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The Intermediate Disturbance Hypothesis (IDH) predicts that disturbances of an intermediate frequency or intensity will maximize community biodiversity/richness. Once almost universally accepted, controversy now
surrounds this hypothesis, and there have even been calls for its abandonment. Therefore, we experimentally
evaluated if an infaunal community along the north coast of British Columbia, Canada, would respond to disturbances as predicted by the IDH. The characteristics of this soft-sediment intertidal mudﬂat (productivity,
species pool, population growth rate) maximized our chances of ﬁnding evidence to support the IDH. More
speciﬁcally, we tested if intermediate severities and frequencies of disturbance maximized infaunal community
richness by mechanically disturbing sediment, and varying the intensity (0%, 25%, 50%, 75%, and 100% of the
surface area of a plot disturbed) and frequency of sediment disturbance (never, once, twice, and every week
during a four week period). No eﬀect of frequency or intensity of sediment disturbance on community richness
was observed. Further, none of our experimental treatments were statistically diﬀerent than the controls. This is
likely due to the subtle diﬀerence between successional stages in this soft-sediment habitat (diﬀerence of less
than one taxa between treatments). Therefore, in habitats whose productivity, regional species pool, and population growth rates would otherwise suggest a response to disturbances as predicted by the IDH, minor differences between successional stages may result in richness patterns that deviate from those predicted by the
IDH.

1. Introduction
There is no doubt that disturbances, discrete events in space and
time that alter resources, substratum availability or the physical environment, consequently disrupting community or population structure
(Petraitis et al., 1989; White and Pickett, 1985), can have large impacts
upon ecosystems (Paine and Vadas, 1969; Vanschoenwinkel et al.,
2013). It is therefore not surprising that considerable scientiﬁc inquiry
has been dedicated to generating theories and hypotheses to explain
how disturbances structure natural systems (Crain et al., 2008; Pearson
and Rosenberg, 1978; Vanschoenwinkel et al., 2013). One such hypothesis, the Intermediate Disturbance Hypothesis (IDH), was once
hailed as one of the best-accepted principles in ecology (Wilkinson,
1999). Recently, however, this hypothesis has seen its near universal
support erode to the point of calls for its abandonment (Fox, 2013).
The IDH predicts that disturbances of an intermediate frequency or
⁎

intensity will maximize community biodiversity/richness (Connell,
1978; Grime, 1973; Odum, 1963). As reviewed by Fox (2013), peaks in
richness under the IDH are thought to occur via four diﬀerent mechanisms: 1) intermediate disturbances reduce species' densities,
weakening competition and precluding competitive exclusion; 2) systems are periodically reset by intermediate disturbances that temporarily lower all species densities, allowing populations to subsequently expand while avoiding competitive exclusion; 3) the identity of
the dominant competitor changes due to intermediate disturbances,
therefore, no one species has time to exclude others; and 4) the competition-colonization trade-oﬀ, in which competitively-inferior, colonizing species are the ﬁrst to arrive post-disturbance, and are eventually
replaced by competitively-superior species. Before this happens, competitively-inferior species reproduce and send out colonizers to other
recently disturbed patches. A mosaic of successional stages (patches
that are disturbed, in various stages of post-disturbance recovery, and
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Fig. 1. Location of the experimental mudﬂat, Cassiar
Cannery (CC; 54.178092°, −130.176924°), along the north
coast of British Columbia, Canada.

With these concerns in mind, we experimentally tested the IDH in a
habitat that maximized our chances of observing the predicted peaks in
richness. The intertidal mudﬂats along the north coast of British
Columbia, Canada, are an ideal ecosystem to test the IDH. Beyond their
ease of access and manipulation, the infaunal (animals living in the
sediment) community is both diverse (~ 40 taxa) and abundant, with
densities ranging from 25,000–600,000 individuals/m2 (Gerwing,
2016). The productivity and population/community growth rates of
these mudﬂats (mean [n = 80] number of infaunal individuals added
per week during July/August: Amphipods: 65. Oligochaetes: 500. Cumacea: 5–1400. Sessile Polychaetes: 65–600. Errant Polychaetes: 10.
Phylum Nemertea: 15. Macoma balthica: 350. Nematodes: 500. Harpacticoida: 450) appears to fall within the intermediate range required
by the IDH (Huston, 2014), exhibiting values higher than some mudﬂats and lower than others (Cowie et al., 2000; Cranford et al., 1985;
Gerwing, 2016; Gerwing et al., 2015a; Hargrave et al., 1983; Trites
et al., 2005). Furthermore, mudﬂats often exhibit pronounced community succession following disturbance (Nilsson and Rosenberg, 2000;
Pearson and Rosenberg, 1978), and most infaunal species are likely
competing with each other for resources (Fauchald and Jumars, 1979;
Ferguson et al., 2013; Pagliosa, 2005). Finally, during the peak in infaunal diversity and abundance (June/July), it is relatively easy to
design an experiment that accommodates both the spatiotemporal scale
of disturbance and recovery.
On the intertidal mudﬂats of the north coast of BC, we tested the
following IDH hypotheses: 1) disturbances of intermediate frequency
will result in an observed peak in infaunal community richness; and 2)
disturbances of intermediate intensities will result in an observed peak
in infaunal community richness. By testing these hypotheses in a setting
ideally suited to conﬁrm the IDH, our study will illuminate if this infaunal community responds to disturbances as predicted by the IDH.

