Experimental demonstration of the importance of
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ne of the key aims of community ecology is to understand
the role of various factors, including competition as a major
type of biotic interactions, in regulating the structure of ecological communities along environmental gradients (1–3). It has
often been suggested that the role of interspeciﬁc competition
changes along environmental gradients such that it is most important in low-stress/disturbance conditions and least important
in high-stress/disturbance conditions (1, 4, 5). This intuitively
appealing idea is deeply entrenched in ecology and has become
a cornerstone of some of the most inﬂuential ecological theories
(4–8). However, there is some, albeit limited, theoretical evidence
suggesting that disturbance, as an agent of mortality and biomass
reduction, may not necessarily reduce the role of competition in
structuring ecological communities (9). This prediction arises from
the fact that species enduring greater disturbances often attain
smaller population sizes due to their higher average mortality
rates, which could make them less tolerant to competition (9).
Although the effects of disturbance on competition have been
investigated empirically (10, 11), little is known about the actual
importance of competition in regulating community structure
along disturbance gradients. The importance of competition in
structuring communities (that is, its effects on species abundances and community-level attributes), which differs from its
intensity (9, 12), is best assessed by analyzing competitive outcomes with long-term data (13). Existing studies on disturbance
and competition, typically conducted in terrestrial plant communities within a single growing season, generally cannot observe
competitive exclusion or stable coexistence of community mem-

www.pnas.org/cgi/doi/10.1073/pnas.1000699107

bers. As a result, none of these disturbance-competition studies
have established the linkage between disturbance and the importance of competition.
To examine the effects of disturbance on competition and species diversity, we conducted a set of laboratory microcosm experiments that subjected communities of freshwater bacterivorous
protists to a broad range of disturbance intensity. Mortality-causing
disturbance was imposed via sonication, an effective means of
introducing mortality without bringing other adverse effects in
microcosms (14, 15). The disturbance gradient consisted of 11
different levels, ranging from weak disturbances that had little effect on most species to strong disturbances that caused the direct
extinction of most species (Results). A key advantage of this system
is that the rapid reproduction of protists allowed the examination
of multigenerational community dynamics, including competitive
exclusion and stable coexistence, in a period of a few weeks. Protist
microcosm experiments thus have made valuable contributions to
our understanding of the ecological consequences of disturbance
(14–19). A pool of 11 ciliated protist species (Fig. 1), occupying the
same trophic level as bacterivorous consumers, was used to set up
a total of 583 single-, bi-, and multispecies aquatic microcosms
(Materials and Methods), so as to assess the ability of each species
to cope with disturbance in the absence of interspeciﬁc competition, the competitive ability of species in the absence of disturbance,
and the structuring role of interspeciﬁc competition under disturbance, respectively.
Results and Discussion
The 11 protist species differed markedly in their competitive
ability (Fig. 1) and in their ability to tolerate disturbance (Fig. S1).
When considered together, there was a strong tradeoff between
the two traits (Fig. 1). This tradeoff appeared to be mediated by
body size, as smaller species, which tended to be weaker competitors, were better at tolerating disturbance (Fig. S2). The better
tolerance of smaller species largely reﬂected their greater resilience afforded by their higher growth rates and larger carrying
capacities, as they showed similar vulnerability to the imposed
disturbance as larger species (Fig. S3). Note that the tradeoff
between species competitive ability and the ability to cope with
disturbance, together with the assumption of competition being
less important with increasing disturbance, formed the base of the
intermediate disturbance hypothesis (IDH) (4, 6, 20), also known
as the hump-back model (1). This hypothesis predicts that species
richness peaks at intermediate levels of disturbance, with diversity
limited by competitive exclusion and disturbance-induced ex-
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Ecologists have long recognized the roles of competition and disturbance in shaping ecological communities, and the combinatorial
effects of these two factors have been the subject of substantial
ecological research. Nevertheless, it is still unclear whether competition remains as an important structuring force in habitats strongly
inﬂuenced by disturbance. The conventional belief remains that
the importance of competition decreases with increasing disturbance, but limited theory suggests otherwise. Using protist communities established in laboratory microcosms, we demonstrate
that disturbance does not diminish the importance of competition.
Interspeciﬁc competition signiﬁcantly increased rates of species extinction over a broad disturbance gradient, and increasing disturbance intensities increased, rather than decreased, the tempo of
competitive exclusion. This community-level pattern is linked to
the species-level pattern that interspeciﬁc competition led to most
frequent extinctions of each species at the highest level of disturbance that the species can tolerate. Consequently, despite a strong
tradeoff between competitive ability and disturbance tolerance
across the competing species, species diversity generally declined
with disturbance. The consistent structuring role of competition
throughout the disturbance gradient underscores the need to understand competitive interactions and their consequences even in
highly disturbed habitats.
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Fig. 1. Tradeoff between competitive ability and disturbance tolerance
exhibited by the studied species. Rankings of species disturbance-tolerance
ability (best tolerator ranked as the ﬁrst) and competitive ability (best
competitor ranked as the ﬁrst) were obtained based on the results of the
single-species and bispecies experiments, respectively (Materials and Methods). Capital letters correspond to the names of the ciliated protist species
used in the experiments. C, Colpoda sp.; CK, Colpidium kleini; CS, Colpidium
striatum; GS, Glaucoma scintillans; H, Halteria grandinella, L, Loxocephalus
sp.; PA, Paramecium aurelia; PB, Paramecium bursaria; PC, Paramecium
caudatum; S, Spirostomum teres; TP, Tetrahymena pyriformis. Linear regression line is shown along with the data.

