 3600 m), and
giant Lobelias (typical of the vegetation above 3000 m, pers. obs.).

Many species are cultivated outside their natural range. Several alpine species for
example are grown as ornamentals at much lower elevations and higher
temperatures than occur in their natural range (Birks and Willis 2008). Van der
Veken et al. (2008) found 260 of 357 native European plants (73%) are sold well
north (mean about 1000 km) of their natural range suggesting an ability to grow in
colder conditions when suitably tended (supporting H2). Live collections offer a

resource for future study but interpretation of such data must be treated with caution



Appendix 1. Disturbance and distributions — page 2

due to uncertainties about local growing conditions, provenance and selection

effects.

In the boreal forests of Scandinavia Betula pubescens Ehrh. is “early successional”
at low elevations but sometimes form an apparent climax at higher elevations, e.g.,

in (Kullman 2013) (consistent with H1). Many other examples relate to the tropics.

Polyscias fulva, a common fast growing tree species of mountain forest, occasionally
occurs in heavily disturbed forest and open sites at much lower elevations — this
relationship is sufficiently well established that when its pollen is recorded in
palynological reconstructions at lower elevations it is readily interpreted as an
indicator of disturbance rather than of cooler conditions (Morrison and Hamilton
1974). Several Ericaceae typically found above 3000 m also occur in secondary
regrowth at much lower elevations (Marchant and Hooghiemstra 2001).

Similar behavior occurs in other Araliads, Moraceae and Urticaceae in other regions

(A Gillison pers. comm.).

Ocotea usambarensis Engl. is a large slow-growing dense-timbered tree of primary
mountain forests in tropical Africa. Despite lacking pioneer characters this species
indicates past disturbance when seen at low elevation sites. Lovett (1996) examined
vegetation elevation relationships in the Tanzanian highlands and based on his
observations comments that O. usambarensis, and by implication other species, are
“restricted to higher elevations because of competitive community dynamics, and not

as a result of physical factors such as temperature” (an implication of H1).

Elsewhere, in the high elevation oak forests of Costa Rica, regrowth after clearance
leads to high species numbers due to the influx of species from above the treeline
(Kappelle et al. 1995). These additional species do not otherwise establish and grow

in closed forest (consistent with H1).

Bussmann (2004) noted that landslides on tropical mountains are frequently
colonized first by species from higher elevations rather than those from the
immediate surroundings. Other observations also indicate that disturbance can
lower the elevations at which boundaries between vegetation communities occur. In
East Africa burning has lowered the high elevation forest “tree line” on many
mountains (Hamilton and Perrott 1981) and tree-cover patches remain in higher sites

protected from fire (e.g., Wesche 2003). On Kilimanjaro the Helichrysum vegetation
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that would otherwise occur above the potential tree-line at around 4000 meters,
remains common in burned areas even 800 m lower (Hemp 2006). Such tree-line-
lowering impacts occur worldwide (Smith and Young 1987, Korner 1998, Olivera et
al. 2009, White 2013). All observations consistent with H1.

During periods of recurrent drought, when fires become more frequent, high
elevation vegetation would — if consistent with H1 — be expected to expand into lower
areas. Indeed, pollen cores reveal expansion of high-elevation vegetation in the East
African Highlands (the upper Nile catchment) following periods when, according to
ancient Egyptian texts, the Nile failed to flood for several consecutive years
(Marchant and Hooghiemstra 2001).

Disturbances influence vegetation boundaries between types of forest too (as
implied by H1). For example, the Caribbean pine forests of Hispaniola frequently
occur just above mixed-species forests, but fires and landslides appear associated
with lowered boundaries (Martin et al. 2011) with similar boundary dynamics

reported from the Philippines (Kowal 1966 quoted in Martin et al. 2011).

Another example is East Africa’s mountain bamboo Yushania alpina. Dominance at
lower elevations appears associated with disturbance as noted on Kilimanjaro in
Tanzania (e.g., Grimshaw 1999). Uganda’s heavily disturbed Echuya Forest at 2260
to 2450 m is also dominated by bamboo though this occurs below the elevation
range of the species elsewhere in the region (Morrison and Hamilton 1974). If
disturbance “lowers” the mean per species elevation range (rather than broadening it
near symmetrically as might occur if H1 and H2 are both true), then exploratory
gradient analyses of the associated vegetation communities should indicate that the
influence of elevation and disturbance on community composition are correlated.
Such relationships do appear to occur, e.g. in Brazil’s Atlantic forests (Eisenlohr et

al. 2013), but further evaluation would be needed to exclude confounding factors.