not disturbed) are present on the landscape, resulting in peaks of
richness due to intermediate disturbances.
In his review Fox (2013) identiﬁes potential logical ﬂaws within
mechanisms 1–3, and showed that while mechanism 4 (competitioncolonization trade-oﬀ) is logically sound, it produces peaks in richness
due to intermediate disturbances as often as it does not. As such, studies
have observed trends in richness that contradict the IDH (Austen and
Widdicombe, 1998; Hall et al., 2012; Mackey and Currie, 2001; Reise,
1984; Violle et al., 2010). Evidence against the IDH not only comes
from micro and mesocosm experiments (Cadotte, 2007; Hall et al.,
2012; Violle et al., 2010), but also from experiments conducted in a
variety of habitats, such as marine soft-sediment systems (Austen and
Widdicombe, 1998; Cowie et al., 2000; Thistle, 1981), freshwater systems, grasslands, forests, alpine cushion, heathland, and coral reefs
(Hughes et al., 2007; Mackey and Currie, 2000; Mackey and Currie,
2001). When examining the overall support for the IDH, two metaanalyses have concluded that evidentiary support for the IDH is the
exception, not the rule (Hughes et al., 2007; Mackey and Currie, 2001).
However, the review of Kershaw and Mallik (2013) observed that in
terrestrial habitats, 22 of 48 (46%) examined studies supported the
IDH. Regardless, Fox (2013) concluded that the IDH should be completely abandoned.
Sheil and Burslem (2013) and Huston (2014) responded to Fox
(2013), arguing that criticisms of the IDH are misrepresentations of this
theory, and a result of investigators attempting to evaluate the IDH in
areas whose productivity, and population growth rates are outside the
intermediate range required by the IDH (Connell, 1978; Huston, 2014;
Sheil and Burslem, 2013). Further, if the spatiotemporal scale of investigation (in situ sampling, meio- or microcosm design, etc.) does not
match that of disturbance or recovery (Mackey and Currie, 2001;
Petraitis et al., 1989; Violle et al., 2010), peaks in richness may be
missed. It is also intrinsically diﬃcult to elucidate peaks in richness,
and the mechanisms driving these trends, in systems with low diversity,
productivity, and population/community growth rates (Cowie et al.,
2000; Huston, 2014; Mackey and Currie, 2001). Despite these diﬃculties, and in support of Sheil and Burslem (2013) and Huston (2014),
many studies have observed peaks in richness at intermediate intensities and frequencies of disturbance (Austen et al., 1998; Barnes,
1999; Buckling et al., 2000; Grime, 1973; McIntyre et al., 1988). Interested readers can ﬁnd further studies that both support and contradict the IDH in Cowie et al. (2000), Mackey and Currie (2001), Hughes
et al. (2007), Fox (2013), Kershaw and Mallik (2013), and Huston
(2014).

2. Methods
2.1. Study site
This experiment was conducted at the Cassiar Cannery (CC) mudﬂat
along the north coast of BC (Fig. 1). This portion of the north coast is
strongly estuarine (4–10 PSU during July/August), as it lies between
the Nass and Skeena Estuaries (Ages, 1979; McLaren, 2016; Trites,
1956). The sediment at CC is dominated by ﬁne silts (< 63 μm), with
small amounts of ﬁne-grained sand (125-250 μm) also present
(McLaren, 2016). A thin layer of oxic mud, ~1–3 mm thick is present at
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Two weeks is enough time for recovery to have begun, but not for
competitive exclusion to have occurred (Gerwing, 2016; Gerwing et al.,
2015a; Reise, 1984).
To assess the appropriateness of our control replicates, additional
experimental control samples were also collected. To the right and left
of the experiment, we established ﬁve 3 m transects (10 transects total),
separated by 5 m, running from the top to the bottom of the experiment. The ﬁrst transect was 5 m away from the side of the experiment.
Along each transect three sediment samples (collected and processed as
described above) were taken at the top, middle, and bottom of each
transect (n = 30). Further, two transects running parallel to the top and
bottom of the experiment, but 5 m from the experiment were established. Five samples were collected, as described above, spaced equidistant along each transect (n = 10). In total 40 additional experimental control samples were collected.