tinction at the low and high ends of the disturbance gradient,
respectively. However, we found that this unimodal relationship
between disturbance and species diversity was short-lived, emerging only on day 24 of our multispecies experiment (Fig. 2C). Before day 22, species extinction occurred mostly at the high end of
the disturbance gradient, resulting from the joint effects of competition and disturbance (discussed below). Between day 22 and
day 24, however, competitive exclusion occurred rather rapidly at
low disturbance levels, presumably because of strong competition
associated with high population densities. As a result, diversity
was temporarily high at intermediate disturbance levels on day 24.
On all other sampling days, however, species richness always decreased monotonically with disturbance (Fig. 2 A, B, D, and E).
Given the absence of all species across much of the disturbance gradient at the end of the multispecies experiment (Fig.
2E), one likely explanation for the observed decline of species
diversity with disturbance is that high levels of disturbances directly eliminated most or all species. This idea, however, was not
supported by our single-species experiment, which showed that
several species, when alone, were able to sustain viable populations even at the highest disturbance intensities (Fig. S1). It
should be noted that, under conventional thinking, these disturbance-tolerant species are expected to dominate under high
disturbances; instead, all of these species became extinct under
interspeciﬁc competition in our multispecies experiment (Fig. 2).
These results support the hypothesis that competition can still
play a signiﬁcant structuring role in highly disturbed habitats (9).
If competition consistently regulates community structure
throughout the disturbance gradient, the combined effect of
competition and disturbance may potentially explain the negative disturbance–diversity relationships observed in our multispecies experiment. To explore this possibility, we assessed the
importance of interspeciﬁc competition more quantitatively using a null community model approach (21). This was done by
comparing the actual number of species extinctions in the presence of interspeciﬁc competition (that is, extinctions observed in
the multispecies experiment) with the expected number of species extinctions in the absence of interspeciﬁc competition (that
is, predicted extinctions based on the results of the single-species
experiment) (Materials and Methods). We found that species
extinctions that were attributable to interspeciﬁc competition
occurred throughout the entire disturbance gradient (Fig. 2 F–J).
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Most interestingly, the tempo of competitive exclusion was
greater at higher, not lower, disturbance intensities (Fig. 2 F–J).
At the early stage (week 1) of the multispecies experiment, interspeciﬁc competition already resulted in the extinction of seven
species at the two highest disturbance levels, contrasting with no
species extinction observed at the two lowest disturbance levels
(Fig. 2F). Most competitive extinctions at the lowest disturbance
levels did not occur until after week 3 of the experiment (Fig. 2
G–J). Therefore, contrary to the common perception that disturbance tends to reduce the importance of competition and
mitigate competitive exclusion (5, 6, 17), increasing disturbance
intensities actually increased the importance of competition in
controlling species extinction and community richness.
The above results may possibly be explained by increasing
disturbance resulting in incrementally lower population densities
of all species (Fig. S1), making these species (including disturbance-tolerant species) less tolerant of competition. To conﬁrm
this, we identiﬁed for each species the level of disturbance at
which interspeciﬁc competition led to its most frequent extinctions, and compared this level to the highest disturbance level
that the species can tolerate in the absence of interspeciﬁc
competition (Materials and Methods). Strikingly, when all species
were considered together, there was a strong positive relationship between the two levels, with the slope of the regression close
to 1 (Fig. 3). This indicates that each species was most vulnerable
to interspeciﬁc competition at its upper disturbance limit at
which its density was most severely reduced, a ﬁnding supportive
of the above hypothesis.
Current empirical evidence indicates that although the unimodal disturbance–diversity pattern predicted by the IDH has
been frequently documented (4, 6, 22–27), other forms of disturbance–diversity relationships in fact tend to be more common
(28). The persistent role of competition along the disturbance
gradient found in our experiment, which challenges a major IDH
assumption, provides a possible explanation for this mismatch
between theory and empirical data. However, the extent to which
this explanation can account for the abundant nonunimodal
disturbance–diversity patterns observed in various systems remains unclear. In particular, we note three characteristics of
our experimental system that may inﬂuence the applicability of
our results to some other systems. First, protist species in our
experiments competed exploitatively for shared bacterial resources. However, theory suggests that the mechanism of competition may inﬂuence how disturbance alters competitive outcomes
(29). It thus may not be straightforward to extrapolate our ﬁndings based on exploitive competition to communities characterized
by interference competition (e.g., competition for space). Second,
there was no outside immigration into our experimental microcosms, contrasting with natural communities subject to various
degrees of immigration. We chose to control for immigration because it would have effectively prevented species extinction, which
may compromise our ability to estimate the importance of competition. This decision, however, means the loss of the opportunity of evaluating whether the competition-colonization tradeoff,
known to exist among our study organisms (30), can result in IDH
patterns, as often predicted (31, 32). More generally, we note that
few empirical studies have established the linkage between the
competition–colonization tradeoff and the unimodal disturbance–
diversity pattern (33), an issue that clearly warrants further investigation. Third, given the small microcosm size, disturbance
in our experiments can be considered as having a “global” effect
throughout each microcosm. This contrasts with the more common situation in nature whereby localized disturbance generates
spatial heterogeneity among different habitat patches, which characterizes many empirical studies supportive of the IDH (31). Direct extrapolation of our results to cases inﬂuenced by local
disturbance is hampered by the fact that spatial heterogeneity in
the latter case may additionally inﬂuence species coexistence and
Violle et al.
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diversity (34, 35). Nevertheless, there is theoretical evidence that
similar mechanisms could operate in both cases to generate IDH
patterns (31), as well as experimental evidence that IDH patterns can emerge in the presence of global disturbance (14, 36).
Comparable work in other systems is needed to determine the
generality of our results. In addition to the above limitations, our
explanation of persistent competition underlying the lack of
IDH patterns is also complicated by the fact that a host of other
factors, such as productivity (5), trophic interactions (29), and
Violle et al.