Discussions with colleagues indicates that similar patterns of lower-elevation
pioneers also occurring as higher-elevation late successional species are
widespread, though the published literature remains sparse. For example, Alphitonia
cf. excelsa (Rhamnaceae) a short-lived pioneer in the lowland forests of Papua New

Guinea, also occurs as a local dominant in an apparently climax community on at
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some exposed low montane sites characterized by Eocene limestone (A Gillison

pers. comm.).

While these relatively informal observations are suggestive, they are not conclusive:
we remain uncertain concerning the role of soil, microclimates and other factors in
generating the observed distributions. Furthermore, we recognize that occurrence is
not evidence of viability and persistence — a problem also noted in formal studies of
species coexistence where a species occurrence may result from a declining or
randomly fluctuating population, or may depend on propagules from a source

population elsewhere studies (Siepielski and McPeek 2010).

Successional traits

In the examples mentioned thus far, species from higher-elevations appear to
behave as effective pioneers in disturbed areas at lower-elevations (suggesting a
situation more like that in figure 1e than in figure 1f in the main text). Such species
may be a subset of the community with more pioneer like characteristics such as
good dispersal abilities, but there are also indications that higher-elevation species
may be better adapted to colonization than are lower-elevation species. There are
plausible evolutionary explanations. Tree replacement dynamics in closed forests is
typically a tree-gap-scale, process while fires and perhaps other larger scale events,
appear more frequent above the treeline (Smith and Young 1987, Wesche et al.
2000, Sherman et al. 2008, Martin et al. 2011). Ancestral states may also play a
role: biogeographic isolation from similar environments increases with elevation so
the ancestral dispersal events able to establish a species on a new but similar
tropical mountain site become more extreme with increased elevation (as an
example consider the Hawaiian lobeliads which evolved from one ancestor adapted
to high elevation forest clearings, swamps or grasslands similar to its nearest extant
relatives in Africa Lobelia giberroa, L. columnaris and L. petiolata (Givnish et al.

2009)). There is also ecological evidence of such a pattern.

A study of 234 boreal and temperate tree species indicated that a greater proportion
of species had early successional traits as latitude increased (supporting H1) (Morin
and Chuine 2006).
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A more recent study of plant functional traits and the distribution of 250 North
American tree species used quantile regressions and found that while these species
distributions overlap over vast regions —clear distributional patterns arise at the
boundaries. Denser wooded species and larger seeded species, characteristics
considered typical of late succession, appeared to be excluded at more northerly
(colder) conditions where only low density wood and small seeds (properties typical
of pioneer species) occurred (Stahl et al. 2014). These patterns are consistent with
H1.

Other evaluations of seed size with elevation and latitude — with smaller seeds
implying pioneer type behavior — also fit the H1 pattern. For example, Baker (1972)
found that per species seed weight declined with elevation on Californian mountains,
while Moles et al. (2007) used a global data set to identify a 320-fold reduction in
geometric mean seed mass from the equator to a latitude of 60 degrees. There are
various possible explanations for these patterns but the outcome is that a
comparison of higher elevation and lower elevation species communities will indicate

more pioneer type characteristics in the former.

Experiments

Woodward (1975) developed studies that indicated that the decrease of temperature
associated with a 250 m variation in elevation is sufficient to reverse the competitive
outcome between two Sedum species that can establish, grow and persist across
this entire range in the absence of competition in Britain: Sedum rosea (L.) Scop,
which dominates at higher elevations and S. telephium L., which is more common at
lower elevations. A subsequent study that established populations at different
elevations predicted that S. rosea and S. telephium would be excluded by
competition at lower and higher elevation sites respectively: while this was born out
for S. rosea (taking 5 years), S. telephium persisted for 15 years though the
population declined over this period (Woodward 1992). These studies are all in

agreement with H1 and H2.

A review of transplant studies has summarized the nature of the elevation limits
implied (see main text) (Hargreaves et al. 2014). Direct examination of the impacts

of warming of boreal communities in Norway indicate that increasing temperatures
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also increase and modify competitive interactions consistent with H1 (Klanderud and
Totland 2005, Olsen and Klanderud 2014). Looking to other systems | note one
experimental study of biofilm-dwelling ciliates that found that disturbance reduced
some effects of artificial warming on community change, again consistent with H1
(Marcus et al. 2014). Microcosm studies with single species and species
combinations have highlighted that competitive hierarchies determine species-
temperature distributions for fruit flies indicating that similar dynamics operate in
these taxa under these conditions (Davis et al. 1998).
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