the surface, with reduced and anoxic sediment below (Gerwing, 2016).
At the CC mudﬂat, 40 infauna taxa have been observed (Gerwing,
2016), and the number of taxa observed within a 1 m2 plot ranges from
4 to 10, with a mode of 6 (Gerwing, 2016). The infaunal community of
this mudﬂat is dominated by Cumacea (primarily Nippoleucon hinumensis with Cumella vulgaris observed less frequently), Polychaetes
(families Phyllodocidae [Eteone californica], Capitellidae [Capitella
Species Complex], and Spionidae [Pygospio elegans]), Oligochaetes
(Paranais litoralis), Nematodes, Copepods (order Harpacticoida), Amphipods (Americorophium salmonis), and the bivalve Macoma balthica
(Gerwing, 2016).
2.2. Experimental design
In this experiment we used a garden rake, with tines 10 cm long, to
mechanically disturb the sediment to a depth of ~25 cm (Cowie et al.,
2000), simulating ice scour (Gerwing et al., 2015b) or dredging
(Thomas, 1993). A mechanical disturbance was selected as it allowed
complete control over the frequency, intensity, duration, and scale of
the disturbance. For this experiment we deﬁne disturbance frequency as
the number of times the sediment was disturbed during the experiment,
and disturbance intensity as the proportion of each experimental replicate disturbed.
Hypothesis one (disturbance frequency; Fig. 2) was tested by establishing four treatments at CC on June 2nd 2016, during the peak in
infaunal community richness and density (Gerwing, 2016): control (no
disturbance), F1 (sediment disturbed once at the beginning of a four
week period), F2 (disturbed twice; every two weeks in a four week
period), and F3 (disturbed four times; every week in a four week
period). Two weeks is enough time for recovery to have begun, but not
for competitive exclusion to have occurred (Gerwing, 2016; Gerwing
et al., 2015a; Reise, 1984), enabling us to detect peaks in richness. Forty
1 m2 plots were established, 10 plots per treatment, in the middle intertidal zone. Rebar, 0.5 m long, was used to mark the corner of each
plot by inserting it 0.25 m into the sediment. Treatments were randomly assigned to individual plots, and each plot was subdivided into
four 0.25 m2 quadrats to increase sample size. Plots were initially disturbed on June 2nd, and one sediment sample was collected from the
center of each quadrat (to avoid edge eﬀects) at the end of four weeks
(July 23rd 2016). A sediment corer 10 cm long and with a 7 cm diameter was used (Gerwing et al., 2015a; Gerwing et al., 2016). Sediment
samples were later passed through a 250 μm sieve (Crewe et al., 2001)
to retain infauna, and preserved in 95% ethanol. In total 40 samples
were collected from each treatment, for a total sample size of 160 sediment samples.
To test hypothesis two (intensity of disturbance; Fig. 2) we also
established ﬁve treatments on June 2nd 2016: control (no disturbance),
I1 (plots 25% disturbed), I2 (plots 50% disturbed), I3 (plots 75% disturbed), and I4 (plots 100% disturbed). Plots and quadrats were established as described above, and sediment samples were collected at
the end of two weeks (July 9th 2016; n = 40 per treatment, 200 total).

2.3. Statistical analyses
The number of taxa observed in each sample was quantiﬁed under a
dissecting microscope; however, this does not represent the number of
species observed, as we did not identify all organisms to species level.
Specimens were identiﬁed to the lowest possible taxonomic unit
(Gerwing et al., 2017; Thrush et al., 2000; Thrush et al., 2003). Cumaceans, Amphipods, Polychaetes, Nemerteans, and Bivalves were
identiﬁed to species. Nematodes were identiﬁed to phylum, Copepods
to order, Ostracods to class, and Chironomids (larvae) to family. As
such, the richness used in this investigation is not species richness, but
taxonomic richness (Gerwing et al., 2015a; Gerwing et al., 2016): the
number of taxa observed.
Statistical analyses were conducted in Minitab V.17 using one-way
ANOVAs. Homogeneity of variance was assessed using Cochran's Test,
and normality of residuals was evaluated visually (Underwood, 1997).
In all cases, these assumptions were met. To determine the appropriateness of control replicates, separate one-way ANOVAs, with
treatment as a ﬁxed factor (2 levels; control and experimental control),
were used to compare control and experiment control replicates from
both the frequency and intensity experiments. Experimental control
samples were compared to the samples collected from control quadrats
(n = 40 per treatment, 80 total). The ANOVA evaluating disturbance
frequency incorporated treatment (four levels; control, F1, F2, and F3) as
a ﬁxed factor. The lowest level of replication for this experiment was
the quadrat, n = 40 per treatment, and 160 total. As there were multiple ways to analyze the intensity experiment, we analyzed data from
the intensity experiment in two ways, ﬁrst with the lowest level of replication as the quadrat. This ANOVA was run as described for the
frequency experiment, and treatment was once again a ﬁxed factor (ﬁve
levels: control, I1, I2, I3, and I4; n = 40 per treatment, 200 total). Secondly, the intensity experiment was analyzed by combining quadrats
within a plot, and comparing the overall taxonomic richness of the plot
(n = 10 per treatment, 50 total). In all ANOVAs an α = 0.05 was used,
and when a statistically signiﬁcant diﬀerence was observed, Tukey's
Fig. 2. Schematic of the experimental design to determine
if intermediate frequencies or intensities of disturbance
resulted in peaks of biodiversity. Each square represent a
1 m2 plot. Within each plot are four 0.25 m2 quadrats. The
frequency experiment (hypothesis one) had four treatments: Control = sediment not disturbed; F1 = sediment
disturbed once at the beginning of a four week period;
F2 = sediment disturbed twice in four weeks, every two
weeks; and F3 = sediment disturbed every week in a four
week period. The intensity experiment (hypothesis two)
had ﬁve treatments: Control = sediment not disturbed;
I1 = 25% of the surface area disturbed (grey squares);
I2 = 50% of the surface area disturbed; I3 = 75% of the
surface area disturbed; and I4 = 100% of the surface area
disturbed. In situ the two experiments were placed next to
each other.
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Table 1
Summary table of ANOVAs assessing if control replicates within the experimental setup
were statistically diﬀerent than control replicates outside the experiment (experimental
controls). Signiﬁcant and interpretable p values are in bold.
Experiment