Fig. 2. Temporal patterns of species richness and extinction
along the disturbance gradient. (A–E) Observed species richness
in the multispecies experiment was plotted against disturbance
intensity at different sampling dates; data are means ± SE. (F–J)
Number of cumulative species extinctions, with and without
interspeciﬁc competition, was plotted against disturbance intensity at each sampling date. As all populations reached
equilibrium states in the single-species experiment by day 30,
the expected cumulative species extinctions at t = 6 mo were
the same as those on day 30.

history of community assembly (14), may alter disturbance–
diversity relationships.
Despite the above caveats regarding our results in relation
to the IDH, our study provides unique experimental evidence
that competition can consistently regulate species extinction and
community richness over broad disturbance gradients. This result
challenges conventional thinking (4–6) but is consistent with the
prediction of the few theoretical investigations (9), with important implications for understanding relevant ecological issues,
PNAS | July 20, 2010 | vol. 107 | no. 29 | 12927
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Fig. 3. The relationship between the highest disturbance level that the
species can tolerate in the absence of interspeciﬁc competition as recorded
in the single species experiment (Disturbance levellimit of tolerance) and the
level of disturbance at which interspeciﬁc competition led to the most frequent extinctions of each species in the multispecies experiment (Disturbance levelmost competitive exclusion). Solid and broken lines are the linear
regression line and 1:1 line, respectively.

such as those related to biodiversity, community assembly, and
conservation. For example, our study suggests that the reduced
importance of competition with increasing disturbance is unlikely to be behind empirical patterns consistent with the IDH.
More attention should thus be focused on examining other candidate mechanisms that may potentially contribute to IDH patterns
(e.g., disturbance-induced spatial structure). Another corollary of
our result is that priority effects associated with varying histories of
community assembly may not necessarily be weak in highly disturbed habitats as previously thought (7, 14, 37), a hypothesis that
needs to be evaluated experimentally. Our results also suggest that
when evaluating species extinction risk, one needs to take into
account the effect of interspeciﬁc competition, even in habitats
strongly inﬂuenced by disturbance. Given that predation can reduce population sizes and make species more vulnerable to disturbance in a similar way (38), conservation biology can beneﬁt
from considering the roles of both abiotic and biotic interactions.