Source

DF

SS

MS

F

p

Frequency

Treatment
Error
Total
Treatment
Error
Total

1
78
79
1
78
79

2.11
219.08
221.19
0.45
154.75
155.20

2.11
2.81

0.75

0.39

0.45
1.98

0.23

Intensity

Table 3
Summary table of ANOVAs assessing if disturbances with an intermediate frequency and
intensity resulted in a peak of infaunal taxonomic richness along the north coast of BC.
Signiﬁcant and interpretable p values are in bold.
Lowest level of
replication

Source

DF

SS

MS

F

p

Frequency

Quadrat

0.03

3.358
1.158

2.9

0.02

Intensity

Plot

24.05
397.85
421.9
13.43
225.73
239.16
13.88
91.80
105.68

3.14

Quadrat

3
156
159
4
195
199
4
45
49

8.017
2.55

Intensity

Treatment
Error
Total
Treatment
Error
Total
Treatment
Error
Total

3.47
2.04

1.70

0.17

0.64

Tests were used to determine which treatments were signiﬁcantly different. For Tukey's tests, α = 0.01 was used to correct for inﬂation of
the family-wise error rate (Kelaher et al., 2001). Finally, power analyses, the ability of the ANOVAs to detect a statistical diﬀerence of 0.5,
one, and two taxa were conducted as prescribed in (Zar, 1999).

4. Discussion
Using intertidal mudﬂats along the north coast of BC, we tested if
intermediate frequencies or intensities of a mechanical disturbance
resulted in a peak of infaunal community taxonomic richness. While
Fig. 3a–c does exhibit a humped pattern of taxonomic richness, all
experimental treatments were not signiﬁcantly diﬀerent than controls,
and observed diﬀerences were less than one taxa. All analyses had high
statistical power (Table 2) to detect biologically signiﬁcant (1–2 taxa)
diﬀerences in taxonomic richness. Further, it is unlikely that the observed peaks, representing disturbances occurring once in the experimental period (F1), or disturbances aﬀecting 75% of a plot (I3) could be
considered intermediate. Therefore, we conclude that the intertidal
communities along the north coast of BC did not respond to this mechanical disturbance as predicted by the IDH. However, while the
mechanical disturbance used in this study may not have impacted
taxonomic richness, it did result in diﬀerences in community composition and densities between treatments (Supplemental Table S1).
Therefore, scouring of the sediment was an eﬀective disturbance agent
in this system, even if it did not have a strong impact upon taxonomic
richness between treatments.
As discussed above, these intertidal mudﬂats appear to represent
optimal conditions to test for the IDH, avoiding most of the methodological limitations proposed to obscure evidence in support of the IDH
(e.g. scale of disturbance not matching the scale of investigation, low
community diversity, productivity and growth rates) (Hall et al., 2012;
Huston, 2014; Violle et al., 2010). However, one of the critical assumptions of the IDH is that the productivity and population growth
rates in question must fall within an intermediate range (Huston, 2014).
Currently, the boundaries of this range are far from clear, and direct
comparisons between habitat types are diﬃcult due to variation in
methods and response variables. As such, it is possible that our mudﬂat
did not fall within this intermediate range, with productivity and population growth rates exceeding the required intermediate range. While
possible, we doubt this is the case, as the productivity and population
growth rates of the CC mudﬂat is intermediate with regards to other
mudﬂats (Cowie et al., 2000; Cranford et al., 1985; Gerwing, 2016;
Gerwing et al., 2015a; Hargrave et al., 1983; Trites et al., 2005). While
more work is required to determine the boundaries of the intermediate
range of productivity and population growth rates required for the IDH,
given that the CC mudﬂat is intermediate to other mudﬂats, our results
are likely not a result of the productivity and population growth rates of
this habitat falling outside the intermediate range required by the IDH.
Instead, this infaunal community not responding as predicted by the
IDH is likely a result of the dominant infaunal taxa. In this area, 40
infaunal taxa have been observed, and nearly all 40 were observed in
experimental plots; nevertheless, plots (control and experimental) were
primarily dominated by six taxa: the Cumacean Nippoleucon hinumensis,
the Polychaete Capitella Species Complex, the Oligochaete Paranais litoralis, Nematodes, Copepods from the order Harpacticoida, and the

3. Results
We observed no statistically signiﬁcant diﬀerence in taxonomic
richness between the control (mean taxonomic richness ± standard
error: frequency control: 6.15 ± 0.28; intensity control: 6.33 ± 0.19)
and experimental control replicates (6.45 ± 0.25; Table 1). Given the
high power of these ANOVAs to detect a meaningful diﬀerence in
taxonomic richness (Table 2; one or two taxa), the control replicates
within the experimental setup are adequate controls.
A statistically signiﬁcant diﬀerence in taxonomic richness was observed in the frequency experiment (Table 3, Fig. 3a); however, this
was due to a diﬀerence between the F1 and F3 treatments (Table 4). This
diﬀerence, while not statistically signiﬁcant after correction to avoid
inﬂation of the family-wise error rate, approached signiﬁcance. We
detected no other statistically signiﬁcant diﬀerences, and none of the
experimental treatments were statistically diﬀerent than the control.
The ANOVA assessing the intensity experiment (lowest level of replication: quadrat) also identiﬁed a statistically signiﬁcant diﬀerence in
taxonomic richness (Table 3; Fig. 3b), however, diﬀerences were between the I1 and I2, as well as the I1 and I3 treatments. As above, these
diﬀerences, while not statistically signiﬁcant after correction to avoid
inﬂation of the family-wise error rate, approached signiﬁcance. None of
the experimental treatments were statistically diﬀerent from the control
(Table 4). No statistically signiﬁcant diﬀerence was observed between
treatments in the ANOVA assessing intensity data with the plot as the
lowest level of replication (Table 3, Fig. 3c). All ANOVAs had suﬃcient
statistical power (Table 2) to detect meaningful diﬀerences (one or two
taxa) in taxonomic richness between treatments. Treatments with observed taxonomic richness higher than all other treatments (Fig. 3a–c)
are non-signiﬁcant and represent diﬀerences of less than one taxa.

Table 2
Power (%) of one-way ANOVAs to detect a statistically diﬀerence between treatments of
0.5, one, and two taxa.
Diﬀerence in
richness
Comparison
Frequency: control and experimental
control
Intensity: control and experimental
control
Frequency
Intensity (quadrat as the base unity of
replication)
Intensity (plot as the base unit of
replication)

Experiment

2
97

1
78

0.5
40

> 99

98

82

95
97

65
72

35
40

82

50

25
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subtle diﬀerences between successional stages in this system, diﬀerences of < 1 taxa between treatments (Fig. 3), may explain why taxonomic richness of this infaunal community did not peak at intermediate
severities or intensities of disturbance.
The results of our study are similar to those of Cowie et al. (2000),
who evaluated the IDH on estuary mudﬂats in southwest England, by
also scouring the sediment; however, Cowie et al. (2000) only investigated disturbance frequency, not intensity. Using both in situ examinations and mesocosms (2.96 m × 1.05 m), Cowie et al. (2000)
found no evidence that their intertidal communities responded to
changing disturbance frequencies as predicted by the IDH (Cowie et al.,
2000). As explained by Cowie et al. (2000), this is likely a product of
the limited and isolated species pool in these habitats, and the absence
of new species to act as colonizers when dominant competitors are
removed via a disturbance. This is in contrast with the intertidal environment along the north coast of BC, which has a large species pool
(~ 40 taxa), and many species that can act as colonizers. Cowie et al.
(2000) conclude that while the IDH may be important in other habitats,
it does not explain the processes that control community structure in
intertidal habitats. Our work supports this postulate, and builds upon it.
Whether due to a limited species pool (Cowie et al., 2000), or subtle
diﬀerences between successional stages (this study), intertidal soft-sediment communities do not appear to respond to disturbances as predicted by the IDH.
More broadly, our results contribute to the controversy that still
engulfs the IDH (Fox, 2013; Huston, 2014; Sheil and Burslem, 2013).
Many studies have reported experimental evidence that appears to refute the IDH (Cadotte, 2007; Mackey and Currie, 2001; Violle et al.,
2010; Warren, 1996; Wootton, 1998). Evidence that comes not only
from micro and mesocosm experiments (Cadotte, 2007; Hall et al.,
2012; Violle et al., 2010), but also from a variety of habitats, such as
marine soft-sediment systems (Austen and Widdicombe, 1998; Cowie
et al., 2000; Thistle, 1981), freshwater systems, grasslands, forests, alpine cushion, heathland, and coral reefs (Hughes et al., 2007; Mackey
and Currie, 2000; Mackey and Currie, 2001). As argued by Fox (2013),
this is not surprising given the logical failings that underlie the IDH.
However, Sheil and Burslem (2013) and Huston (2014) contend that
criticisms of the IDH arise from misrepresentations of the hypothesis, as
well as by investigators attempting to evaluate the IDH in situations
outside of the intermediate productivity and population growth rates
required by the IDH (Connell, 1978). In support of this, many investigations have observed peaks in richness at intermediate severities
and intensities of disturbance (Buckling et al., 2000; Grime, 1973;
McIntyre et al., 1988; Paine, 1966; Widdicombe and Austen, 1998).
Our study does not resolve the question of if the IDH should be
abandoned entirely (Fox, 2013), or if it is still a useful theory within
speciﬁc productivity and population growth rate parameters (Huston,
2014; Sheil and Burslem, 2013). It does, however, contribute to the
debate by further specifying conditions in which communities do not
respond to disturbances as predicted by the IDH. On the intertidal
mudﬂats along the north coast of BC, we failed to observe peaks in
taxonomic richness at intermediate intensity or frequencies of disturbance. An observation likely due to the subtle diﬀerence in successional stages in this soft-sediment habitat. Therefore, in habitats whose
productivity, regional species pool, and population growth rates would
otherwise suggest a response to disturbances as predicted by the IDH,
minor diﬀerences between successional stages may result in richness
patterns not supporting those predicted by the IDH.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.seares.2017.09.001.