into microcosms, and was suspended after 30 d. We continued running
the experiment without disturbance for another 5 mo to conﬁrm that our
results on day 30 were not transient. The population density of each species
was recorded every 2–3 d during the ﬁrst 30 d and every 2 wk during the
following 5 mo.
Microcosms. Microcosms were 250-mL glass bottles each ﬁlled with 100 mL
aqueous bacterized medium. The medium was prepared using a formula of
0.55 g of protozoan pellet (Carolina Biological Supply Co.) per 1 L deionized
water. Experimental containers and medium were autoclaved, after which
the medium was inoculated with three bacterial species (Bacillus cereus,
Bacillus subtilis, and Serratia marcescens). The laboratory stock cultures of
the studied protist species were also raised on the same three bacterial
species. The bacterized medium was distributed into individual microcosms
48 h after bacterial inoculation. In all experiments, ∼100 individuals of each
protist species were used as a starting density. All microcosms were maintained at 22 °C in a 12:12-h light:dark cycle. We replenished 10% medium of
each microcosm at a weekly interval for the duration of the experiments.
Disturbance Manipulation. We simulated mortality-causing disturbances using
sonication, as in previous microcosm studies (14, 15). The intensity of disturbance was manipulated by sonicating each microcosm with a Sonic Dismembrator Model 100 (Fisher Scientiﬁc) at 10 different power levels (from 1
to 10) for 40 s every 24 h (±30 min). A control treatment without disturbance
(level 0) was also included. Altogether, each microbial community type was
subjected to a gradient of disturbance intensity with 11 levels. Although our
experiments showed strong effects of disturbance, in the form of sonication,
on protist populations, we did not monitor its effects on bacteria. We focused our attention on protists, as bacteria can presumably recover from
disturbance faster than protists, because of their shorter generation times.
This is supported by two protist microcosm experiments that reported little
effect of disturbance (in the form of sonication and temperature shock,
respectively) on bacteria (15, 19).
Assessing Species’ Disturbance-Tolerance Ability from the Single-Species Experiment.
To quantify species’ ability to tolerate disturbance, we applied generalized
linear models to species presence/absence data at the end of the singlespecies experiment. In the models, the logit of the probability of occurrence
of species i was a linear function of disturbance described as:

h

i
ln pi; x = 1 − pi; x ¼ bi;0 þ bi;1 : x½1

Materials and Methods

where pi,x is the conditional probability of species i being present at disturbance level x, and bi,j is the jth regression coefﬁcient for species i. Likelihood ratio tests were used to assess the signiﬁcance of the logit models
as compared with null models. All logit regressions were highly signiﬁcant
(P < 0.0005 for all species). We estimated species’ distribution over the disR 10
turbance gradient using 0 pi;x dx. This number was used to represent species’ ability to tolerate disturbance, as species more tolerant to disturbance
tend to be more widely distributed along the disturbance gradient. This
number was strongly correlated with the maximum disturbance that a species can tolerate (R2 = 0.98, P < 0.0001, n = 11).
For each species, the maximum disturbance level that it can tolerate in the
absence of interspeciﬁc competition (Distubance levellimit of tolerance) was
identiﬁed as the disturbance level at which its extinction probability (1 − pi)
reaches 1.

Single-, Bi-, and Multispecies Experiments. The single-species experiment,
which consisted of 363 microcosms, assessed the ability of each species to cope
with disturbance in the absence of interspeciﬁc competition. Daily disturbance started 3 d after the introduction of species into microcosms, and
population density of each species was estimated every 2–3 d until carrying
capacity or extinction was reached (∼1 mo). Species were ranked by their
ability to tolerate disturbance (discussed below). The bispecies experiment,
which consisted of all possible species pairwise interactions established in
165 microcosms, assessed species’ competitive ability in the absence of disturbance. Weekly samples were taken from each microcosm to record species presence/absence until week 10, when competitive exclusion and stable
coexistence (i.e., no trend of population decline) were observed. Species
were ranked by their competitive ability, assessed by the number of pairwise
combinations in which they persisted at the end of the experiment (30). The
multispecies experiment, consisting of 55 microcosms, subjected communities of the 11 protist species to both disturbance and interspeciﬁc competition. Daily disturbance again started 3 d after the introduction of species

Measuring the Importance of Competition. At the community level, we
assessed the importance of competition by comparing the number of species
extinctions in the multispecies experiment with the number of expected
species extinctions without interspeciﬁc competition, calculated as the total
number of extinct species in the single-species experiment at each disturbance level (21).
At the species level, we measured the importance of competition at
a given disturbance level as the absolute difference between population
extinction rates with and without interspeciﬁc competition, recorded at
the end of the multispecies and single-species experiments, respectively.
Based on this measure, we identiﬁed the disturbance level at which the
importance of competition was maximum for each species (Disturbance
levelmost competitive exclusion). We obtained similar results when related
measures, such as relative differences in population extinction rates, differences in extinction times, and differences in population growth rates,
were used.
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