Fig. 3. Mean taxonomic richness (number of observed taxa) ± the standard error
(n = 40) for experiments assessing if intermediate frequencies (panel a) or intensities
(panels b and c) of disturbance resulted in peak richness. Intensity of disturbances are
presented two ways, b) depicts average richness quantiﬁed from the experimental
quadrats (n = 40 per treatment); c) depicts average richness quantiﬁed from experimental plots (n = 10; see Fig. 2). C = control, sediment not disturbed; F1 = sediment
disturbed once at the beginning of a four week period; F2 = sediment disturbed twice in
four weeks, every two weeks; and F3 = sediment disturbed every week in a four week
period; I1 = 25% of the surface area disturbed; I2 = 50% of the surface area disturbed;
I3 = 75% of the surface area disturbed; and I4 = 100% of the surface area disturbed.

bivalve Macoma balthica. The Cassiar Cannery mudﬂat was dominated
by opportunistic species that often characterize disturbed habitats
(Fauchald and Jumars, 1979; Pearson and Rosenberg, 1978; Wilson,
1991). Intertidal mudﬂats are often dominated by such species
(Ambrose, 1984; Gerwing et al., 2015a; Thrush et al., 2003), likely a
product of the highly stressful nature (frequent sediment scouring, daily
hypoxia at low tide, etc.) of intertidal habitats in general (Altieri, 2006;
Valdivia et al., 2011). However, not all intertidal mudﬂats exhibit the
subtle diﬀerences between successional stages observed on the CC
mudﬂat (Gerwing et al., 2015a; Gerwing et al., 2015b; Gerwing et al.,
2017; Nilsson and Rosenberg, 2000; Pearson and Rosenberg, 1978). The
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Table 4
Results of Tukey's Tests, contrasting experimental treatments of ANOVAs (see Table 3) that identiﬁed statistical diﬀerences between treatments. A corrected α of 0.01 was used Signiﬁcant
and interpretable p values are in bold. p values approaching signiﬁcance are denoted in italics.
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I2 - I4
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0.68
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0.36
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0.36
0.36
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0.01 to 1.34
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0
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0.14
1
0.90
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0.92
0.78
0.46
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1
0.04
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0.72
1
0.53
0.53

Gerwing, T.G., Drolet, D., Hamilton, D.J., Barbeau, M.A., 2016. Relative importance of
biotic and abiotic forces on the composition and dynamics of a soft-sediment intertidal community. PLoS One 11 (11), e0147098.
Gerwing, T.G., Hamilton, D.J., Barbeau, M.A., Haralampides, K.A., Yamazaki, G., 2017.
Short-term response of a downstream marine system to the partial opening of a tidalriver causeway. Estuar. Coasts 40, 717–725.
Grime, J.P., 1973. Competitive exclusion in herbaceous vegetation. Nature 242, 344–347.
Hall, A.R., Miller, A.D., Leggett, H.C., Roxburgh, S.H., Buckling, A., Shea, K., 2012.
Diversity–disturbance relationships: Frequency and intensity interact. Biol. Lett. 8
(5), 768–771.
Hargrave, B.T., Prouse, N.J., Phillips, G.A., Neame, P.A., 1983. Primary production and
respiration in pelagic and benthic communities at two intertidal sites in the upper Bay
of Fundy. Can. J. Fish. Aquat. Sci. 40, 229–243.
Hughes, H.A., Jarrett, B.E., Kimbro, D.L., Stachowicz, J.J., 2007. Reciprocal relationships
and potential feedbacks between biodiversity and disturbance. Ecol. Lett. 10,
849–864.
Huston, M.A., 2014. Disturbance, productivity, and species diversity: empiricism vs. logic
in ecological theory. Ecology 95, 2382–2396.
Kelaher, B.P., Chapman, M.G., Underwood, A.J., 2001. Spatial patterns of diverse macrofaunal assemblages in coralline turf and their associations with environmental
variables. J. Mar. Biol. Assoc. UK 81, 917–930.
Kershaw, H.M., Mallik, A.U., 2013. Predicting plant diversity response to disturbance:
applicability of the intermediate disturbance hypothesis and mass ratio hypothesis.
Crit. Rev. Plant Sci. 32, 383–395.
Mackey, R.L., Currie, D.J., 2000. A re-examination of the expected eﬀects of disturbance
on diversity. Oikos 88, 483–493.
Mackey, R.L., Currie, D.J., 2001. The diversity–disturbance relationship: Is it generally
strong and peaked? Ecology 82, 3479–3492.
McIntyre, S., Ladiges, P.Y., Adams, G., 1988. Plant species-richness and invasion by
exotics in relation to disturbance of wetland communities on the Riverine Plain,
NSW. Aust. Ecol. 13, 361–371.
McLaren, P., 2016. The environmental implications of sediment transport in the waters of
Prince Rupert, British Columbia, Canada: a comparison between kinematic and dynamic approaches. J. Coast. Res. 32, 465–482.
Nilsson, H.C., Rosenberg, R., 2000. Succession in marine benthic habitats and fauna in
response to oxygen deﬁciency: analysed by sediment proﬁle-imaging and by grab
samples. Mar. Ecol. Prog. Ser. 197, 139–149.
Odum, E.P., 1963. Ecology. Holt, Rinehart and Winston, New York, NY, USA.
Pagliosa, P.R., 2005. Another diet of worms: the applicability of polychaete feeding guilds
as a useful conceptual framework and biological variable. Mar. Ecol. 26, 246–254.
Paine, R.T., 1966. Food web complexity and species diversity. Am. Nat. 100, 65–75.
Paine, R.T., Vadas, R.L., 1969. The eﬀects of grazing by sea urchins, Strongylocentrotus
spp., on benthic algal populations. Limnol. Oceanogr. 14, 710–719.
Pearson, T.H., Rosenberg, R., 1978. Macrobenthic succession in relation to organic enrichment and pollution of the marine environment. Oceanogr. Mar. Biol. Annu. Rev.
16, 229–331.
Petraitis, P.S., Latham, R.E., Niesenbaum, R.A., 1989. The maintenance of species diversity by disturbance. Q. Rev. Biol. 393–418.
Reise, K., 1984. Experimental sediment disturbances on a tidal ﬂat: responses of freeliving Platyhelminthes and small Polychaeta. Hydrobiologia 118, 73–81.
Sheil, D., Burslem, D.F.R.P., 2013. Deﬁning and defending Connell's intermediate disturbance hypothesis: a response to Fox. Trends Ecol. Evol. 28, 571–572.
Thistle, D., 1981. Natural physical disturbances and communities of marine soft bottoms.
Mar. Ecol. Prog. Ser. 6, 223–228.
Thomas, J.D., 1993. Biological monitoring and tropical biodiversity in marine environments: a critique with recommendations, and comments on the use of amphipods as
bioindicators. J. Nat. Hist. 27, 795–806.
Thrush, S.F., Hewitt, J.E., Cummings, V.J., Green, M.O., Funnell, G.A., Wilkinson, M.R.,
2000. The generality of ﬁeld experiments: interactions between local and broad-scale

Innovation, and BC Knowledge Development Fund grants to SD.
Funding was also provided by Cassiar Cannery to TGG. The authors
would like to thank Justine, Mark, Nicolas, Betty, Veronica, and Kuma
for providing meals, and much needed moral support. The support of
Kathy Lewis at UNBC is also greatly appreciated. The volunteer labour
of Shaun Allen was instrumental to the completion of this project.
References
Ages, A.B., 1979. The salinity intrusion in the Skeena River: Observations of salinities
temperatures and currents. In: Canadian Data Report of Hydrography and Ocean
Sciences, (28 pp.).
Altieri, A.H., 2006. Inducible variation in hypoxia tolerance across the intertidal-subtidal
distribution of the blue mussel Mytilus edulis. Mar. Ecol. Prog. Ser. 325, 295–300.
Ambrose Jr., W.G., 1984. Inﬂuences of predatory polychaetes and epibenthic predators on
the structure of a soft-bottom community in a Maine estuary. J. Exp. Mar. Biol. Ecol.
81, 115–145.
Austen, M.C., Widdicombe, S., 1998. Experimental evidence of eﬀects of the heart urchin
Brissopsis lyrifera on associated subtidal meiobenthic nematode communities. J. Exp.
Mar. Biol. Ecol. 222, 219–238.
Austen, M.C., Widdicombe, S., Villano-Pitacco, N., 1998. Eﬀects of biological disturbance
on diversity and structure of meiobenthic nematode communities. Mar. Ecol. Prog.
Ser. 174, 233–246.
Barnes, D.K., 1999. The inﬂuence of ice on polar nearshore benthos. J. Mar. Biol. Assoc.
UK 79, 401–407.
Buckling, A., Kassen, R., Bell, G., Rainey, P.B., 2000. Disturbance and diversity in experimental microcosms. Nature 408, 961–964.
Cadotte, M.W., 2007. Compeition-colonization trade-oﬀs and disturbance at multiple
scales. Ecology 88, 823–829.
Connell, J.H., 1978. Diversity in tropical rain forests and coral reefs. Science 199,
1302–1310.
Cowie, P.R., Widdicombe, S., Austen, M.C., 2000. Eﬀects of physical disturbance on an
estuarine intertidal community: ﬁeld and mesocosm results compared. Mar. Biol.
136, 485–495.
Crain, C.M., Kroeker, K., Halpern, B.S., 2008. Interactive and cumulative eﬀects of multiple human stressors in marine systems. Ecol. Lett. 11, 1304–1315.
Cranford, P., Peer, D., Gordon, D., 1985. Population dynamics and production of Macoma
balthica in Cumberland Basin and Shepody Bay, Bay of Fundy. Neth. J. Sea Res. 19,
135–146.
Crewe, T.L., Hamilton, D.J., Diamond, A.W., 2001. Eﬀects of mesh size on sieved samples
of Corophium volutator. Estuar. Coast. Shelf Sci. 53, 151–154.
Fauchald, K., Jumars, P.A., 1979. The diet of worms: a study of polychaete feeding guilds.
Oceanogr. Mar. Biol. Annu. Rev. 17, 193–284.
Ferguson, N., White, C.R., Marshall, D.J., 2013. Competition in benthic marine invertebrates: the unrecognized role of exploitative competition for oxygen. Ecology
94, 126–135.
Fox, J.W., 2013. The intermediate disturbance hypothesis should be abandoned. Trends
Ecol. Evol. 28, 86–92.
Gerwing, T.G., 2016. Preliminary report of intertidal research along the north coast of
British Columbia: Summer 2016. In: Report to the Kitsumkalum First Nations, (34p).
Gerwing, T.G., Allen Gerwing, A.M., Drolet, D., Barbeau, M.A., Hamilton, D.J., 2015a.
Spatiotemporal variation in biotic and abiotic features of eight intertidal mudﬂats in
the Upper Bay of Fundy, Canada. Northeast. Nat. 22, 1–44.
Gerwing, T.G., Drolet, D., Barbeau, M.A., Hamilton, D.J., Allen Gerwing, A.M., 2015b.
Resilience of an intertidal infaunal community to winter stressors. J. Sea Res. 97,
40–49.



-RXUQDORI6HD5HVHDUFK  ²

T.G. Gerwing et al.

competition under disturbance. Proc. Natl. Acad. Sci. 107, 12925–12929.
Warren, P.H., 1996. Dispersal and destruction in a multiple habitat system: an experimental approach using protist communities. Oikos 317–325.
White, P.S., Pickett, S.T.A., 1985. Natural disturbance and patch dynamics: an introduction. In: Pickett, S.T.A., White, P.S. (Eds.), The Ecology of Natural Distrubance
and Patch Dynamics. Academic Press, Orlando, Florida, USA, pp. 3–13.
Widdicombe, S., Austen, M.C., 1998. Experimental evidence for the role of Brissopsis
lyrifera (Forbes, 1841) as a critical species in the maintenance of benthic diversity and
the modiﬁcation of sediment chemistry. J. Exp. Mar. Biol. Ecol. 228, 241–255.
Wilkinson, D.M., 1999. The disturbing history of intermediate disturbance. Oikos 84,
145–147.
Wilson Jr., W.H., 1991. The importance of epibenthic predation and ice disturbance in a
Bay of Fundy mudﬂat. Ophelia 507, 507–514.
Wootton, J.T., 1998. Eﬀects of disturbance on species diversity: a multitrophic perspective. Am. Nat. 152, 803–825.
Zar, J.H., 1999. Biostatistical Analysis, 3rd ed. Prentice Hall, Upper Saddle River, New
Jersey, USA.

processes. Ecology 81, 399–415.
Thrush, S.F., Hewitt, J.E., Norkko, A., Cummings, V.J., Funnell, G.A., 2003. Macrobenthic
recovery processes following catastrophic sedimentation on estuarine sandﬂats. Ecol.
Appl. 13, 1433–1455.
Trites, R.W., 1956. The oceanography of Chatham Sound, British Columbia. J. Board Can.
13, 385–434.
Trites, M., Kaczmarska, I., Ehrman, J.M., Hicklin, P.W., Ollerhead, J., 2005. Diatoms from
two macro-tidal mudﬂats in Chignecto Bay, Upper Bay of Fundy, New Brunswick,
Canada. Hydrobiologia 544, 299–319.
Underwood, A.J., 1997. Experiments in Ecology: Their Logical Design and Interpretation
Using Analysis of Variance. Cambridge University Press, New York, NY.
Valdivia, N., Scrosati, R.A., Molis, M., Knox, A.S., 2011. Variation in community structure
across vertical intertidal stress gradients: how does it compare with horizontal variation at diﬀerent scales? PLoS One 6, e24062.
Vanschoenwinkel, B., Buschke, F., Brendonck, L., 2013. Disturbance regime alters the
impact of dispersal on alpha and beta diversity in a natural metacommunity. Ecology
1891. http://dx.doi.org/10.1890/1812-1576.
Violle, C., Pu, Z., Jiang, L., 2010. Experimental demonstration of the importance of



